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ABSTRACT

This research involves the manipulation of the root-zone water potential for the

purposes of discriminating the rate limiting step in the inorganic nutrient uptake

mechanism utilized by higher plants. This reaction sequence includes the pathways

controlled by the root-zone conditions such as water tension and gradient concentrations.

Furthermore, plant based control mechanisms dictated by various protein productions are

differentiated as well. For the nutrients limited by the environmental availability, the

kinetics were modeled using convection and diffusion equations. Alternatively, for the

nutrients dependent upon enzyme manipulations, the uptakes are modeled using Michaelis-

Menten kinetics. In order to differentiate between these various mechanistic steps, an

experimental apparatus known as the Porous Ceramic Tube - Nutrient Delivery System

(PCT-NDS) was used. Manipulation of the applied suction pressure circulating a nutrient

solution through this system imposes a change in the mawic component of the water

potential. This compensates for the different osmotic components of water potential

dictated by nutrient concentration. By maintaining this control over the root-zone

conditions, the rate limiting steps in the uptake of the essential nutrients into tomato plants

(Lycopersicon esculentum ev. Cherry Elite) were differentiated. Results showed that the

uptake of some nutrients were mass transfer limited while others were limited by the

enzyme kinetics. Each of these were adequately modeled with calculations and discussions

of the parameter estimations provided.
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PREFACE

The novel hydroponic system utilized throughout this research consists of ceramic

tubes which are normally used for ultrafdtration. Using these tubes for plant growth

purposes was originally conceived by Thomas Dreschel of the Bionetics Corporation at

Kennedy Space Center (KSC), FL, working under contract for the National Aeronautics

and Space Administration (NASA). Although this system has undergone several name

changes since it's original conception, it is generally known as the Porous Ceramic Tube -

Nutrient Defivery System (PCT-NDS) or the Porous Ceramic Tube Plant Nutrification

System (PCTPNS). Throughout this text, it will be referred to by the former abbreviation;

however, several of the references quoted refer to the system using the latter abbreviation

as well as various others.
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LIST OF SYMBOLS

This List of Symbols is alphabetically arranged with the lower ease Roman letters

listed before the upper ease counterparts followed by Greek symbols arranged similarly.

The definition of the listed symbol is proceeded by examples of the typical units used in

this research thesis. Furthermore, the first occurrence of the symbol is referenced to the

equation, if applicable, for which it is initially used. Finally, for scientific constants, the

accepted values are given along with the typical units.

Symbol = Definition (Units) Location

a = Leaf Area Index Correlation - Stanglaellini model (unitless) 3.42

a0 = Regression Constant - enzyme response to temperature (unitless) 3.21

al = Regression Constant - enzyme response to temperature (°Ct) 3.21

a2 = Regression Constant - enzyme response to temperature (°C'2) 3.21

aj = Proportionality Factor for Nutrient Flux (em s-1) 3.50

A = Area (Rectangular) - Line-Intersect Method (era 2) 2.1

Aa,=f = Total Leaf Area (em 2) 3.13

A_ = Interracial Membrane Area (ram 2) 3.29

A_a_U,d = Total Interracial Area of Liquid in the Porous Ceramic Matrix (ml) 5.5

A_ = Total Wettable Cross-Sectional Area (cm 2) 5.1

b = Buffering Power of the Solid Soil Phase = dC/dC_ (unifless) 3.61

b0,i = Regression Constant - solubility of nutrient, i, as a function ofpH (pg/ml) 8.41

bl = Regression Constant - general transpiration model (s 2 m "2) 3.41
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bl_ = Regression Constant - solubility of nutrient, i. as a function ofpH (pg/ml)

b2 = Regression Constant - general transpiration model (s m "1)

b-_i = Regression Constant - solubility &nutrient, i. as a function of pH (_tg/ml)

co = Linear Regression Constant - (T_ - T,) versus vapor pressure deficit (K)

co.i = Regression Constant - quantity of nutrient, i, in the plant tissues (unifless)

ci = Regression Constant - leaf area index model (unitless)

cl_ = Regression Constant - quantity of nutrient, i, in the plant tissues (unitless)

ca = Regression Constant - leaf area index model(unifless)

c2_ = Regression Constant - quantity of nutrient, i, in the plant tissues (MPa q)

c3 = Regression Constant - leaf'area index model(unitless)

c3.i = Regression Constant - quantity of nutrient, i, in the plant tissues (unifless)

c4 = Regression Constant - leaf area index and radiation model(kg s-s K q)

c_ = Regression Constant - leaf area index and radiation model(unitless)

c6 = Regression Constant - leaf area index and radiation model(W m "2)

c_ = Water Vapor Concentration in Air (tool m -3)

Cwv° = Saturated Water Vapor Concentration in Air (tool m"s)

C = General Concentration (tool kg "1,nag g-l, nag nil -l)

C* = Dimensionless Concentration (unltless)

C_b.i = Concentration of Nutrient. i. in the Branch Tissues (Bg/g)

Cc02 = CO2 Concentration (g m -3)

Cf = Final Concentration (nag ml"l)

Ci = Initial Concentration (rag mr I)

Cj i = Internal Cellular Concentration where j = specific nutrient (tool L"1)

Cj° = External Cellular Concentration where j = specific nutrient (tool L q)

Cl_ = Leaf Solution Osmolarity (tool solute / kg water)

C_i = Concentration of Nutrient, i. in the Leaf Tissues (gg/g)

C_m = _mimum Nutrient Concentration in Soil where J_ = 0 (nag mlq)

(2o2 = Oz Concentration (g m"3)

C_ = Specific Heat Capacity of Air (J kg q K q)

°°.
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8.41

3.41

8.41

3.47

9.2

3.42

9.2

3.42

9.2

3.42

9.2

3.42

3.42

3.42

2.7

2.7

3.50

3.38

8.26

3.14

3.67

3.62

2.8

2.8

2.6

8.26

3.64

3.16

3.42
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C_q,_ = Nutrient Con_tion in Plant (rag g-l) 3.51

Cpt_ 0 = Initial Nutrient Concentration in Plant (rag g-t) 3.52

= Nutrient Concentration in Root (tool kg "_,nag ml "_) 2.5

C,,_xi = Concentration of Nutrient, i, in the Root Tissues (Izg/g) 8.26

C, = Solution Osmolarity (tool solute / kg water) 2.2

C_lo = Concentration of Nutrient, i, in a Solution Sample (gg/ml) 8.27

C_,,_,_ = Average Concentration of Nutrient, i, in a Solution Sample (lxg/ml) Table 8.8

C_l_,i,a_ = Final Concentration of Nutrient, i, in a Solution Sample (l_ml) 8.39

C_,i,_ = Initial Concentration of Nutrient, i, in a Solution Sample (l.tg/ml) 8.38

C_l_i,k = Concentration of Nutrient, i, in Solution Sample, k (gg/ml) 8.39

C_,il = Nutrient Concentration in Soil (mol kg", mg ml") 2.4

C_o_,i = Concentration of Nutrient, i, in Solution (_tg/ml) 7.4

C_ ° = Concentration of Nutrient, i, in Solution at the Initial pH (l_g/ml) 8.35

C_.a_ = Final Concentration of Nutrient, i, in Solution (lxg/ml) 8.29

= Initial Concentration of Nutrient, i, in Solution (lzg/ml) 8.28

C_,h_ = Concentration of Nutrient, i, Removed in Solution Sample, k (_tg/ml) 8.29

= Nutrient Concentration at Root Surface (rag ml _) 3.53

C_f_,i = Nutrient Concentration at Root Surface (lag ml "1) 9.11

= Average Concentration of Nutrient, i, in Plant Tissues (lag/g) Table 8.7

C_d,m_ = Total Circumference of Liquid in the Porous Ceramic Matrix (cm) 5.4

Co_ = Volumetric Soil Water Content (cm 3 crn"3) 3.31

C,_ = Volumetric Soil Water Content at Saturating Conditions (cm3 cm'3) 3.32

Ca = Concentration of Initial Photosynthetic Carbon Substrate (kg CO2 yl) 3.25

d = Average Pore Diameter of Ceramic Tubes (lxm) 5.3

= Average Difference Between Values Calculated from Two Methods (variable) 7.5

do = Linear Regression Constant - (T_ - T_) versus vapor pressure deficit (K/MPa) 3.47

do_ = Regression Constant - diffusion of nutrient, i, (_tg LS "_) 9.12

dl = Regression Constant - Penman-Monteith equation (s 2 m -2) 3.43
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dl,i = Regression Constant - diffusion of nutrient, i, (ml LS -I) 9.12

d2 = Regression Constant - Penman-Monteith equation (sm "1) 3.43

d_ = Depth Below Canopy Level (cm) 3.49

D = Decay Constant (day -1) 3.6

DAB = Diffusion Coefficient through Pure Water (cm s_) 3.68

Dc = Effective Diameter of the Ceramic Tubes (cm) Table 5.1

D_0 = Effective Diameter at the Ceramic Tube Entrance (cm) 5.11

D_ = Effective Diameter at the Ceramic Tube Exit (cm) 5.12

D_a = Effective Diffusion Coefficient (era day -1) 3.53

D_-fr,i = Effective Diffusion Coefficient for nutrient, i (mrcm/LS) 9.11

Di = Internal Diameter of the Ceramic Tubes (cm) 5.1

Do = External Diameter &the Ceramic Tubes (cm) 5.1

Ds = Internal Diameter of the System Tubing (cm) 5.10

e0_ = Regression Constant - Lineweaver-Burke equation for nutrient, i, (LS l_g-1) 9.17

et,i = Regression Constant - Lineweaver-Burke equation for nutrient, i, (LS ml "1) 9.17

e_ = Air Vapor Pressure (MPa) 3.41

e,= = Saturated Air Vapor Pressure (MPa) 3.41

e_ = Saturated Canopy Vapor Pressure (MPa) 3.45

err = Error Function (see Equation 3.11 for Definition) 3.10

E = Nutrient Efflux Rate (mg cm "2 day 1) 3.63

Et = Rate of Transpiration - leaf area basis (rag m "2 s"1) 3.34

Et' = Rate of Transpirational Energy Loss (J m -2 s-_) 3.45

F_a*= Rate of Transpiration (ml day -1) 7.3

fie) = Friction Factor for the Flow through the Ceramic Tubes (em 3 s"1) 5.18

fsoLi = Solubility Ratio of Nutrient, i, as a function of pH (unitless) 8.35

fr,_ = Enzymatic Response Function (unifless) 3.21

F = Faraday's Constant (23.06 kcal V "_tool "1) 2.8

F,,_c = Calculated F-Statistical Value (unifless) Table 8.1

F_ = Critical F-Statistical Value (tmitless) Table 8.1
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Fc_ = Maximum CO2 Assimilation Rate based on CO2 Cone. (g crn "2day -1) 3.14

Ff(cn) = Frictional Loss for the Flow through a Sudden Contraction (cm 2 s -2) 5.12

Ff(ex) = Frictional Loss for the Flow through a Sudden Expansion (cm 2 s"2) 5.11

Ff(s) = Frietional Loss for the Flow through System Tubing (cm 2 s2) 5.10

Fg = Force due to Uni-Directional Gravity (N) Fig. 5.6

Fn = Net CO2 Assimilation Rate (gcm 2 day "1) 3.13

F_c = Net CO2 Assimilation Rate based on CO2 Conc.(g cm -2 day-i) 3.14

F_clo = Net CO2 Assimilation Rate based on CO2 and 02 Conc.(g cm "2day-l) 3.16

F_.R = Net CO: Assimilation Rate based on Photosynthesis (g cm "2day q) 3.18

Fp = Force due to Pressure Differential (N) Fig. 5.6

F_ = Maximum CO2 Assimilation Rate based on Photosynthesis (g crn -2 day q) 3.18

F_ = Force due to Surface Tension (N) Fig. 5.6

g = Standard Gravity (980.6 cm s-2) 5.6

g* = Effoctive Non-Standard Gravitational Force (cm s"2) 5.22

g_ = Air Boundary Layer Conductance (m s q) 3.44

g_ = Canopy Conductance (m sq) 3.44

g_ = Radial Component of the Effective Gravitational Force (crn s -2) 5.22

g_ = Vertical Component of the Effective Gravitational Force (cm s-2) 5.22

Gc = Free Convection Parameter due to Volumetric Expansion - concentration 3.38

Gr = Free Convection Parameter due to Volumetric Expansion - temperature 3.38

h = Average Height of Liquid in the Porous Ceramic Matricies (era) 5.2

h0 = Vertical Height from Reference of the Ceramic Tube Entrance (cm) 5.15

hA = Vertical Height from Reference for Upstream Point A (cm) 5.9

hB = Vertical Height from Reference for Downstream Point B (crn) 5.9

1%= Canopy Height (crn) 3.49

h_a = Experimentally Measured Height of Liquid in the Porous Matricies (era) 5.21

hL = Vertical Height from Reference of the Ceramic Tube Exit (era) 5.16

hp_ = Plant Height (crn) 8.2

ht = Leaf Area Index and Radiation Correlation - Stanghellini model (kg s"s K "1) 3.42
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H = Length (Line) - Line-Intersect Method (era)

H,,,._s_ = Plant Tissue Water Retention or Hydration (nil)

J = General Nutrient Flux (nag cm "2day "1)

Jb = Nutrient Flux due to Mass Convection in Plant Water (mg cm -2 day q)

JB = Nutrient Flux due to Mass Convection in Soil Water (nag em "2 day q)

Jc = Nutrient Flux due to Enzyme Carriers/Channels (rag em "2day q)

J_ = Nutrient Uptake due to Enzyme Carriers/Channels (lag LS a)

J_ = Maximum Nutrient Flux due to Enzyme Carriers/Channels (mg em "2 day q)

J_ = Nutrient Uptake due to Enzyme Carriers/Channels (lag LS q)

J_,_.i = Convection Rate of Nutrient, i (lag LS q)

Jd = Nutrient Flux due to Diffusional Gradients in Plants (mg em "2day -l)

J,t_i = Convection Rate of Nutrient, i (lag LS q)

JD = Nutrient Flux due to Diffusional Gradients in Soil (nag em "2 day "l)

Ji = Experimentally Based Nutrient Uptake Rate (lag LS q)

Jr = Radial Mass Flux of Diffusable Solute (g min q)

k = Root Absorbing Power = J_ / _ (era day q)

k" = Growth Rate Constant - monomoleeular (I. tool q day q)

lq_ = Rate Constant - flow from root surface into root (m 2 sq)

km= Rate Constant - flow from soil to root surface (m 2)

K = Light Extinction Coefficiem (unitless)

K_ = Nutrient Concentration Required for 1/2 J_ (mg ml q)

Ks = Linear Coefficient for Growth Metabolism (g gq TNC q hq)

Ki = Inhibition Constant for 02 on Rubiseo (g m "a)

I_c = Concentration of CO2 Required for 1/2 Fc_,_ (gm -a)

K_ = Concentration of Nutrient, i, Required for 1/2 J_.i (lag mlq)

K_ = Radiation Level Required for 1/2 Fv_, (W m-2)

= Carbon Machinery Required for 1/2 P_,,_ (kg Pmax-carbon m "2)

K_,_ = Concentration of or-Carbon Required for 1/2 _ (kg CO2 yX)

Ks = Soil Hydraulic Conductivity (m E $-1 MPa q)
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3.54

3.58
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3.58
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3.56
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3.53
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3.71
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3.58

3.3
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3.14
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3.18

3.18
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= Soil Hydraulic Conductivity at Saturating Conditions (m 2 s"1 MPa "1)

L = Length of the Ceramic Tubes (era)

Lp = Plant Hydraulic Conductivity (ram s"1MPa "1)

L = Root Length (era)

I._ = Initial Root Length (era)

= Length of System Tubing (era)

LAI = l.e.af Area Index - ratio of leaf area to ground area (m 2 m "2)

LAR = Leaf Area Ratio - leaf area to plant dry weight (m 2 g-l)

LS = Leaf Stage (unit.less)

m = Leaf Transmission Coefficient (unitless)

Nit = Amount of Radioactive Tracer (g)

n = Number of Experimental Samples (tmifless)

r_ = Riehard's Growth Function Parameter (urtifless)

np = Theoretical Number of Pores (unitless)

N = Number of Root Intersection - Line-Intersect Method (unitless)

Nr_ = Prandfl Number (uaitless)

N_, = Reynold's Number (unitless)

Ns¢ = Sehmidt Number (unitless)

pH = Solution pH (tmitless)

pHo = Initial Solution pH (unitless)

P = Hydrostatic Pressure (MPa)

P* = Dimensionless Pressure (unitless)

Po = Pressure at the Ceramic Tube Entrance (em.H20)

P1 = Pressure Upstream of the Ceramic Tube (em.H20)

P2 = Pressure Downstream of the Ceramic Tube (cm.H20)

P_ = Total Air Pressure (MPa)

PA = Pressure at Upstream Point A (ern.H20)

PB = Pressure at Downstream Point B (em.H20)

Pc = Cavitation Pressure (arm)
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Pf = Pressure Loss clue to Friction (em.H20) 5.18

Pj = Permeability Coefficients where j = specific nutrient (cm s"1) 2.8

PL = Pressure at the Ceramic Tube Exit (em.H20) 5.14

P,, = Matric Potential (MPa) 2.3

Prom= bfln. Pressure Required to Contain Liquid in the Ceramic Tubes (cm.H20) 5.23

Pn -- Rate of Photosynthesis (g C02 m "2h "t) 3.4

P,,,_ = Maximum Rate of Photosynthesis 0g CO2 m "2hq) 3.16

P,_(T) = Temperature Dependent Rate of Photosynthesis (g CO2 m "2 h"i) 3.22

P_ = Maximum Rate of Photorespiration (g 02 m "2 hq) 3.26

P_ = Applied Suction Pressure (cm.H20) 5.6

P_._(z,t) = Soil Hydrostatic Pressure - space and time dependent (MPa) 3.34

Pt = Turgor Pressure (MPa) 2.5

P_e = Leaf Turgor Pressure (MPa) 2.6

P_ _.t = Root Turgor Pressure (MPa) 2.5

P_ = Weeping Pressure (em.H20) 5.7

Pw,,_ = Experimental Weeping Pressure (cm.H20) Table 5.3

P,,,, t_ = Theoretical Weeping Pressure (em.H20) Table 5.3

POT = Actual Potentiometer Readings for Syringe Position (V) Fig. 5.13

POT_ = Standardized Potentiometer Readings for Syringe Position (V) 5.20

POT_,. = Average Potentiomoter Readings used for Standardization (V) Fig. 5.13

q_a_i = Quantity of Nutrient, i, in the Branch Tissues (Bg) 8.26

q_,,_i = Quantity of Nutrient, i, Supplied to a Test System (_tg) 8.28

qu_.i = Quantity of Nutriem, i, in the Leaf Tissues (lag) 8.26

qo,m,o = Quantity of Nutrient, i, Not Removed by the Plants (lag) 8.37

qpu_,i = Quantity &Nutrient, i, in the Entire Plant (txg) 8.26

qproeit_i = Qua/ltity of NutrienL i, Precipitated a Test System (Ixg) 8.36

q_,i = Quantity &Nutrient, i, Remaining or Removed from a Test System (lxg) 8.29

q,_,i = Quantity of Nutrient, i, Remaining in a Test System (Bg) 8.29

q_m,j° = Quantity of Nutrieat, i, Remaining in a Test System at the Initial pH (Bg) 8.35
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q,=_oa,i = Quantity of Nutrient, i, Removed From a Test System (Isg)

q,_,i = Quantity of Nutrient, i, in the Root Tissues (I,tg)

Q, = Water Retention Rate (ml day -l)

Qu = Rate of Solution Uptake (ml day "l)

Qw = Water Flow Rate (ml sq)

Qw,_ = Water Flow Rate between Root Surface and Root Xylem (ml s q)

Qz = Volumetric Flow Rate - Longitudinal (ml sq)

r = Radius of Curvature of a Meniscus (gin)

r* = Velocity Component of Fluid in the Radial Direction (era s"1)

1"0= Mean Root Radius (era)

rl = Distance Away from Root Surface (era)

rap = Air Resistance to Water Vapor Flow (sm q)

rQ = Length of the Radial Centrifuge Arm (era)

r_ = Canopy Resistance to Water Vapor Flow (sm l)

R = Universal Gas Constant (0.0083143 L MPa tool q K "1)

g 2 = Correlation Coefficient (unitless)

RI,2 = C_mneral Flow Resistance between Points 1 and 2 0VIPas ml q)

1L = Effective Radius of the Ceramic Tubes (cm)

Rg = Rate of Growth Respiration (g C0_2 gq h "1)

Ri = Light Imensity or Radiation - excluding infra-red (Wm -2)

R_ = Rate of Maintenance Respiration (g CO2 gq hq)

R_ = Light Intensity or Radiation - including infra-red (Wm "2)

R._ = Flow Resistance in thr Root Cellular System (MPas ml q)

R_ = Flow Resistance between Soil and Roots (MPas ml q)

1L_ = Aspect Ratio - stem radius to length (unitless)

RC = Reserve Carbon (g)

RH = Relative Humidity (%)

s = Integration Variable

Sd = Calculated Standard Deviation (variable)
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S= Substrate Concentration (mol Lq)

S(z,t) = Water Extraction Term - space and time dependent (nag m "3s"I)

Sf = Final Substrate Concentration (tool U 1)

SDM = Structural Dry Matter (g)

t = Time (see)

to = Initial Time (see)

t_ = Calculated t-Statistic (unitless)

tDAE= Time - Days after Emergence (days)

t_ - Elapsed Time to Mean Dry Matter Distribution (day)

T = Temperature (K, °C)

T* = Dimensionless Temperature (unifless)

To = Zero Enzymatic Response Temperature (°C)

T, = Air Temperature (°C)

T,._ = Average Air Temperature (°C)

Tc = Canopy Temperature (°C)

Tm = Maximum Enzymatic Response Temperature (°C)

TNC = Total Non-Structural Carbohydrate (g g-l)

u = Integration Variable

Ul = Regression Constant - volumetric solution uptake function (day "1)

ua = grind Speed (m s"l)

v = Bulk Solution Flow Velocity (era s-_)

v0 = Bulk Solution Flow Velocity at the Root Surface (era s-_)

v_ = Bulk Solution Flow Velocity at a Distance, r_, Away from Root (era s-t)

VA_ = Average Flow Velocity at General Upstream Point A (era s"1)

vB_ = Average Flow Velocity at General Downstream Point B (era s"1)

V* = Actual Volume of Water Contained in the Ceramic Tubes (ml)

V_ = Volume of a Liquid Solution Sample (20 hal)

V, ot_= Volume of Solution in a Sample (19.6 rrd)

V_ = Volume of the Test Bed Unit Including Ceramic Tubes (ml)
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Vm = Total Volume of the Ceramic Tube (ml)

Vu = Total Solution Uptake Volume (ml)

V_d,_a = Volume of Liquid in the Porous Ceramic Matrix (ml)

Vw = Specific Volume of Water Vapor (m 3 tool "1)

V_ = Total Wettable Volume (nil)

W = Tissue Weight (g)

W0 = Initial Tissue Weight (g)

W_,_d -- Branch Tissue Dry Weight (g)

Wt,,_I = Branch Tissue Fresh Weight (g)

We = Weight of Substrate Carbon (g)

Wr = Final Tissue Weight (g)

W_a = Leaf Tissue Dry Weight (g)

W_,_,_ = Leaf Tissue Fresh Weight (g)

WM = Weight of Machinery which Assimilates Carbon (g)

Wp = Weight of Primary Cell Wall Material (g)

W#._,a = Total Plant Dry Weight (g)

Wph=_,w= Total Plant Fresh Weight (g)

Wp.=p = Work Exerted by a Pump (era 2 s"2)

Wry, = Weight of Photosynthetic Machinery (g)

W, = Structural Dry Mass of Roots (g)

W, oot,a = Root Tissue Dry Weight (g)

W=ot,,, = Root Tissue Fresh Weight (g)

Ws = Weight of' Secondary Cell Wall Material (g)

Wt_d = C,eneral Tissue Dry Mass (g)

Wt_,w = General Tissue Fresh Mass (g)

Wt,,, = Total Weight ofthe Plant (g)

Wx = Weight of Cross-Linked Primary Cell Wall Material (g)

W= = Weight of Initial Photosynthetic, ally Converted Carbon Substrate (g)

z = Root Zone Vertical Depth (cm)
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z* = Velocity Component of Fluid in the Longitudinal Direction (era sq) 3.36

= Reference Height Above Canopy (era) 3.49

z4 = Electrostatic Charge where j = specific nutrient (unitless) 2.9

a = Flow Characteristic Term (= 1/2 for laminar, = 1 for turbulent) 5.9

oh = Light Use Efficiency (g CO2 Jq) 3.16

u,_= Individual Leaf Light Use Efficiency (g CO2 yl) 3.27

o_ = Production Rate of Diffusable Solute (rag r_ "1 d_y "|) 3.60

U,_ = Maximum Light Use Efficiency (g CO2 Jq) 3.25

= Degree of Risk of a Wrong Rejection of the Null Hypothesis (unitless) Table 8.1

13= Empirical Constant relating _,a,,_ and _ to _ (unitless) 3.32

T = Surface Tension of Water (7.275 x 10 "s MPam) 2.3

7p = Psychrometric Constant (MPa/K) 3.42

_i = Hypothesized Value used in the t-Test (variable) 7.5

A = Difference or Error (preceeding another symbol) 2.2

A_ = Average Slope of Relationship between e_ and I". (MPa/K) 3.46

= Electrochemical Di_sion Potential of a Membrane (mV) 2.8

AE_ = Nemst Potential where j = specific nutrient (mV) 2.8

AVis = Change in Reservoir Volume on the Final Day of the Experiment (ml) 8.29

AV,_ = Change in Reservoir Volume on Day, j, of the Experiment (ml) 8.2g

AVol = Change in Volume Contained in the Ceramic Tubes (nil) 5.20

s = Porosity (tmitless) 3.69

= Roughness Parameter for Vapor and Heat Exchange (era) 3.49

(,_ = Roughness Parameter for Turbulent Momentum Transport (era) 3.49

rl = Ratio of Molecular Weights - water vapor to air (unifless) 3.42

0 = Reference Angle to the Vertical (radians) 5.6

= yon Karman's Constant (0.4 unitless) 3.49

_:j = Membrane Water Partition Coe_eient where j = speeiflc nutrient (unifless) 3.57

_, = Latent Heat of Water Vaporization (MJ/kg) 3.42



= Viscosity of Liquid Solution (gcm "_ s"1)

= Specific Growth Rate (g g-1 day-_)

_' = Specific Growth Rate (g g-1 day-l)

_q0 = Initial Specific Growth Rate (g g-1 day-l)

7t = Osmotic Pressure (MPa)

r_ = Soil Osmotic Pressure (MPa)

p = Density of Liquid Solution (gem "3)

9, = Density of Air (kg m 3)

9_ = Density of the Roots (kg m "3 soil)

9_ = Density of Air Water Vapor (kg m "3)

9,,_ = Density of Saturated Air Water Vapor (kg m "3)

x = Tortuosity (unitless)

x¢ = CO2 Conductance Rate (tool m"2 s"1)

x_ = Maximmn CO-z Conductance Rate (mol m"2 s"l)

a = Standard Deviation

cr_ = Membrane Thickness (rim)

o_ = Solute Reflection Coefficient (unifless)

F_,F= Sum of the Frictional Losses (crn 2 s"2)

= Contact Angle (radians)

X = Dimensionless Permeability (unitless)

= Water Potential (MPa)

W_ = Air Water Potential (MPa)

Wl_f = Leaf Water Potential (MPa)

_',,_ = Root Water Potential (MPa)

W= = Water Potential at the Root Surface (MPa)

W= = Water Potential in the Root Xylem (MPa)

W_ = Soil Water Potential (MPa)

W,_;._ = Soil Water Potential at Saturating Conditions (MPa)
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_F_ = Water Potential of Au- in _ Spaces (MPa)

_P_yl_ = Root Xylem Water Potential (MPa)

= Rotational Speed (s "l)

coj= Mobility in Membrane where j = specific nutrient

V = Gradient Operator (cm q)

Table 2.2
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BC2 = Boundary Condition 2

C2 = 2 Carbon Compound

C3 = 3 Carbon Compound

C4 = 4 Carbon Compound
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CHAPTER 1 - INTRODUCTION

This initial chapter begins with a description of the common taxonomic

nomenclature used throughout the text. This will include the scientific names of the

various agronomic crops including tomato as well as the cultivar names of the multitude of

plant sub-species used as examples in this thesis. The next section provides a general

description of the growth stages of tomatoes including some of the varietal differences

between sub-species. This will include several brief descriptions of the various plant

tissues that develop during the growth of tomato plants. The conclusion of this chapter

contains a description of the contents for the remainder of this thesis.

1.1 Common Nomenclature

In order to aid the reader, this section provides the abbreviations used throughout

this text during the naming and identification of the various plant species and sub-cultivars.

This includes plants from various families as well as the within the tomato family of

Solanaceae itself [Taylor, 1986]. The formats presented in each sub-section below will be

systematically used during the presentation of examples. In general, most of the examples

cited specifically for tomato plants belong to the commercial variety, Lycoperison

esculentum.
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1.1.1 Naming Plant Species

During the presentation of examples throughout this thesis, several other

agronomically important crops will be cited. Comistently, only the common names will be

provided with the specific cultivar name (if provided in the literature) given in parentheses.

These cultivar names will be proceeded by the abbreviation, 'cv.', in order to denote the

word, cultivar. The taxonomic names of these non-tomato examples are provided in Table

1.1 along with the common names that will appear in the text. This table follows the

format: Genus - Species based on the Linnean methodology of naming plant species.

Table 1.1 Common and Taxonomic Names of Various Agronomic Crops

Common Name Taxonomic Name

alfalfa

bean (kidney)
bean (pinto)

bean (snap)
cabbage
corn/maize

cucumber

eggplant
lettuce

oat

peas

potato
rice

ryegrass

sorghum

soybean

sugarcane
tobacco

wheat

Medicago sath,a

Phaseolus vulgaris

Phaseolus vulgaris

Phaseolus vulgaris
Brassica oleracea

Zea mays
Cucumis sativus

Solarmm melongena

Lactuca sativa

Avena sativa

Pisum sativum

Solamtm tuberosum

Oryza sativa
Lolium pererme

Sorghum bicolor

Glycine max

Saccharum officinarum
Nicotiana tabacum

Triticum aestivum



1.1.2 Naming Tomato Species

Within the Solanaceae family, tomato comprises the genus, Lycopersicon.

However, some controversy has arisen based on the nomenclature that should be used in

order to identify tomato plants [Taylor, 1986]. Originally, tomatoes were categorized in

the genus - species taxonomy of_ Soltmum lycopersicum L., where the abbreviation, 'L.',

represents the Linnean name for the species. In 1768, Miller derived the following name

based on the development of a new genus - species category of_ Lycopersicon esculentum

Mill. where the abbreviation, 'Mill.', represents the name, _ller. This new genus was

developed based on the differences in floral morphology between tomatoes and other

members of the Solanaceae family. Finally, in 1900, Karsten developed the name,

Lycopersicon lycopersicum (L.) Karsten, which is actually the correct nomenclature that

should be used. However, due to the popular usage of 1W.tUer's nomenclature, this has

been retained to this day in the literature and is used throughout this text. An additional

abbreviation that is ufilir_ed in this thesis is the abbreviation of the genus name using the

first letter in italiozed face (L. = Lycopersicon).

There are also several closely related species of tomato based on their ability to be

crossed with the commercial variety [Taylor, 1986]. These consist of the "eseulentum-

complex' which readily form crosses with the esculentum species and the "peruvianum-

complex' which do not. For the" tomatoes in the "eseulentum-eomplex', there are several

species within the genus including L. esculentum, pimpinellifolium, cheesmanii,

ptnviflorum, chmielewskii, hirsumm, and pennelliL As for the 'peruvianum-complex',

these consist of only L. peruvitmum and L. chilense. In addition to these scientific means

of differentiating the various tomato species, a more common form based on size is also

used where small fiaaits are called cherry tomatoes. These small sized tomatoes (1 to 2.5

era) originated from the L. esculentum species and are known as the variety (var.),

cerasiforme which distinguishes them from the regularly sized fruit [Taylor, 1986]. For

most of the examples that are cited in this text, the tomatoes belong to the L. esculentum

Mill. variety. In this ease, only the eultivar name is provided in parentheses. In the case of

different tomato species given in an example, each species name will be provided.
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1.2 Tomato Growth Stages

Under amicable conditions, tomato plants pass through four basic developmental

stages [IPM Manual Group, 1982]. These begin with the germination and emergence

stage followed by the main vegetative growth stage. During these two stages, the tomato

plant establishes itself and proceeds to produce sufficient foliage in order to begin

reproduction. Once adequate vegetation has been produced, the tomato plants proceed

into the flowering and then finally, the fruiting stages. These last two stages consist of the

reproduction of the tomato plants through the production of flowers which are pollinated

in order to produce seed-bearing fiuit.

1.2.1 Establishment and Vegetative Stages

The initial growth stage involves the germination and emergence of the seed which

leads to the main root apex or radicle (region of active cell division) entering the soil and

the main shoot apex emerging from the seed coat. Initially during this stage, the seed will

imbibe a sufficient quantity of moisture in order tO hydrate these primordial structures.

After imbibition and radicle protrusion are complete, tomato seedlings establish a complex

rooting system consisting of a main tap root and additional branch roots. In order to

increase the total surface area of the rooting system, microscopi c root hairs are produced

from the root epidermal (external) cells. Typically, these are established at the zone of

elongation just after the meristematic region (primary and secondary regions of actively

dividing cells). In total, these root hairs can constitute as much as 60°,4 of the root surface

area [Taiz and Zeiger, 1991]. Under normal growth conditions, tomatoes remain in the

germination and emergence stage during the first 3 to 4 days of growth [Pickens, et al.,

1986]. As for the terrstrial portion, the seed coat or aria is shed upon emergence revealing

the hypocotyl with the cotyledons on top. These cotyledons contain enough chlorophyll to

begin the production of photosynthates. In dicotylenous plants such as tomatoes, there are

two such initiating structures as compared to monoeots such as grasses and grains which

contain only one cotyledon [Taiz and Zeiger, 1991].



Upon enteringthe main vegetativestage (second stage), root growth slows in

conjunction with a rapid increase in leaf and stem biomass [IPM Manual Group, 1982].

The vegetative portion of the plant consists of a main shoot with the apex at the top. From

this region of active cell division, secondary branches emerge along with the various levels

of true leaves. The locations along the main stem where secondary branches emerge are

called nodes while the regions in between are internodes. A distinction is made between

true leaves and the cotyledons, both of which contain chlorophyll. Furthermore, the leaves

produced by tomatoes are generally compound leaves with a terminal leaflet and several

lateral leaflets on the same tertiary branch. Aider approximately 7 to 11 true leaf nodes are

formed, generally within 4 to 7 weeks after seeding, the shoot apical medstem can be

transformed into either a terminal or lateral inflor_ce which generates the reproductive

tissues of the plant [Piekens, et al., 1986]. In 'determinate' type tomato plants, this

terminal inflorescence marks the end of the growth for the main shoot whereas

"indeterminate' varieties may continue main shoot extension. Further vegetative growth is

also accomplished through the axillary meristems located at the pit between the main stem

and secondary branches. These leaf axils proceed in a similar manner as the main shoot

producing an inflorescence in conjunction with vegetative biomass.

1.2.2 Reproductive Stages

During the next two stages of flowering and fruit production, vegetative growth

also slows as plant resources and energy are dedicated towards fiuit development [IPM

Manual Group, 1982]. During the flowering stage, buds are initially formed as clusters or

trusses typically emerging from either the apical meristem of the main shoot or as a node

along the axillary growths of the plant [Pickens, et al., 1986]. The axillary productions can

give rise to either additional vegetative biornass or inflorescence clusters depending upon

the developmental demands of the tomato plant. Whether a particular genotype of tomato

can continue producing reproductive organs depends on the growth behavior [Atherton

and Harris, 1986]. For tomatoes that have a 'determinate" type of growth behavior, the



number of inflorescenees produced is limited by the resources available to support

additional reproductive development. Once this biochemical limit is reached, 'determinate'

tomato plants abort the remaining flowers produced. On the other hand, "indeterminate'

tomato species can continue to produce bud dusters even after several have been aborted

due to the biochemical limitations. Furthermore, the main shoot can continue to grow

vegetatively giving rise to lateral inflorescences instead of a terminal one as well as form

additional axillary growths. These types of tomato plants can achieve vertical heights of

upto 10 meters whereas the 'determinate' types generally develop into more of a bush

form [Pickens, et al., 1986].

Once the buds open, yellow flowers are produced usually containing 5 petals

reflexed away from the central pistil (reproductive organs) [Smith, 1977]. Pollination

occurs either by automatic self-poRination such as by the L. esculentum, pimpinellifolium,

cheesrmmii, and parviflorum representatives of tomatoes or by insect pollination such as

by L. chmielewskii, hirsutum, peruviaman, and chilense tomatoes [Taylor, 1986]. Dowers

generally remain receptive to pollination only 4 to 6 days after complete expansion [Ho

and Hewitt, 1986]. The process of pollination and fertilization of the ovary involves viable

pollen initially being transferred to the stigma (tip) of the floral structure. Once

accomplished, pollen tubes begin to grow until they reach the ovules located at the base of

the pistil inside of the style (tubular structure). Once there, the pollen fertilizes the ovary

(base of the pistil) leading to the production of the tomato fruit.

After pollination, the fruit development stage begins. This can proceed for up to an

additional 2 months depending upon the variety of tomato produced [Geisenberg and

Stewart, 1986]. As stated previously, several tomato genotypes produce reddish colored

fruit whereas others produce green fruit. In several varieties, the transition from green fruit

to red, ripened fruit is caused by the release of the plant hormone, ethylene.



1.3 Overview of Thesis Contents

This thesis is separated into three distinct parts. The first emphasizes the

background material necessary to conduct research in the area of plant nutrition modeling.

The next part describes the short-comings of the current methods and how this research

provides useful information to the current state of this field. Finally, the last part is

dedicated towards presenting and discussing the ramifications of the results obtained in

this doctoral researck

1.3.1 Chapters Providing Background Descriptions

The background section of this thesis is split into two portions. The first portion

begins in Chapter 2 with the nutrient uptake requirements of higher plants with an

emphasis on tomato growth. This will include general descriptions of the processes

involved in both organic and inorganic nutrition. This is followed up with Chapter 3

reviewing the CtLrrent plant growth and nutrient uptake models that have been developed

for agronomically important crops. This will include the various models that have been

devised to interrelated the plant processes of overall growth, photosynthesis, water

uptake, transpiration, and inorganic nutrient absorption. Once the nutrient uptake

requirements have been reviewed, the methods which are utilized to supply plants

hydroponically are discussed in the second portion of this background section. In Chapter

4, a general review of the conventional techniques that have been developed for

hydroponic agriculture is provided. This will include a description of the hydroponic

solutions that are available as well as the systems and designs that have been utilized in the

past. Finally, the background portion of this thesis will conclude with Chapter 5 reviewing

the specialized hydroponic system known as the Porous Ceramic Tube - Nutrient Delivery

System (PCT-NDS). This chapter describes the construction of physical and mathematical

models for the PCT-NDS, the theoretical development for the operation and control of the

system, and the experimental verifications of both the model and control equations.



1.3.2 Chapters on the Current State of Plant Nutrition Modeling

With this background information on the current state of the field of plant nutrition

modeling complete, Chapter 6 describes the rationale and significance of conducting

research on modeling the nutrient uptake kinetics into tomato plants grown on the Porous

Ceramic Tube - Nutrient Delivery System. In addition to the basic scientific advantages of

this novel hydroponic system for the study of root-zone environmental effects on plant

growth, several practical applications are presented as well. This includes applications to

conventional and hydroponic agd ture as wen as the endeavors of the National

Aeronautic and Space Administration (NASA) to produce plants in space. Once the

reasons for this research are presented, Chapter 7 presents the experimental protocols

used for growing plants as well as analyzing the subsequent results. This will include the

development of the plant growth chamber, the design of the test units, the experimenta 

design, and the analytical procedures used to produce the nutrient uptake models.

1.3.3 Chapters on the Discussion of Results

With the description of the investigative methods complete, Chapters 8 and 9 are

dedicated towards presenting the experimental results and discussing their implications,

respectively. This will include a description of the plant growth chamber conditions

throughout the experimentation, the growth and development responses of the tomato

plants on the PCT-NDS, and the development of the nutrient uptake models. Finally, this

thesis concludes Chapter 10 describing the contribution of this research to the current

state of the field as well as provide some future recommendations for this type of research.



CHAPTER2 - PLANT NLrI'RIENT UPTAKE

This chapter provides a background for the current state of the field of plant

nutrition with an emphasis on tomato plants. In Section 2.1, the concentrations of the

elements required for general plant growth are provided along with a description of the

criteria for essentiality. Common plant biological functions for the organic nutrients are

presented next in Section 2.2 in addition to the methods by which plants obtain and

assimilate these nutrients. This includes a description of the carbon and oxygen fixation

process of the Calvin-Bensen cycle and the photosynthetic "Z-scheme" for hydrogen

evolution from water. Special emphasis is then afforded in Section 2.3 to the

countercurrent gas exchange process of transpiration which is directly involved in both

organic and inorganic nutrition. This section begins with a description of the pathways in

which water is acquired in the root system continuing with a review of the factors

affecting transpiration. These include species variations, atmospheric conditions, and the

water potential gradients that form throughout the soft-plant-atmosphere continuum. As

with the organic constituents, the major biological functions of the inorganic nutrients are

presented next in Section 2.4 In addition to the mechanisms of uptake from the

transpirational stream, this section will also include descriptions of several factors affecting

uptake in the plants such as composition, concentration, pH, water potential, and

temperature of the soil environment. Finally, this section will conclude with the deficiency

and toxicity symptoms associated with inorganic nutrition.
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2.1 Essential Plant Nutrients

There are 16 different elements that are required by all higher plants. These include

carbon (C), hydrogen (H), oxygen (O), nitrogen (N), phosphorus (P), potassium (K),

calcium (Ca), magnesium (Mg), sulfur (S), iron fie), chlorine (CI), manganese (Mn),

boron (B), zinc (Zn), copper (Cu), and molybdenum (/do). This section of this chapter

reviews the common terminology used in plant biotechnology to classify these nutrients as

well as the criteria used to determine their essentiality. This determination distinguishes

these 16 nutrients from the other dements that are generally available to the plant. These

include, amongst others, arsenic, lead, silicon, cobalt, selenium, aluminum, and sodium.

2.1.1 Classification of Nutrients

There are several means of classifying plant nutrients. The organic constituents

consist of C, I-I, and O while the inorganic nutrients consist of the other 13 remaining plant

required dements listed above. A further elassification of the inorganic nutrients

distinguishes these dements by the relative amounts in which they are found in the tissues

[Resh, 1978]. The macro-(inorganie)-nutrients are dements present in quantities ranging

greater than 1,000 parts per million parts of plant tissue (ppm), induding N, P, K, Mg, Ca,

and S. These differ from the micro-nutrients which have sufficient concentration ranges of

approximately 100 ppm in plant tissues and include, Fe, C1, Mn, B, Zn, Cu, and Mo. The

general concentration levels and elassifieations of these 16 essential plant nutrients are

summarized in Table 2.1 [Salisbury and Ross, 1985; Taiz and Zeiger, 1991].
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Table2.1 AdequateConcentrationsof Essential Plant Nutrients

Classification

Organic Constituents

Macro-Nutrients

Micro-Nutrients

Element

Carbon
Hydrogen

Oxygen

Nitrogen

Phosphorus
Potassium

Magnesium
Calcium

Sulfur
T

Iron

Chlorine
I

_ Manganese
Boron

Zinc

Copper

[Molybdenum

Symbol j Concentration

C

H

O

N

P

K

Mg
Ca

S

Fe

C1

Mn

B

Zn

Cu

Mo

(ppm) i in Dry Tissue (%)

450,000

60,000

450,000

15,000

2,000

10,000

2,000

5,000

1,000

100

50

50

20

20

6

0.1
i

45

6

45

1.5

0.2

1.0

0.2

0.5

0.1

0.01

0.005

0.005

0.002

0.002

0.0006

0.00001

2.1.2 Criteria for Essentiality

The 16 dements listed in Table 2.1 are considered essential plant nutrients due to

their ability to meet three criteria [Salisbury and Ross, 1985; Resh, 1978; Taiz and Zeiger,

1991]. The first is that higher plants cannot survive in the absence of the nutrient which

indicates that the nutrient must be present and accessible either in the atmosphere or in the

nutrient solution of the soil. The second criteria is that the dement must have a specific

physiological function in the reproduction or growth of the plant that cannot be

completely duplicated by using another nutrient. The third criteria is that the elemem must

be acting directly in a plant process and not simply allowing another element to become

more available or inhibit any toxic actions of the other dements.

For the organic constituents, these criteria are fairly stright forward as they

comprise of approximately 96% of the total plant biomass. The three elements, C, H, and
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O, form the basic skeletons for the starch, sugars, cellulose, phospholipid membranes,

carbohydrates, amino acids, enzymes, proteins, genetic material, and all other compounds

constituent to plants. As for the macro-nutrient elements, these are generally contained

within these major compounds as well or perform some other major plant biological role

that cannot be completely replaced with another element. The involvement of the micro-

nutrients in the physiological development of the plant is generally as enzyme activators,

cofactors, or electron carriers. Elaboration of the major plant biological functiom for each

of these nutrients are presented in later sections of this chapter.

2.2 Organic Nutrition

Comprising approximately 96% of the total weight of the organic plant matter, C

and O are obtained by higher plants from carbon dioxide while water contributes H as well

as additional O. The mechanisms by which these essential nutrients are acquired are by

two related processes [Salisbury and Ross, 1985; Taiz and Zeiger, 1991]. Carbon dioxide

enters through the stomates of the leaves (openings on the leaf underside) and is utilized

through the bio-actions of photosynthesis (light-dependent reactions) and carbon fixation

(light-independent or dark reactions). In addition, while these stomatal openings allow

CO2 influx, water vapor can simultaneously escape into the atmosphere. This

countercurrent gas exchange process is termed transpiration and generally occurs during

the lighted periods of the daily growth cycle. In order to balance the loss of water by the

terrestrial portion, simultaneous water uptake is achieved by the root system.

2.2.1 Carbon Fixation - Carbon and Oxygen Assimilation

Carbon and oxygen entering through the plant stomates as CO2 are fixed into the

bulk biomass by the reactions of the Calvin-Benson or photosynthetic carbon reduction

(PCR) cycle [Salisbury and Ross, 1985; Taiz and Zeiger, 1991]. There are two

classificatiom of higher plants which are denoted by the pathway in which they conduct
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this carbon dioxide fixation. A C3 plant initially fixes the CO2 into a five carbon compound

called ribulose-l,5-bisphosphate (RuBP) through the carboxylation actions of the enzyme,

dbulose bisphosphate carboxylase/oxygenase (Rubisco), and forms an unstable six carbon

compound. This C6 compound then splits into two components of a stable compound

called 3-phosphoglyeerate (3-PGA). This C3 compound is then dehydrogenated to form

glyeeraldehyde-3-phosphate (GAL-P). It is this C3 compound which is involved in the

major reactions of the PCR cycle which ultimately leads to the production of sugars,

carbohydrates, starch, amino acids, etc. Examples of plants that utilize the C3 carbon

reduetion cycle include wheat, oat, flee [Salisbury and Ross, 1985], kidney bean, potato,

cabbage, eggplant [Sage, et al., 1989], and tomato [Martin and Thorstensort, 1998].

These plants are differentiated from their C4 counterparts due to the pathway in

which they fix CO2. Instead of initially forming stable 3-PGA, C4 plants store newly

obtained carbon dioxide in a four-carbon compound sueh as malate or aspartate. These

compounds are formed through the combination of CO2 with a compound called

phosphoenolpyruvate (PEP), a three carbon unit. The PEP is regenerated from the malate

or aspartate with the concomitant release of CO2 to the Calvin-Bensen cycle. Therefore,

the ditferenee between C3 and C4 plants is that the C4 plants utilize a cyclic reaction,

known as the photosynthetic carbon assimilation (PCA) cycle, prior to the normal carbon

dioxide fixing mechanisms of the C3 plants. The effect that this C4 PCA cyele has is to

concentrate CO2 at the active sites on Rubisco. Examples of typical C4 plants include

corn, sugarcane, and sorghum [Salisbury and Ross, 1985].

Under normal atmospheric conditions, C4 plants have higher assimilation rates as

compared to their C3 counterparts [Taiz and Zeiger, 1991]. This is due to the

concentrating mechanism present in the C4 plants which increases the CO2 available to the

active sites on gubiseo. In C3 plants and, to a much smaller degree, in C4 plants, the

active sites on gubisco are competing for both CO2 and oxygen. The oxygenation reaction

termed, photorespiration or the C2 photorespiratory carbon oxidation (PCO) cycle,

decreases the efficieneies of photosynthesis and carbon assimilation [Taiz and Zeiger,

1991]. This is due to the substrates utilized in this PCO process. Specifically, when RuBP
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is oxygenated, it yields one 3-PGA and one C2 compound, 2-phosphoglycolate. This C2

compound is eventually split into a CO_ molecule with the remaining carbon combining

with glyeine (another C2 compound) to produce a second 3-PG/L Therefore, the cost of

oxygenating RuBP to form two molecules of 3-PGA are, amongst other resources, two

previously fixed carbon atoms (glyeine) plus a CO2 that will have to be fixed again.

After CO2 has entered the Calvin-Benson cycle, it can lead to the formation of

other organic compounds [Salisbury and Ross, 1985; Taiz and Zeiger, 1991; G-airier, et

al., 1995]. One component in this cycle is a phosphorylated fi_etose which can be

isomerized into a phosphorylated glucose. This second compound can lead to the

formation of sucrose (a C12 sugar) and starch (a multi-glucose compound) which are the

principle leaf storage compounds. These stores are urged in a process known as

respiration where the production of adenosine triphosphate (ATP), the major energy

carrying compound of biological systems, is accomplished. Additionally, inorganic

phosphate is regenerated during sucrose and starch synthesis which eventually leads to the

regeneration of RuBP for the carbon reduction cycle [Sage, 1990]. Another fate of C and

O is the formation of amino acids. In particular, serine, glyeine, and cysteine are derived

from 3-PGA while phenylalanine, tyrosine, and tryptophan are synthesized from PEP and

erythrose-4-phosphate, another intermediate in the PCR cycle [Stryer, 1988]. As for other

amino acids, these are derived from other products of this CO_z metaboli_ng cycle as well.

In 1994, the ambient CO2 levels were measured to be approximately 350 ppm or

0.035% [Galtier, et al., 1995] and has been steadily increasing by about 1 ppm per year

[Taiz and Zeiger, 1991]. Comparing this value to the 20-21% oxygen concentration in

ambient air, the competition between CO2 and 02 for active sites is much higher in C3

plants as compared to C4 plants which have the PCA concentrating mechanism favoring

carbon. However, increasing the carbon dioxide concentration above ambient conditions,

which is &ten the ease in greenhouses [Romero-Aranda and Longuenesse, 1995; Galtier,

et al., 1995], leads to higher carbon reduction rates in C3 plants as compared to the C4

counterparts. This is due to the key C4 enzyme, PEP carboxylase, becoming saturated at

the elevated CO2 levels leading to a limitation in the Rubiseo supply rate. In C3 plants this
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rate limiting step is eliminated since Rubisco can accept the CO_z directly from the enriched

atmosphere. However, a C02 compensation point is eventually reached due to the

saturation of the photosynthetic apparatus within the leaves which supplies regenerated

RuBP for the carbon fixation processes [Sage, et al., 1989; Galtier, et al., 1995].

In order to illustrate the effects of carbon dioxide concentration on the assimilation

and photosynthesis rates in tomato plants, a C3 plant [Macler, et al., 1990], the following

examples are provided. Four hybrid cultivars (cv.) of Lycopersicon esculentum lVfill.

(Early Cascade, Ohio-Michigan, Sonato, and Virosa) each showed approximately 15%

increases in growth rates (total plant matter) when cultivated under enriched CO2 levels of

1,000 ppm as compared to ambient levels [Gent, 1984]. Similarly, tomatoes (cv.

Rondello) were subjected to five levels of CO2 ranging from 200 to 1,100 ppm resulting in

net photosynthesis that increased from 5 to 35 gmol/m2/s in order to meet the increasing

supply of carbon [Romero-Aranda and Longuenesse, 1995]. Carbon dioxide enrichment

can also affect the growth and development of the individual plant parts. For example,

while stems of tomatoes (cv. Calypso) increased from 12.8 to 13.4% dry matter content

and fruits increased from 9.7 to 10.7 kg/m 2 when CO2 levels were changed from 350 to

550 ppm, leaf area decreased from 0.174 to 0.158 m 2 per plant [Nederhoff_ et al., 1992].

2.2.2 Photosynthesis - Hydrogen Assimilation

Although oxygen also enters through the absorption of water at the root surfaces,

this source is not metabolized but is released back into the atmosphere as molecular

oxygen. This process is achieved during the initial steps involved in photosynthesis

occurring in the leaf chloroplasts [Taiz and Zeiger, 1991]. Water is first broken down into

elemental H and O when photonic energy in the form of red light (680 rim) energizes the

reaction center, Photosystem II (PSII). Two electrons are eventually transferred to an

iron-sulfur containing protein complex which has a more positive redox potential. This

energy transfer from a lower to a higher (more positive) potential is the basis of the "Z-

scheme" used to describe the photosynthetic process [Salisbury and Ross, 1985; Taiz and
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Zeiger, 1991].With this lossof electrons,two I-_ ions areevolvedalongwith half of a

moleculeof 02. This oxygen exits through the gas exchange process of plant transpiration.

There are many fates for these hydrogen ions such as their incorporation into the

Calvin=Benson cycle achieved during the reaction converting 3-PGA into GAL-P.

Involved in this reaction step is a proton carrier called nicotinamide adenine dinueleotide

phosphate (NADP+) which can be reduced to NADPH and a proton during a second

light-dependent reaction oeeurring in Photosystem I (PSI), energized by far-red light

(>680 nm). It is this reduced form which transfers its hydrogen ion to 3-PGA in the

synthesis of the aldehyde and requires the expenditure of ATP energy. Once the hydrogen

is contained within the key triose phosphate compound, the processes deseribed above for

the utilization and metabolism of carbon and oxygen are applicable. Other important

physiological funetions of hydrogen ions include ATP production and cation exchange.

Plants contain several types of light absorbing pigments including ehlorophyU a

and b which primarily absorb at 670 and 650 nm (red light), respectively, and a group of

pigments known as carotenoids which absorb between 400 and 500 nm (blue light). These

wavelengths of visible light (400-700 nm) are termed, photosynthetically active radiation

(PAR) [Taiz and Zeiger, 1991]. The changes in wavelengths between the absorption

capabilities of the chlorophylls and the reaction centers, PSI and PSR, results in the release

of heat as does the energy transfer from the earotenoids to the chlorophylls. Compensation

of this heat is achieved during the evaporative cooling process in plant transpiration.

During normal plant growth, the light intensity and quality of the PAR varies

according to the time of day, weather patterns, shading, and plant density. These changes

in the light greatly affect the rates of various plant biological processes. A previous

example showed that although carbon assimilation increased by 15% when four tomato

cuttivars (Early Cascade, Ohio-Michigan, Sonato, and V'trosa) were subjected to increased

CO2 levels, the magnitude of these differences were reduced but with an overall increase in

the absolute growth when the PAR level was increased from 2.3 to 4.3 MJ/m2/day [Gent,

1984]. These results were probably due to a balaneing between the photosynthesis and

carbon fixation rates. Similarly, an increase in photosynthetic photon flux density (PPFD)
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from 400 to 800 lamol/m2/sincreasedthe net carbonuptake in tomatoes(ev. UC82B)

from 15to 20 lamol/m2/sat ambientCO2levels[Galtier,et al., 1995].

For thetranspirationrates,changesin PPFDfrom 900to 1300gmol/m2/sresulted

in transpirationrates in maize(ev. Pioneer3949) from 45 to 88 mg/m2/s[Berardand

Thurtell, 1991]. In tomato plants (cv. Counter), continuous monitoring of the global

radiation and transpiration using a weighing lysimeter system [Van Ieperen and Madery,

1994] was accomplished over a 24 hour period. This experiment was conducted during a

period of fluctuating radiation (i.e partly cloudy) which resulted in measurements between

200 and 1000 W/m 2 during the daylight hours. The corresponding transpiration rates

directly followed the changes in radiation whereas the changes in fresh weight during the

day were reversed from transpiration. This indicated a change in plant water status

dictated by this environmental input [Van Ieperen and Madery, 1994]. Furthermore,

subjecting plants to different wavelengths of light causes different degrees of stimulation

of the stomatal aperture. Blue light was shown to be more effective than red followed by

green [Matsui, et al., 1981]. This could be due to the compensation of the higher internal

heat generated during the energy transfer from carotenoids (400-500 rim) to chlorophyll

(650-670 rim) as opposed to chlorophyll to the PSI or PSII reaction centers (680+ nm).

When tomato plants (cv. Duranto) were grown in an artificial environment under

three different types of lamps with differing light spectral qualities, inorganic nutrient

uptake was also shown to be affected [Tremblay, et al., 1988]. Radioactive rubidium

(_q*da) uptake which utilizes the same mechanism as K [Wrona and Epstein, 1985;

Peterson and Jenson, 1988] was shown to be reduced when the tomato plants were grown

with either deficit or low blue light. Specifically, high pressure sodium lamps which lack

blue light altogether but have a high quantity of red light yielded 8.01 epm x 106/g dry

weight while white deluxe fluorescent lamps which contain low levels of both blue and red

lights resulted in a value of 8.10. These results differed when Gro-lux fluorescent lamps,

which contain higher red and blue light quantities than the white deluxe, were utilized. In

this case, the rubidium uptake was significantly increased to 10.27 cpm x 106/g dry weight.

Similarly for Ca uptake (measured using 4SCa), the sodium lamps reduced the capacity
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while either fluoresc_mt lamp resulted in significantly higher rates. Therefore, the light

spe_val quality of these three lamps affected the nutrient uptake capacities in the tomato

plants even though the PPF was maintained at 300 _E/m2/s. Other nutrients that were

investigated included Fe and Mn but did not lead to any significant differences in uptake.

2.3 Transpiration

In addition to the introduction of CO2 into the plant, the process of transpiration

has several other functions [Salisbury and Ross, 1985; Taiz and Zeiger, 1991]. This

includes the release of water vapor which serves to maintain the internal temperature

particularly during the day by utilizing the evaporative cooling by the water vapor from the

leaf stomata. This process contributes to the majority of the water loss from plants but is

used to maintain hydration through the continuous column of water absorbed at the root

surface, transferred through the main shoot and branching system, and out the leaves.

2.3.1 Water Uptake Pathways

The methods in which water enters the roots are the apoplastic, symplastic, and

transcellular pathways [Salisbury and Ross, 1985; Taiz and Zeiger, 1991; Maggio and

Joly, 1995]. The apoplast is the continuous system of cell walls and intracellular air spaces

in plant tissues where water can enter and move without crossing membranes. The

transcellular pathway consists of water moving from one cell to another where it crosses

at least two plasma membranes. However, when the water is between the cells, the

symplastic pathway can be utilized. The symplasm consists of the entire continuous

network of cell cytoplasms interconnected by plasmodesmata, small channels connecting

adjacent cells [Molz, 1981; Taiz and Zeiger, 1991]. These pathways are depicted in Figure

2.1 along with the overall root structure. During water uptake, each pathway is utilized to

some degree; however, at the endodermis, the apoplastic pathway is blocked due to the

Casparian strip which are highly suberized cell walls (not shown) interrupting this route.
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Figure 2.1 Root SmJctures and Water Transport Pathways

The flow rate across the root membrane is determined as a function of the water

potential gradient (see Section 2.3.4), the area of the root membrane, and the hydraulic

conductivity, /-a,- Root length can be estimated using a microscope and the line-

intersection method [Newman, 1966]. Utilizing a rectangular plate of known area, A, with

randomly placed straight lines of known total length, H, the number of intersections, N,

that the root placed on the plate makes with the lines can be counted using the

microscope. This number is then used in Equation (2.1) to estimate the root length, L.

= _NA / 2H (2.1)

Using this method, errors of approximately 10% were achieved when compared to the

actual measurements of the roots; however, the times required to make these

measuremems were substantially lower than the direct method. In order to estimate the

hydraulic conductivity, I__ de-topped roots systems are placed in a pressure vessel filled

with nutrient solution. When a pressure is applied, xylem sap from the cut stump is
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exuded. Measuring the rate of exudation at pressures above 0.15 MPa yields a linear

relationship with the slope equaling I v. In this case, IV defines the capacity of roots to

supply water to the shoot. It describes the degree that a given water potential gradient can

move water through the root frictional resistances [Boyer, 1985]. This technique yields an

average IV for the entire root surface but is not able to resolve local differences in Lo along

the root length [Joly, 1989]. Using this procedure, tomato roots (cv. Ailsa Craig) were

found to have a hydraulic conductivity of 18.95 mm 3 s"1MPa "1[Jackson, et al., 1996].

2.3.2 Species Varietal Differences

The absolute transpiration from plants varies with species, cultivars, and growth

conditions. For example, wheat plants (cv. Yecora rojo) transpired 6.9 ml/day per plant

when grown on a porous tube hydroponic system which was one-third the loss when

grown conventionally [Dreschel and Sager, 1989]. For lettuce (cv. Waldmann's Green and

Grand Rapids), air moisture derived from transpiration and collected as condensate from

growth chamber heat exchangers averaged over 325 kg over a 30 day period for 960

plants [Edeen and Henninger, 1990; Barta, et al., 1992]. In tomato plants, transpiration

can account for as much as 90% of the total water intake [IPM Manual Group, 1982].

Using a weighing lysimeter, 2 meter tail tomato plants (cv. Counter) were found to

transpire 3.0 g/rain per plant at peak global radiation levels while this level decreased to

0.15 g/min per plant during the night [Van Ieperen and Madery, 1994].

In a direct comparison between plant species, the sap flow rates in the vascular

tissues known as xylem were measured using the heat-pulse method [Cohen, et al., 1988].

In this experiment, the sap flow rates in soybean (cv. Williams) and maize (cv. Pioneer

3377) plants were measured to be 26 and 21 mm3/s, respectively [Cohen, et al., 1990].

Furthermore, the sap flow rates were shown to be directly proportional in a 1-to-1

relationship to the transpiration rates which can be calculated to be 1.56 and 1.26 ml/min,

respectively, averaged over the time of measurement. For the differences within a species,

two soybean cultivars (OX922 and OYO42) exhibited significantly different transpiration
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ratesbasedon measured sap flow rates [Tan and Buttery, 1995]. Genetically, these two

isolines differed by the number of stomates (4 vs. 155 per mm 2 leaf area, respectively)

leading to maximal transpiration measurements of 677 and 1193 g/day per plant.

2.3.3 Factors Affecting Transpiration

The factors controlling transpiration include the stomatal conductance, the leaf

surface boundary layer resistance, and the atmospheric temperature [Taiz and Zeiger,

1991]. The first factor is dependent upon the plant's ability to control the stomaud

aperture while the last two factors are controlled through the atmospheric conditions. This

stomatal control is necessary in order to balance the plant water status and is affected by

the availability (i.e. moisture) in the soil [Lafolie, et al., 1991]. It has been hypothesized

that the hormone, abseisic acid, is transmitted from the root to the guard cells of the leaf

stomata [Johnson, et al., 1991; Bruekler, et al., 1991; Trejo, et al., 1995]. Dau_g hot, dry

climates, this "message' reduces the stomatal conductance by transferring K _ and CI" from

the guard to the mesophyll cells [Johnson, et al., 1991 ]. This transfer reduces the stomatal

pore, thus, reducing transpiration. Therefore, as water transpires from the leaves, a

decrease in the leaf water content develops. This change leads to a gradient between the

leaf and the connecting branch xylem causing an increase in the water transport to the leaf.

As water exits the branch xylem, a continuous supply is maintained from the main shoot

xylem which is subsequently supplied by the roots. Finally, as the root water content

decreases, the rate of transport from the soil solution to the root surface increases. This

whole process assumes a sufficient supply of water at the root-zone. In order to increase

water absorption, microscopic root hairs are produced from the root epidermal cells.

Typically, these are established at the zone of elongation and constitute as much as 60% of

the total root surface area [Taiz and Zeiger, 1991 ].

The leaf surface boundary layer resistance is affected by wind speed, planting

density, canopy height, and leaf structure [Taiz and Zeiger, 1991; Johnson, et al., 1991 ].

The resistance to water vapor diffusion is proportional to the thickness of the boundary
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layer. Therefore, as the mount of air passing over the leaves increases either by ino-eased

wind speeds or by decreased leaf surface area per unit volume of air, the film of stagnant

air surrounding the leaf becomes thinner, reducing the resistance. As for leaf structure,.

differences in morphology and orientation can affect how the leaves intercept the wind.

The effects of atmospheric temperature, in general, range from the developmental

threshold of about 10°C to between 25 to 32°C for optimum growth. The upper limit for

growth is approximately 44°C [IPM Manual Group, 1982] with half maximal growth rates

occurring at 13 and 36°C [Gent, 1986]. Under low temperature conditions, plant growth

can become inhibited due to a decrease in cell membrane fluidity. At the other extreme,

growth becomes inhibited primarily due to the change in enzyme activity [Salisbury and

Ross, 1985; Taiz and Zeiger, 1991]. In order to protect against these extreme fluctuations,

plants control transpiration through the stomatal conductance. When it is cold, the

stomates will remain closed in order to conserve the internal heat whereas when it is hot,

transpiration serves to cool the plant [Salisbury and Ross, 1985; Taiz and Zeiger, 1991;

IPM Manual Group, 1982]. Therefore, as the surrounding temperature rises, the rates of

transpiration and nutrient uptake significantly increase through the plant cooling process.

2.3.4 Water Potential Gradients

As stated earlier, water transfers from one region of the plant to the next through

the vascular tissues known as the xylem. This transpimtional stream begins at the root

surfaces where the water is first absorbed and subsequently loaded into the xylem of the

root tissues. It then proceeds upwards through the xylem of the main shoot and branching

system eventually being unloaded into the cells of the leaves. At this point, the water exits

the leaf stomates through evaporation into the atmosphere. The driving force for this

transport process is based upon the water potential gradients that form between one

region and another. The water potential, q_, is defined below [Salisbury and Ross, 1985;

Rudich and Luchinsky, 1986; Taiz and Zeiger, 1991] as the difference between the

hydrostatic pressure, P, in excess of ambient conditions and the osmotic potential, 7t. This
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secondquantityreducesthewater concentration due to the presence of solutes; thus, it

reduces _. This quantity is further defined in Equation (2.2) where R is the universal gas

constant (0.0083143 L MPa tool q K'l), T is absolute temperature (in Kelvins), and C, is

the solution osmolality (moles of all solutes, regardless &form, per kg of water).

•F = P- _ = P-RTCs (2.2)

Therefore, the gradient between a region of higher to lower potential, A_F = _F_ - _Flo, can

be determined from these quantities. In general, the resulting hydrostatic pressure

gradient, AP, represents the driving force for bulk flow while the concentration gradient,

Azc, represents the driving force for nutrient diffusion.

For the soil, the hydrostatic component, P, arises from the water adhesion to the

soil matricies and is, thus, referred to as the matric potential, P = pro. This arises from the

attractive forces between water and soil which tends to cause water to form concave

microfilms around the particle surfaces particttlarly in the intersticies of the matricies. This

quantity can be estimated using the surface tension of water, 7 = 7.275 x 10 "s MPa m,

along with the radius of curvature, r, that the meniscus makes between the liquid and the

soil colloids [Taiz and Zeiger, 1991; Bromberg, 1984].

P,_ = -2"y/r (2.3)

Therefore, Equation (2.2) can be rewritten as the following with the substitution of W =

W_,a for the soil solution with osmolality, C_, and Equation (2.3) substituted for P = P,_.

W_ = P,. - _ = -2y / r - RTC_ (2.4)

Since both quantities in Equation (2.4) are negative, this indicates that water is always

under tension when contained in a soil matrix. Furthermore, ionic interactions between the

nutrients and the fixed charges on the soil colloids cause a localization of the osmotic

pressure. This effectively increases the magnitude of the soil water potential and becomes

more pronounced when the soil water content decreases.
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In order to measure the soil water potential, methods such as lysimetry, gamma

densitometry, neutron moderation, time-domain refleetometry [Wraith and Baker, 1991],

and the mierotensiometer [Vetterlein, et al., 1993] have been designed. However, these

techniques generally have poor spatial and/or temporal resolutions, range, and precision.

Typical values for W_ range fi'om -0.05 MPa for moist conditions where the major

contribution is due to the osmotic component to -0.5 MPa for dry conditions where the

matric potential becomes dominant [Lafolie, et al., 1991]. For saline softs, 7t can attain

values as high as 0.2 MPa [Taiz and Zeiger, 1991]. Extremely dry soil conditions can

attain values for _P_ of-3 MPa; however, most plants cannot be sustained under this soil

water potential as plants reach a permanent wilting point at about this same level [Taiz and

Zelger, 1991]. Another measure of the water content within soils is the field capacity

which is the moisture holding capacity in relation to the soil itself (measured in quantity of

water per quantity of soil). Determinations of this quantity is achieved by saturating a

particular soil with water and allowing the excess to drain away. The difference in wet and

dry weights leads to the field capacity [Taiz and Zelger, 1991]. Since soil properties vary

greatly based on particle size, mieroporous spaces, surface area, degree of compaction,

and depth, field capacities are dependent upon the particular soil. For example, a clay loam

soil had a field capacity of 0.23 kg/kg [Bruckler, et al., 1991] while fine sand measured at

0.13 and high surface area Andosols measured upto 0.70 [Cox and Barber, 1992].

For plant tissues, this matric potential is considered negligible [P,udieh and

Luehinsky, 1986]. However, rigid cell walls contribute to the hydrostatic component in

the form ofturgor pressure, P = Pt, by maintaining cell volume especially during periods of

dehydration. This quantity can be measured in plant tissues using several different

techniques along with the water potential, W, and the osmotic potential, x. This includes

the psychrometer (W), eryoscopic osmometer (x), pressure probe (it), and pressure

chamber (It) [Brea_ and Kohl, 1970; Prager and Bowman, 1963; Taiz and Zeiger, 1991].

Substitution of Pt,,_t or P¢_ for P and _ or Cl,a for C_ in Equation (2.2) yields the

following water potentials for the roots (_P = W,_ot) and leaves (_P = _P_), respectively.
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W_ot= Pt,,,ot - RTC__ (2.5)

Wl_ = Pt.l,._- RTCI_r (2.6)

Taking the difference between Equation (2.4) for the soil potential and Equation (2.5) for

the root potential, the gradient for water and nutrient absorption at the root surface can be

determined. Specifically, water absorption occurs when (xF_ - _F,_ot) > 0 MPa.

Unlike soils, the typical values of root water potentials vary according to the

diurnal cycle of the plant and the overall plant-soil water status. For dry soils (tIJ_ = -0.5

MPa), root water potentials range from approximately -0.5 MPa (equilibrium) during the

night to -1.5 MPa during the day when transpiration is peaking. Subsequent measurements

as the soft dried out lead to a trend of decreasing maximum root potentials at night which

did not equilibrate with the soil levels. Conversely, for moist soils (xF_ = -0.05 MPa),

tF_t equilibrated with the soil conditions during the night but continually decreased in

magnitude as the soil dried. Furthermore, the gradient between the moist soil and the roots

continued to increase as the soil water content decreased [Lafolie, et al., 1991].

The growth, nutrient uptake, transpiration, and developmental rates of a plant is

highly dependent upon the water relations at the root-zone [Glass, 1989]. Using an

increase in salinity to reduce soil water potential, tomato (ev. Micro-Tom) plants exhibited

decreased leaf area, shoot length, root area, and fruit development [Smith, et al., 1992]. In

dee (ev. IR 36), maize (ev. DMR-2), and soybean (ev. Clark 63), root and shoot dry

weights and leaf elongation rates decreased when soil _F declined. However, an earlier

reduction was caused in dee as compared to the other two test species. As for the

transpiration rates of these plants, each exhibited a decrease starting at various times after

water was withheld [Tanguilig, et al., 1987]. The importance of the soil-root water

potential gradient on the rate of transpiration becomes evident during a direct comparison

of plants grown under different moisture levels. Specifically, maize (ev. Pioneer 3949)

plants were subjected to three levels of moisture of 0.11, 0.15, and 0.26 m3/m 3 resulting in

transpiration rates of 25.1, 37.4, and 57.4 mg/m2/s, respectively [Berard and Thurtell,

1991]. This translates into a rate of water loss of 2.2, 3.2, and 5.0 1/day for every square
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meter of growing area. Similarly, tomato plants (cv. Capello) were subjected to soil

moisture levels of 95 and 55% of field capacity and responded by transpiring at 42.4 and

28.7 mg/m2/s, respectively [Xu, et al., 1995]. To illustrate varietal differences, three

genotypes of tomato, L. esculentum _fll. cv. UC82B, L. pennellii (Cot.) D'Arcy, and

their F1 hybrid were grown under three soft moisture levels rated as 100, 50, and 25% of

field capacity [Martin and Thorstenson, 1988]. For each moisture level, the hybrid

absorbed more water than either parent with the L. esculentum tomatoes absorbing more

than the drought tolerant, L. pennellii. Furthermore, each type utilized 45 and 15% of the

water used at 100% field capacity when subjected to 50 and 25% of the soil moisture,

respectively. Specific water use for the plants grown for 60 days at 100% field capacity

were 63.5, 33.3, and 82.2 kg for the standard, tolerant, and hybrid varieties, respectively.

For the air outside of the leaf'cells, the water potential, _P_, results from the actual

water vapor concentration in the air, c,_. In Equation (2.7), R is the gas constant, Vw is

the specific volume of water vapor and c_ ° is the concentration in air saturated with water

vapor at the given absolute temperature, T. Furthermore, the water potential of the air can

be determined in terms of the relative humidity, RH [Taiz and Zeiger, 1991].

RT RT

= -- In °) -
vw vw

- -- In(RH) (2.7)

For the air just inside of the leaf spaces, the water potential can be assumed to be close to

equilibrium with the lea£ W,p_ _ Wl=f, where the relative humidity is near saturation. Leaf

_P generally ranges between -0.2 to -0.6 MPa for well watered plains and can be as low as

-5 MPa for extreme conditions [Taiz and Zeiger, 1991]. For comparison, the air inside the

leaf spaces at 20°C (293 K) with relative humidities of 99.5, 99.0, or 95.0% have water

potentials that can be calculated from Equation (2.7) to be -1.56, -3.I2, and -15.95 MPa,

respectively. When the exterior humidity is relatively low, the air moisture within the leaf

spaces evaporates leading to a transient water potential gradient with the leaf cells. This

gradient is also known as the vapor pressure deficit, VPD. Therefore, the driving force for
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transpiration can be estimated from the gradient between the air surrounding the leaf and

the air inside of the leaf spaces, A_P = _,,_ - W_. Corresponding water potentials for the

surrounding air at 20°C .(293 K) with relative humidifies of 90,75, and 50% can be

similarly calculated from Equation (2.7) to be -33, -89, and -216 MPa, respectively.

The values for the water potentials of the various regions of the soil-plant-

atmosphere continuum are reviewed in Table 2.2 for both moist and dry conditions. Upon

comparing these water potentials, it can be seen that the largest gradient is formed

between the inner space of the leaf and the surrounding air. Therefore, the rate of

transpiration can become substantial depending upon the water status of the plant and the

relative humidity of the surrounding atmosphere. This dependency is illustrated in the

following examples. In the experiment presented earlier where maize (ev. Pioneer 3949)

plants were subjected to three levels of soil moisture of 0.11, 0.15, and 0.26 m3/m 3,

chamber RH was also varied between 20-25 and 75-80% [Berard and Thurtell, 1991]. The

effect that the low humidity had on the transpiration rates was to cause increases in the

quantity of water transpired by 1.8, 1.7, and 1.5 times the high humidity levels reported

earlier for the dry to moist soils, respectively. These non-uniform changes indicated that

even though the humidity change caused substantial increases in transpiration, the soil

water content dictated the degree to which the increases occurred. This is due to the

stomates being controlled by the soil water potential through the transmission of abscisic

acid in the transpirational stream [Trejo, et al., 1995]. Similarly, high humidities of 0.1 kPa

vapor pressure deficits (vs. 0.8 kPa) were shown to cause increases in the transpiration

and nutrient uptake rates in tomatoes (cv. Counter) as well [Adams and Holder, 1992].

Table 2.2 Water Potentials in the Soil-Plant-Atmosphere Continuum

Water Potential (MPa)

Region

Atmospheric Air

Inner Air Spaces

Leaf Cells

Root Xylem

Soil Solution

Symbol

kl'aair

tIJlcaf

i

Moist

-33

-1.56

-0.2

-0.05

-0.05

Dry

-216

-15.95

-5

-1.5

-0.5
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2.4 Inorganic Nutrition

As water enters the root environment, the dissolved nutrients can be carried in as

well. In order to illustrate the essentiality of the 13 inorganic mayo- and micro-nutrients

listed in Table 2.1, some of the more well known plant physiological roles and involved

processes are given in Table 2.3 for the macro-nutrients and Table 2.4 for the micro-

nutrients [Salisbury and Ross, 1985; Adams, 1986; Ho and Hewitt, 1986; Resh, 1978;

Stryer, 1988; Taiz and Zeiger, 1991; Kiss, et al., 1991; Barrachina, et al., 1994, Awada, et

al., 1995]. These lists are to serve as means to illustrate essentiality of these elemems and

are by far incomplete lists of how plants utilize these nutrients.

Table 2.3 Physiological Roles and Processes for the Essential Inorganic Macro-Nutrients

Classification

Macro-Nutrients

Element i

N

P

K

Mg

Ca

S

Physiological Roles and Involved Processes

amino acids, proteins, and enzymes, chlorophyll, NADP+,

_TP, deoxyribonucleic acid (DNA), ribonueleic acid (RNA),

,,hridine diphosphate (UDP) glucose used in sucrose synthesis

_11 sugar phosphate intermediates in the PCR cycle, NADP+,

_TP, UDP-glucose, DNA, RNA, phospholipids
I

If.oenzyme or activator for many enzymes such as pyruvate

_cinase, involved in stomatal control controls fruit

klevelopment and acidity, involved in protein synthesis and

_ugar transport

_hlorophyll, activates certain enzymes such as hexokinases
I

h:alcium pectate cements together primary walls of adjacent

_ells, regulates salinity stress, component of peroxidase

_ysteine, methionine, FeS protein used in the photosynthetic

i"Z-scheme", coenzyme A carries acyl groups, thiamine and

biotin vitamins, thioredoxin reduces disulfide bridges to
I

_etivate certain _es such as phosphotransferases
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Table2.4 PhysiologicalRolesandProcessesfor theEssentialInorganicMicro-Nutrients

Classification i Elernent!
PhysiologicalRoles and Involved Processes

Micro-Nutrients !

1

!
I

1
I

Fe hctivates certain enzymes in chlorophyll synthesis, component

_f eytochromes, FeS protein, peroxidases, and ferrodoxin usex

the photosynthetic "Z-scheme"
l

C1 _mzyme aetivator during oxygen production from water,

_nfvolved in the opening and closing of stomates, maintenance

electrical potentials during ion exchange

Mn _ protein accepts electron from water during photosynthesis:

._'tivates certain enzymes involved in DNA and RNA

synthesis, coenzyme or activator of enzymes such as enolase,

hosphokinase, and phosphotransferase

B borate complexes form with carbohydrates during transport,

_egulates carbohydrate synthesis
5

Zn _etivates certain enzymes such as alcohol and glutamie acid

_tehydrogenases, regulates eysteine-to-eystine transformation

Cu plastocyanin used in the photosynthetic "Z-scheme", aetivator
_of enzymes such as phenolase and laecase
[
I

Mo _eleetron carrier in the conversion of nitrate to ammonium,

component of nitrosenase essential for N2 reduction

2.4.1 Mechanisms of Uptake

As the inorganic nutrients are transported to the root surfar.es through the

transpirational stream, integralmembrane protein channels and carriers facilitate their

uptake [Taiz and Zeiger, 1991; Van Den Honert and Hooyrnans, 1955; Wheeler, et al.,

1994]. This uptake from the solution is either active or passive depending upon whether

the transport through the membrane requires metabolic energy [Salisbury and Ross, 1985;

T_dz and Zdger, 1991]. This energy can come from the hydrolysis of an ATP compound

through an enzyme known as an ATPase or from the energy stored in the proton motive

force determined by the gradient in IT ions set up across the membrane.
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For passive uptake, protein channels which act as selective pores are often utiliTed.

This selectivity is derived from the size of the pore as well as the surface charges on the

pore walls. During this type of transport, a nutrient ion specific for that particular channel

is generally transferred across the membrane along its electrochemical gradient. However,

this depends upon the diffusion potential of the barrier membrane, AF__, which can be

calculated using Equation (2.8), the Goldman equation. In this equation, R is the universal

gas constant, T is absolute temperature, F is Faraday's constant (23.06 kcal V "1molq), and

Cj i and Cj° are the internal and external concentrations of nutrient, j, respectively.

p iRT PKCK ° + Ps.Cs_°+ oCcl

- tn (2.8)
F PKCKi + PmCs_ i + PcICcI °

Akhough terms for all solutes passing through the membrane should be included in the

Goldman equation, K, Na, and C1 have the largest permeabilities, Pj, and cellular

concentrations, Ci i [Taiz and Zeiger, 1991]. Therefore, the electrochemical gradient of a

particular ion would have to overcome the membrane potential in order for transport to

occur through the protein channel. In order to calculate the electrochemical potential that

the nutrient ion has for diffusion, Equation (2.9), the Nemst equation, can be utilized.

2.3RT Cj°

AE_j - log --- (2.9)

zjF Cj i

In this equation, R, T, and F are as described for the Goldman equation while zj is the

electrostatic charge of the ion, j. If the Nemst potential calculated from Equation (2.9) is

relatively equal to the membrane potential calculated from Equation (2.8), then the

transport of the ionic species through the transmembrane protein channel is considered

passive. For water, the uptake is considered passive [Cortes, 1992] utilizing integral

membrane proteins as specific water channels called, aquaporins [Maggio and Joly, 1995].

Another mode of passive transport utilizes a enzyme carrier in the membrane lipid

bilayer which binds to a particular nutrient. This occurs through an active binding sites on



31

theenzymethat is specificfor the substrate, either by size restriction, electrical charge, or

other method of recognition. Once a correct union forms, the enzyme undergoes a

conformational change moving the nutrient to the other side of the membrane. Once there,

the nutrient is passively released completing the transport cycle which is called facilitated

diffusion. Again, this type of transport generally oeeurs down the electrochemical gradient

of the nutrient ion. Therefore, this carrier mediated transport occurs when the membrane

and electrochemical potentials as determined from Equations (2.8) and (2.9), respectively,

are relatively equal. Nutrient uptake studies have revealed that passive uptake mechanisms

exist for K ÷ in tomato [Peterson and Jensen, 1988], K ÷, Ca 2÷, and Mg 2÷ in pea root tissues

['Higinbotham, et al., 1967], and Ca 2+, Na +, and Cl" in snapbean [Awada, et al., 1995].

When there are large differences between/_j and AF__, this would indicate that

the uptake of nutrient, j, is active since energy would be required to transport the ion

either against the electrochemical gradient (in the opposite direction) or in addition to the

diffusion potential (in the same direction). One type of active transport mechanism utilizes

an enzyme cartier similar to the faeilitated diffusion mechanism described earlier.

However, atter the particular nutrient binds to the carrier enzyme eausing the

conformational change transporting it to the other side of the membrane, the enzyme

requires some input of energy. Typically, this energy is derived from ATP which causes

the enzyme (known as an ATPase) to return to its original conformation, releasing the

nutrient on the other side of the membrane. This mechanism which utilizes the expenditure

of energy is called an electrogenie pump [Taiz and Zeiger, 1991]. One of the most

common eleetrogenic pumps is the IT-ATPase present in the plasma membrane of plant

cells [Wheeler, et al., 1994]. Some inorganic nutrients requiring a primary ATPase for

transport include Ca 2÷ and Mg 2+. The Ca2+-ATPase which regulates calcium levels in the

cytosol [Kauss, 1987] may be respons_le for Mg 2. uptake as well based on inhibition

studies conducted on maize plants [-Brauer, 1994]. However, a separate ATPase was

concluded as the likely means of transport for Mg 2÷ in sorghum plants [W'dkinson and

Duncan, 1993]. Furthermore, Mn 2÷ has been speculated to at least partially compete for

the active sites on the Ca2÷-ATPase in tomato [Le Bet, et al., 1990].
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Indirectly associatedwith the ATP hydrolysisduringthe electrogenic transport of

a proton across a membrane is the formation of an FF gradient. This not only contributes

to the electrochemical potential across the membrane due to the positive charge but also

causes a pH gradient to form as well. In order to maintain adequate levels of protons on

either side of a membrane, plant cell have developed special transport proteins [Taiz and

Zeiger, 1991]. These are classified as symports or antiports and are utilized to not only

transport protons through this proton motive force, but to carry other nutrients as well.

An antiport transports a proton in the opposite direction of the other nutrient in

association while a symport transports both constituents in the same direction. Example of

these include the IT/CI" symport, the Irma + antiport [Taiz and Zeiger, 1991], and the

H+/NO3" symport [Wheeler, et al., 1994]. Although there is no direct expenditure of

energy, these modes of transport are considered active due to their secondary association

with the H+-ATPase's which originally established the proton motive force.

Nutrient uptake mechanisms that have been linked to this proton gradient in

tomatoes include NH4 + [Peterson and Jensen, 1988], K ÷ [Janes, et al., 1988], inorganic

phosphate (I-I2PO4", HPO4 e, and Pi) [Goldstein, et al., 1988a], and Fe [Brown, 1978;

Beinfait, 1988; Holden, et al., 1995]. Furthermore, the enzyme responsible for Fe uptake,

Fe-ehelate reduetase, also requires the expenditure of energy in the form of nieotinamide

adenine dinueleotide, NADH [I-Iolden, et al., 1991], a compound similar to NADPH.

Experiments conducted on tomato roots which contain this enzyme [l-Ioldert, et al., 1991]

revealed that the transport of similarly charged cations such as Cu may be attributed to

this reduetase as well [I-Iolden et al., 1995]. Furthermore, Zn 2. absorption in tomato, rice,

and sugarcane have been shown to oeeur through the same mechanism or carrier sites as

Cu 2÷ [Bowerg 1987]. This could indicate that Zn 2÷ uptake may even be attributed to this

same enzyme. Similarly, in snapbeart, Mn was found to compete with Fe during uptake

[Awada, et al., 1995] indicating that this nutrient may by competing for binding sites on

this enzyme as well. However, in tomato, Mn 2+ was shown not to be competing with Cu 2÷

or Zn 2+ during uptake [Bowerg 1987] leading to the conelusion that the specific uptake

mechanism utilized is highly dependent upon plant species as well as the nutrient.
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For inorganic phosphate nutrition, when levels are deficit, there has been evidence

that cation uptake increases in conjunction with the uptake of the anionic P compounds

[I-Ieuwinkel, et al., 1992]. This could suggest a possible cation (in)/phosphate (in) symport

present in the root cell plasma membrane. Furthermore, P starvation leads many plant root

cells including tomato [Goldstein, et al., 1988b] to respond by actively releasing an acid

phosphatase [Garcia and Aseencio, 1992]. This protein converts organic P into the more

readily absorbed inorganic forms [Goldstein, et al., 1988a]. The organic phosphates in the

rooting medium are derived from excreted organic acids such as citric acid. Furthermore,

root cells also respond to P deficit conditions by lowering the pH of the external roofing

medium by a net proton efflux [Heuwinkel, et al., 1992]. This leads to a more favorable

environment for the acid protein which has an optimum pH between 4 and 6 [Goldstein, et

al., 1988a]. This also suggests possible proton (out)/cation (in) antiports causing the

enlaaneed cation uptake associated with P starvation. Due to the similarities between

MoO42", SO42", and HPO42, it has also been postulated that Mo and S uptake may occur

through the same P uptake mechanism in tomato root cells [I-Ieuwinkel, et al., 1992].

In order to determine experimentally whether a nutrient is acquired actively or

passively, the membrane potential, AF__, can be measured using a microelectrode inserted

into the cell. Substituting this value in for the Nernst potential, AF__, described in Equation

(2.9), the internal concentration, Cj i, can be determined from a known external

concentration, Cj °, and compared to that which is measured. Large differences between

the measured and predicted internal concentrations indicate an active uptake. Using this

procedure, it was discovered that for pea root tissues, the uptake of K ÷ was passive while

the other nutrients present in the solution, Ca 2÷, Mg 2+, CI-, NO3", H2PO4, and SO42" were

active [Higinbotham, et al., 1967]. Furthermore, the anionic concentrations were higher

than predicted indicating active uptake mechanisms as compared to Ca 2÷ and Mg 2÷ which

were lower internally than predicted. Therefore, these cations passively entered the cells

and were then actively extruded. However, the region of the root (i..e. cortex vs. xylem)

or the cellular compartment (i.e. cytosol vs. vacuole) of the root tissues where the internal

concentrations are measured changes these calculations [Cortes, 1992].
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2.4.2FactorsAffectingNutrierrtUptake

Thefactorsreviewedearlierthat affectplanttranspirationalsoaffect the capacity

for inorganic nutrient uptake. These factors included the plant's stomatal control, leaf

structure, wind speed, planting density, canopy height, leaf surface boundary layer

resistance, atmospheric temperature, and the soft-plant-atmosphere water status which

dictates the water potential gradients. Concurrent with the reduction in transpiration, the

rate of nutrient uptake in tomatoes was also shown to have decreased [Glass, 1989]. In

addition to these terrestrial factors, several other factors at the root-zone also affect the

ability of plants to aequire nutrients. These include the ntrtrient solution composition,

concentration, and pH, the root-zone water potential, and the temperature of the soil

environment.

Although the essential nutrients listed in Tables 2.3 and 2.4 are presented as

elemental symbols, plants require these chemicals to be in particular compositional forms

in order for uptake to occur [Resh, 1978]. Furthermore, these nutrierrts need to enter the

aqueous phase in order for the plant roots grown in the vicinity to absorb [Taiz and

Zeiger, 1991]. When plants are grown in the soil, the nutrients are present in many ionic

forms including simple ions and complex charged compounds from which the plant

selectively absorbs. This is different fi'om the hydroponic production of plants which

utilizes salt solutions that are generally of known composition and ionic charges. In this

discussion, the more prevalent forms available to plants in the soil are presented first.

On the surfaces of soil particles, positively charged cations such as Ca 2÷, Mg 2+,

Cu 2+, Cu +, K +, Zn 2_', Mn 2+, Fe 2+, Fe 3÷, and NH4 + are bound to the negatively charged core

consisting of heavy metals such as aluminum (AI) and silicon (Si). These are generally

arranged in a crystal lattice structure and become negatively eharged when these cations

(AI 3÷ and Si 4+) are replaced in the lattice core with a lesser charged group in a process

known as isomorphous replacement. In order for the nutrient cations on the surfaee to

enter the soil solution, a process known as cationic exhange needs to occur. In addition to

those listed above, one of the main cations used in this exhange process is hydrogen ions

originating from the water present in the soil. Balancing the positively charged
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cations in the soil solution are negative ionic groups such as hydroxyls (OH'), carbonates

(HCO3, CO32"), sulfates (SO42"), phosphates (H2PO4", HPO42-, PO43"), borates 030 3"3,

B4072-), and molybdates (M0042-). Although these anions can also become bound to the

soil particle, contributing to the negative surface charge, they generally remain in the soil

solution due to the repulsion by the negative charges already present on the soil. Two

additional anionic nutrients that do not associate with the soil particle surfaces at all and

generally remain in the soil solution are chloride (CI') and nitrate (N(h'). Other ions that

can be found in the solid or aqueous phases of the soil that are not essential plant nutrients

include selenium (Se), cobalt (Co), arsenite (As), and sodium (Na).

One particular nutrient that requires special attention is nitrogen nutrition. Deemed

as one of the more important nutrients affecting the growth and yield of agronomic crops

[Bellaloui and Pilbeam, 1991], N is a standard fertilizer applied to fields in various forms.

The exact form is dependent upon plant species as some prefer NH4 + while others prefer

NO3- and still others require Nz-fixing bacteria. Furthermore, various forms of nitrogen

can be supplied fi-om different sources such as urea [Barker and Corey, 1990], controlled

released fertilizers containing urea [Csizinszky, 1994], nettle water (N_ +) [1'eterson and

Jensen, 1988], and NHAqO3 as well as other forms of salts. In tomato plants, NO3- is

preferred over NH4 + although both can be assimilated [Ikeda, et al., 1992]. Nitrate-N is

readily translocated in the xylem after uptake and is assimilated mainly in the leaves but

does occur in the roots and shoot as well [Bellaloui and Pilbeam, 1990]. This occurs

through a nitrate reductase enzyme which catalyzes the formation of nitrite fi'om NCh'.

This nitrite is then reduced to ammonium which is incorporated into flee amino acids.

Even though nitrate is eventually converted into ammonium, the former source is

still preferred since the acctanulation of N_ + can have toxic results in tomato cells

[Barker and Corey, 1990] while nitrate-N can be regularly stored. Therefore, the

ammonium-N accumulated by tomato root ceils must be immediately metabolized into

glutamine, followed by glutamate, aspartate, and asparagine which can be safely stored in

the cells [Ikeda, et al., 1992]. The acceptors of this ammonium-N are oxaloacetate and o_-

ketoglutarate, two intermediates in the tricarboxylic acid cycle (TCA) which regenerates
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ATP and NADH [Taiz and Zeiger, 1991]. The main substrate of the TCA cycle is

pyruvate generated from stored sucrose and starch. Therefore, although NH4 + can be

assimilated in tomato roots, this decreases the energy resources available for growth and

is, thus, less favored. Furthermore, evidence has been provided that the ammonium-N

taken up by the roots and subsequently assimilated, remain primarily in the root and shoot

cells [Magalhaes, 1991]. This could lead to an insufficient supply to the leaves of the

tomato plant if ammonium-N is the only source available. As for the differences in growth,

tomato plants (eTc. Ailsa Craig) supplied with NI-L + yielded shoot and root dry weights that

were 74 and 67% lower than when supplied with NOs" [Qasern and I-Yfll, 1993].

In addition to the compositional form of the nutrients, the concentration plays an

important role in the rate of uptake and subsequent development of the plants as weU. In

general, higher nutrient concentrations increase the plant's uptake capacity [Adams and

Holder, 1992; Bellaloui and Pilbeam, 1991; Coltman, 1987; De Kreij, et al., 1992]. For

example, nitrate levels of 8.0 mol/m s in nutrient solution stimulated an increased

accumulation in storage pools of tomato plants (ev. Ailsa Craig) to await assimilation by

nitrate reduetase [Bellaloui and Pilbeam, 1991]. N'm-ate levels were meamar_ to be 70.59

0a'nol per gram fresh weight (gfw) in the leaves compared to 37.67 lxmol/gfw when

supplied 2.0 mol/m s. Furthermore, the leaf weights became higher under the high nitrate

level when the plants were allowed to continue growing (6.318 vs. 3.970 g, respectively).

Similarly for other nutrients, increased P levels in solution from 7 to 25 txm caused

a corresponding increase in uptake for various tomato strains (ev. Kewalo, Epoch, Balkan,

Tidling Bush, and others) fi'om 9 to 29 rag, respectively [Coltman, 1987]. Root fresh

weights were also shown to increase but depended upon the eultivar. For potassium

uptake, a higher solution concentration of 20 mM KC1 resulted in greater accumulations

than 0.5 mM solutions [Wrona and Epstein, 1985]. The corresponding uptake rates for the

30 minute exposure times resulted in 14 and 0.71 lxmol/gfw, respectively, for L.

escutentum 1Will. ev. Walter tomato plants and 10.5 and 0.34 lxmol/gfw, respectively, for a

wild relative tomato strfi_ L. cheesmanii ssp. minor (Hook.) C.H. Mull. For calcium,

concentrations of 4.0 and 11.2 mM resulted in aeeumulations in tomato (ev. Spectra) of
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88 and 180in youngleaves,763and 1076in older leaves,and 19.5and24.0mmol/kg in

fi'uits [De Kreij, et al., 1992]. In two tomato cultivars (Kewalo and Sel 7625-2),Zn

uptake increased to 4.0 and 1.25 tamol/g, respectively, with increasing concentrations until

saturation occurred in each strain at approximately 0.2 mM Zn ['Bowen, 1987]. Similar

results were obtained with Cu during these experiments which varied concentrations

between 0.01 and 0.5 mM Cu resulting in saturated uptake rates of 3.45 and 1.24 lmaol/g

for the respective eultivars. When Mn concentrations were varied from 10 to 300 lxM,

accumulation increased between 2.5 and 15 times, depending upon the tissues analyzed in

the tomato plant (ev. Ailsa Craig) [LeBot, et al., 1990].

Not only do direct inereases in supply lead to higher uptake rates, but interactions

between nutrients can cause similar effects. When P eoneemrations were increased from

0.4 to 4.2 mM while Ca contents were maintained, Ca uptake was shown to nearly double

in young and old leaves of tomato plants (ev. Spectra). On the other hand, higher K and

Mg levels suppressed Ca uptake [De Kreij, et al., 1992]. As stated previously, Mg may be

competing directly with Ca for binding sites on a common ATPase responsible for

maintaining the appropriate levels in the eytosol. Furthermore, K has often been shown to

directly affect Ca and Mg uptake. Specifically, increasing the K concentration by 0.05 mM

in solutions used to grown maize seedlings (cv. WF9 x Mo17) resulted in an 11%

decrease in Ca uptake and nearly 50% drop in Mg uptake [Braaer, 1994]. This may be

attributed to the acid-base characteristics of each nutrient where K and Mg are both hard

acids making them more similar and their competition greater while Ca is a slightly weaker

acid. Direct competitions indicate a preferential uptake of Ca over K or Mg which may be

due to the existence of weak base characteristics on the nutrient binding site. Similarly,

small amounts of Mn in the range of 10 to 300 _ competes with Mg and to a lesser

extent, Ca, on more than a 1:1 basis even though the concentrations of Mg and Ca were

substantially higher at 0.75 and 2.0 raM, respectively [LeBot, et al., 1990]. However,

while the uptake of the divalent cations in tomato (ev. Ailsa Craig) decreased roughly 25%

each, K uptake increased by about 20% as the Mn concentrations were raised. Other

nutrient interactions that have been studied in tomato plants include enhanced Mo uptake
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by decreased P levels [Heuwinkel, et al., 1992], decreased Zn uptake by higher Cu

concentrations ['Bowen, 1987], slower Ca and Mg uptake capacities caused by increasing

NOs'/NI-h ÷ ratios [Qasem and I-Fill, 1993], enhancaxt P uptake by greater Zn levels [Parker,

et al., 1992], and increased Ca uptake by lower B levels [Yamauchi, et al., 1986].

Furthermore, non-essential nutrients such as sodium (Na) have been shown to interact

with essential nutrients, particularly K [Wrona and Epstein, 1985].

As for the soil pI-I, this factor is closely linked to the concentration and ionic forms

of various nutrients. Specifically, slightly acidic conditions (pH 5-6) tend to favor root and

shoot growth and f_it yield as well as nutrient uptake [Adams, 1986]. This is due to the

cations such as K÷, Mg 2*, Ca 2*, Fe 2÷, Mn 2÷, Zn2*, and Cu 2* forming more soluble salts,

albeit at different pH levels [Taiz and Zeiger, 1991]. This increase in solubility facilitates

nutrient absorption. The change in soil pH can be controlled through a combination of

effects dictated by the acidity of the water, amount of applied fertilizers or other

substances such as lime, the soil constituents, and the ability of the plant to transport

protons across the plasma membranes into the surrounding root environment. For

example, when tomato plants (ev. Dansk) were grown in nettle water (pH 6.8) and

compared to nutrient solution grown plants (pH 5.3), the uptake of nitrogen was

significantly higher by 0.225 retool/plant at the elevated pH [Peterson and Jensen, 1988].

However, the uptakes of all of the cations listed above were substantially higher at the

more acidic pH level. The most pronounced increase in uptake was exhibited by Mn which

increased by about 400%. Similar results were obtained for alfalfa and corn when the soil

pH was maintained at 5.0, 5.9, 6.8, or 7.9 by applying lime [York, et al., 1954]. For both

alfalfa and corn, each reached maximum yields at pH 5.9; however, the increases in uptake

of Ca, K, Mg, and Mn at these different pH levels varied for each species as well as for

each nutrient. Again, the most pronounced enhancements on uptake for both species were

for Mn at pH 5.0 where solubility was the greatest [Taiz and Zeiger, 1991].

In addition to these artificial means of adjusting the pH of the rooting medium,

plants have the capability to alter the pH as well by transporting protons into or out of the

root cells through I-F-ATPases [Wheeler, et al., 1994]. In order to increase the uptake of
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iron from the soil environment, tomato plants decrease the pH. This acidification by

tomato roots is conducted in order to reduce ferric iron (Fe 3.) into the more readily

absorbed ferrous form (Fe2+). This is accomplished through the plasma membrane bound

enzyme, Fe-chelate reductase [Holden, et al., 1991; Holden, et al., 1995]. Similarly, when

tomatoes are experiencing P deficit conditions, the root cells respond by lowering the pH

of the external rooting medium by a net proton efflux [Heuwinkel, et al., 1992]. This leads

to a more favorable environment for the acid phosphatase used to breakdown organic P

for absorption which has an optimum pH between 4 and 6 [Goldstein, et al., 1988a].

Another factor that greatly affects the nutrient uptake characteristics of tomato

plants is the root-zone water potential [Glass, 1989]. As illustrated previously, the entire

plant water status, starting with the soil moisture content, affects the water uptake and

growth rates of tomato plants (see Section 2.3.4). According to Equation (2.4), W_ can

be altered by either changing the matric potential, P= = -23, / r, of the soil or by altering the

solute content in the soil solution. The addition of solutes decreases the osmotic

component, -r_,u = -RTC_. Concurrent with this change in osmotic potential, the saline

conditions increase as does the electrical conductivity of the nutrient solution. In the

reports investigating the effects of different water potentials, researchers oiten utilize these

alternative means of measurement.

In order to illustrate the affect of the soil water potential, _F_, on the nutrient

uptake capacity of tomato plants, the following examples are provided. Using the first

method of changing soil water potential, tomato plants (cv. Ailsa Craig) exhibited

decreased nutrient uptake capacities for P, K, Ca, and S but increased rates for N when

subjected to drier soil conditions [Jackson, et al., 1996]. The drier soil condition decreases

the root-zone water potential by decreasing (more negative) the matric potential, P,_ = -2y

/ r. Using the second method of altering _P_, tomato plants (cv. Micro-Tom) were

subjected to increased electrical conductivities by adding NaCI to the nutrient solution.

This increase in NaC1 content increases the solute concentration which, in turn, decreases

(more negative) the osmotic potential, -x_ = -RTC_oa. An increase from 2.4 to 18 dS/m

resulted in a decreased uptake capacity for Ca and K but increased uptakes ofNa, Cu, and
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Zn [Knight, et at., 1992]. For the high Na versus the low K uptake, a direct antagonism

between these similar ions probably accounted for the differences [Wrona and Epstein,

1985]. For calcium, the depressed uptake may be the result of the decreased water uptake

since Ca may be transported passively into the roots [I-liginbotham, et al., 1967].

Furthermore, Ca transport into tomato fi-uits (ev. Counter) has also been shown to

decrease with increasing salinity fi'om 5 to 7 mS/era [Adams and Holder, 1992]. As for the

nutrients exhib'aing increased uptakes, these may be due to the interactions caused by

other nutrients. Specifically, in tomato plants subjected to more saline conditions, P uptake

was shown to decrease [Adams, 1986]. Furthermore, low P uptake can lead to an

erdaaneed uptake of both Cu and Zn [Parker, et al., 1992; Barraehina, et at., 1994].

The last factor that influences the rate of water and inorganic nutrient uptake is the

root-zone temperature (RZT). In general, tomatoes respond best at temperatures between

approximately 25 and 30 °C. For example, when two cultivars of tomatoes (ev. Shuki and

Sataan) were subjected to RZT's of 15, 20, 25, and 30 °C while the atmospheric

temperature was maintained at 22 °C during the day, the uptake capacities for N, P, K,

Mg, and Ca were each greater at the highest temperature and steadily deelined at the

lower temperature ranges [Nkansah and Ito, 1995]. As for the differences between these

cultivars, in all cases, the heat tolerant cultivar (ev. Shuki) responded with higher uptake

capacities than the intolerant strain (cv. Sataan). Furthermore, this pattern was repeated

when the day time atmospheric temperature was raised to 40 °C except that the magnitude

of the uptake quantities were larger. Similarly, when a different strain of tomato (cv.

Burpee "Big Boy Hybrid') was grown at RZT's of 10, 15.6, 21.1, 26.7, 32.2, and 37.8 °C,

the uptake of each of these macro-nutrients peaked at 26.7 "C and rapidly declined at the

extreme temperatures [Tindall, et at., 1990]. As for the responses of the micro-nutrients to

these root-zone conditions, Zn, Mn, and Cu each peaked at the same level as the macro-

nutrients (26.7 °C) while B, Fe, and Mo did not respond at all to the different conditions.

Furthermore, root and shoot dry weights as well as total water uptake and overall plant

heights each peaked at the 26.7 °C mark.
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2.4.3Deficiency and Toxicity Symptoms

Adequate plant inorganic nutrition is a balance betw_n sink demands in the plant

and source supplies in the soil environment. When supplies are limited compared to the

demands in the tomato plants, deficiency symptoms may develop which include visual

markers such as chlorosis (yellowing), dark necrotic lesions (browning), mottling,

discolorations, reduced growth, premature death, poor development, and brittleness

[Resh, 1978; Taiz and Zeiger, 1991; Adams, 1986]. While these symptoms are generally

diagnosed on the terrestrial portions of the plants, particularly the leaves, additional

physiological markers may also be used in determining the exact deficiency disorder.

These include poor root development, particularly the actively growing regions at the tips,

weak stems and branches, poor fruit quality, and tmbalanced chemical (organic)

compositions [Adams, 1986]. On the other hand, when tomato plants acquire excess

inorganic nutrition compared to demands, toxicity symptoms may develop. Although this

is typically less of a problem than deficiency conditions, the physiological markers for

inorganic nutrient toxicities include reduced growth, excess foliage, decreased leaf size,

leaf abscission, and discolorations [Taiz and Zeiger, 1991; Adams, 1986].

In order to accurately diagnose the nutritional disorder at hand, the locations of the

symptoms is an important means of differentiation. This can include the age of the leaves

(younger leaves higher on plant), section of leaf (margins, tips, veins, underside), and the

tissues (leaves, stems, roots) analyzed. Furthermore, the length of time that the nutritional

disorder persists can aid in the diagnoses as the symptoms on the plant develop. After the

inorganic nutrients are assimilated into the tomato plant, they can be retranslocated

depending upon whether the ntrtrient is elassifled as mobile or immobile [Resh, 1978]. The

mobile nutrients, which can be redirected to the active growing sites (younger leaves)

from their original location of deposition in the older leaves, are N, P, K, Mg, and Zn. As

for the immobile nutrients, these are Ca, S, Fe, Mn, B, and Cu. Since the mobile nutrients

can be retranslocated, deficiency symptoms will generally oceur on the older leaves

whereas the younger leaves are more subjected to deficiencies of the immoblie nutrients.
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The symptoms of nitrogen deficiency include reduced overall growth and chlorosis

of the older leaves [Adams, 1986]. This second symptom is due to a reduced amount of

chlorophyll present in the leaves although in younger leaves, this condition could develop

when N deficiency is prolonged. Furthermore, in tomatoes, nitrogen deficiency can lead to

the petioles, stems, and lower leaf surfaces becoming purple [Resh, 1978]. Additionally, N

deficiencies lead to increased nitrate reductase activity which assimilates nitrate in

tomatoes [BeHaloui and Pilbeam, 1991]. Increased root/shoot weight ratios [Peterson and

Jensen, 1988] and reduced fruit formation [Adams, 1986] are also nitrogen deficiency

symptoms. As for the toxicity symptoms, plants usually become dark green in appearance

with abundant foliage. However, the rooting systems of these plants grown under this

condition can be substantially decreased in extent [Resh, 1978]. Furthermore, N toxicity,

particularly when supplied in the form of ammonium, can lead to an excess release of

ethylene [Barker and Corey, 1990].

During phosphorus deficient conditions, tomato plants are often stunted in growth

and appear to be dark green in color. This symptom is usually first exhibited in older

leaves with younger leaves being slow to mature [Resh, 1978]. Therefore, a differentiation

between excess N conditions and P limitations can be made through an analysis of the

overall growth of the plant. Although both conditions would result in dark green

colorations, abundant foliage would indicate the former nutritional status while reduced

leaf growth would indicate the latter symptom. This example illustrates the importance of

a diagnosing all of the available symptoms in order to implement a proper remedy.

Additional P deficiency symptoms include excess root elongation, root hair proliferation,

increased extraeellular phosphatase activity, proton excretion [I-Ieuwinkel, et al., 1992],

decreased root/shoot weight ratios [Gareia and Aseeneio, 1992], stiff leaves which

become purple underneath, form brown (necrotic) spots, and die prematurely [Adams,

1986].

Another problem that can arise when diagnosing the nutritional status of a plant is

that an excess quantity of one element can lead to a deficiency in another by simply

antagonizing its uptake. This problem is demonstrated in phosphorus toxicity which can
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sometimesleadto copperand zinc deficiencies [Parker, et al., 1992; Barraehina, et al.,

1994]. Phosphorus toxicity may be diagnosed when interveinal ehlorosis symptoms

appear, however, this may be the result of the Zn or Cu deficiencies. Conversely,

deficiency conditions can also lead to the increase, d, potentially toxic, uptake of other

nutrients. This is evident during Mo uptake under P deficient conditions which can be

increased as much as 10 times normal uptake rates [Heuwinkel, et al., 1992]. Therefore,

the attributes of P deficiencies may be a result ofMo toxicities as well.

The symptoms of tomato plants grown in a reduced K environment appear first in

older leaves which initially become ehlorotie at the margins and then form dark necrotic

lesions at random locations [Resh, 1978]. Additional symptoms of K deficiency include

restricted growth, uneven fruit ripening, and poor fruit development. As with excess P

levels, toxic quantities of potassium may not lead to symptoms directly, but may result in

Mg, Fe, Mn, or Zn deficiencies by antagonizing uptake [Adams, 1986]. The symptoms

indicating these particular nutritional problems will be discussed later but it should be kept

in mind that they could be indications of K toxicity as well.

Low calcium levels in tomato plants results in the oeeurrence of interveinal

ehlorosis mainly in the younger leaves which may develop around the margins if the

deficiency persists [Adams, 1986]. Although this form of ehlorosis is similar to K deficient

conditions, the age of the leaf distinguishes between these disorders. Since leaves obtain

their calcium directly from the transpirational stream, factors which affect water uptake

such as high humidity can compound this affect. Furthermore, bud development is usually

inhibited and the root tips often die during calcium deficiency ['Resh, 1978]. As for the

fruit, low Ca levels often give rise to a condition known as blossom-end rot which is a

blackening around the stylar sear [Adams, 1986]. At the other extreme, high Ca levels can

lead to the formation of calcium salt crystals in tomato fruit walls. Visually, this appears as

gold specks on the fruit surfaces ['De Kreij, et al., 1992].

When interveinal ehlorosis starts at older leaf tips or margins and progress

inwardly, this usually infers magnesium deficiency [Adams, 1986]. As the condition

persists, the yellowing can spread to all other leaves. Although these symptoms can also
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imply K deficiencyaswasstatedpreviously, the main leaf veins remain green under low

Mg whereas in low K, the veins undergo chlorosis as well. Furthermore, necrotic lesions

may form between the veins prior to the chlorotic incursion caused by decreased Mg

levels. For low potassium levels, the necrosis occurred after the chlorosis. For Mg

toxicity, since this nutrient may compete directly with calcium for uptake, the symptoms

indicative of Ca deficiency may be attributed to this Mg nutritional disorder as well.

Although sulfur deficiency conditions are not often encountered, the symptoms

include yellowing of the younger leaves first ['Resh, 1978] and the veins becoming red

[Taiz and Zeiger, 1991]. Furthermore, the petioles tend to become twisted and/or

vertically positioned. As for the symptoms implying S toxicity, reduced growth and leaf

size are accompanied by interveinal chlorosis similar to Mg deficiencies [Resh, 1978].

Therefore, it is again illustrated that diagnosing all of the available symptoms is of the

utmost importance in determining the correct remedy for the tomato plant disorder.

The interveinal chlorosis which appears similar to the effects of Mg deficiency, is

an implication of iron deficiency as well [Adams, 1986]. However, instead of the

symptoms appearing on older leaves, the effects are first shown on younger leaves. Again,

both of these symptoms can be indicative of potassium deficiency. Therefore, plants which

exhibit interveinal chlorosis in older leaves would imply either the K disorder or Mg

deficiency while symptoms of the younger leaves would imply Fe deficiency. However, as

this deficiency persists, the younger leaves become entirely yellow or nearly white while

growth ceases. This is due to the veins becoming chlorotic as well [Taiz and Zeiger,

1991]. As for the toxicity symptoms for iron, although it is not evident naturally, foliar

sprays have caused necrotic lesions on the leaves applied [Resh, 1978].

Implications of chlorine deficient plants include wilted leaves which become

chiorotic and necrotic, and roots which are stunted in growth and have thickened tips

[Resh, 1978]. In addition, leaves with a bronze coloration can imply this deficiency as can

its toxicity counterpart [Taiz and Zeiger, 1991]. However, an accompanying burning or

firing of leaf tips or margins would imply toxic levels of chlorine. Similarly, reduced leaf

size, slow growth rate, and leaf abscission are symptoms of this chlorine nutritional status
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as well. For the fiuit, high C1 levels in relation to other anions in the nutrient solution can

give rise to the gold speck disorder indicative of Ca toxicity [De Kreij, et al., 1992].

Another nutritional deficiency which can be lead to interveinal chiorosis occurs

when there are low levels of Mn present in the plant nutrient medium [Adams, 1986]. As

with iron deficient plants, these symptoms are restricted to younger leaves as well.

Furthermore, Mn uptake has been shown to decrease Mg and Ca uptakes, possibly leading

to deficiency levels which also result in interveinal chlorosis [LeBot, et al., 1990].

Additional symptoms which would indicate Mn deficiency would be necrotic lesions or

leaf shedding occuring later as well as a disorganiTation of the chloroplast lamellae [Resh,

1978]. The toxic symptoms for this element include a reduction in growth, chlorosis, and

an uneven distribution of chlorophyll. Furthermore, the main veins of older leaves can

become brown, black, or reddish-black with interveinal chlorosis and premature death

[Adams, 1986; LeBot, et al., 1990]. Finally, necrotic lesions form on the stems and

petioles when Mn toxicity persists.

When boron deficiency occurs, stem and root apical meristems (actively dividing

cell regions) often die reducing growth. In addition, root tips can become swollen and

discolored while the internal tissues can sometimes disintegrate as well as discolor [Resh,

1978]. Furthermore, when tomato plants are experiencing this nutritional problem, the

leaves can thicken, become brittle, curled, or wilted, or can develop chlorotic spots

[Adams, 1986; Taiz and Zeiger, 1991]. Internally, B deficient plants have been shown to

generate higher quantities of iignin and cellulose in the cell walls [Yamauchi, et al., 1986].

The toxicity symptoms associated with B nutrition are also well defined. A yellowing of

the leaf tips followed by a progessive necrosis of the leaves starting at the tips or margins

and proceeding toward the midribs is indicative of this problem [Resh, 1978]. Internally,

excess B concentrations can lead to an decreased levels of sugars in root cells [Estaban, et

al., 1985].

Another nutritional deficiency which could lead to interveinal chlorosis is a

decreased amount of Zn present in the tomato plants. When this occurs, a reduction in

intemode length and leaf size as well as a distortion or puckering of the leaf margins can
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beaccompanyingFResh,1978].Furthermore,Zn-deficienttomatoesexhibit reddish-brown

patchesand white incrustations (exudates) at the leaf margins [Parker, et al., 1992], low

auxin hormone content in the meristems, and thickened leaves which remain primarily

green [Barrachina, et al., 1992]. The toxic symptoms of an over abundant supply of zinc

are identical to the results of iron deficiency [Resh, 1978].

As was stated previously, excess P levels can interfere with the Cu uptake abilities

of tomato plants [Barrachina, et al., 1994]. The deficiency symptoms which can be used to

diagnose this problem include the younger leaves becoming dank green, twisted, or

deformed and usually accompanied by necrotic spots. These necrotic spots usually occur

in the veins [Taiz and Zeiger, 1991]. This is differentiated fi,om zinc deficiency by the

absence of interveinal chlorosis and the presence of the dark green young leaves.

Therefore, if both sets of symptoms are present on a given tomato plant, then this would

indicate phosphorus toxicity which can lead to the zinc and copper deficiencies. Additional

symptoms of Cu deficiency include decreased lignification, brittleness, and wilting

[Barrachina, et al., 1994]. When excess quantities of Cu are present in the plant

environment, reduced and stunted growth followed by iron chlorosis symptoms can

develop [Resh, 1978]. In addition, a reduction in branching along with a thickening and

abnormal darkening of the rootlets can also occur.

Symptoms similar to nitrogen deficiency can also be indicative of molybdenum

deficiency. However, marginal scorching and cupping of the leaves can also occur under

this nutritional condition [Resh, 1978]. Furthermore, gradual drying of the interveinal

areas leading to complete tissue desiccation accompanies Mo deficient conditions [Taiz

and Zeiger, 1991]. Although molybdenum toxicity is rarely encountered, tomato leaves

can become discolored turning golden yellow [Resh, 1978]. Furthermore, the deficiency

symptom s atm'buted to low P levels may be contributed in part or wholly by Mo toxicities

[Heuwinkel, et al., 1992].
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CHAPTER3 - MODELING PLANT GROWTHAND NUTRITION

This chapter reviews the models describing the processes involved in plant growth

and nutrient absorption as well as the methods for which the parameter values are

determined. In Section 3.1, general plant models based on the overall growth and

development of higher plants are presented. These will include models defining the specific

growth rate (lag) in terms of substrate availability or the amount of growth machinery

(biomass) present. The relationships of the specific growth rate to physiological processes

within the plant are also reviewed. Since the accumulation of biomass is highly dependent

upon the net CO2 assimilation and photosynthetic rates, these processes in relation to

growth are specially addressed. In Section 3.2, models detailing the plant water relations

in the soil-plant-atmosphere continuum are presented. Specifically, models such as the

Darcy-Richards type water uptake models, the Bestman sap flow model, and the Penman-

Monteith based equations for transpiration are reviewed. Finally, Section 3.3 presents the

two main inorganic nutrient uptake models that have been developed. These are referred

to as the Nye-Tinker type models which utilize the macroscopic view of a whole plant

while the Barber-Cushman model uses the microscopic approach. Furthermore, this

section opens with a description of the vaious methods used to analyze the nutrient

content of plant tissues as wel as in the nutrient solution.

3.1 Modeling General Plant Growth and Development

There are sever_ means in which to measure the overall growth and development

of a plant. Using the statistical approach, the responses of plants to variations in
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environmental factors are modeled based on correlation. Models of this sort do not infer

causes or mechanisms behind the responses but do generalize the results in order to obtain

empirical behaviors. Examples of these types of models include allometric (power)

relationships, exponential polynomials, statistical correlations, and probability models

[Gent, I986; Tindall, et al., 1990; Overman, et al., 1995]. On the other hand, mechanistic

based plant models are derived from the biochemical processes involved leading to a direct

cause and response relationship [Landa and Nokes, 1994]. However, in most cases in

plant physiological studies, these exact processes are not fully understood. Therefore, a

combination between the empirical and mechanistic approaches to plant modeling are

often utilized [France and Thomley, 1984].

In most cases, the growth progression of higher plants is evaluated based on the

dry weight gain, AW, over some time interval, At. However, other measures of growth

such as fresh weight, cell volume, cell number, leaf area, crop height, and others could

easily be substituted for the dry weight [France and Thornley, 1984; Taiz and Zeiger,

1991]. In this section, the growth models presented will be given in terms of the dry

weight, W. However, several examples of the various models are provided in original

terms. Furthermore, since the bulk of the plant biomass is derived from the products of

carbon reduction cycle and photosynthesis (see Sections 2.2.1 and 2.2.2), then the models

describing the affects of these two processes are emphasized.

3.1.1 General Growth Models

The measurement of growth can be conducted at the cellular, organ, tissue, or

whole plant levels [France and Thomley, 1984]. The two approaches that are generally

u_ are based after limitations caused by substrate availability or the amount of growth

machinery (biomass) present. One of the most common and simplest methods of gauging

the progress of a plant is the use of the specific growth rate, l_. This particular model,

presented below, measures the differential rate of increase in dry matter per unit of dry

matter present. Therefore, this model fits into the growth machinery category. Again, any
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othermeasureof growth could easily be substituted for the dry weight in Equation (3.1)

where W represents the weight of the plant at time, t.

dW/dt = _W (3.1)

By rearranging Equation (3.1) and solving for W by integration, the exponential growth

function in Equation (3.2) is obtained where W0 represents the weight at time, t = 0.

W = W0 exp(-l_t) (3.2)

Since Equation (3.2) predicts the weight of the biomass, W, at any time, t, then this simple

model, like all growth models, is deterministic and dynamic [France and Thomley, 1984].

Although tomato plants undergo different developmental stages (see Sections 1.2.1 and

1.2.2), this speeific growth equation is more useful than an absolute growth rate for

comparing the biomass production of plants at different stages. Furthermore, when

different sets of experimental conditions are utilized on different sets of plants such as

variations in radiation levels, temperature, humidity, and/or nutrition, the specific growth

rate can be used to compare the resulting effects [Pickens, et al., 1986]. Using this method

of measurement, g_ for tomato plants (cv. Dombito) at the fifth leaf stage was calculated

to be 0.073 (g g-l) dayq [AI-Harbi, 1995]. However, similar tomato plants subjected to

saline conditions of two or four times control levels (2.0 mS/era) yielded relative rates of

0.068 and 0.064 day q, respectively. For comparison, the specific growth rate for younger

tomato plants was calculated to be 0.6 day "1 [Pickens, et al., 1986].

Several modifications have been made to this simple growth equation. One such

model incorporates the production of total non-structural carbohydrates (TNC). These

carbohydrates include starch and sucrose, the primary plant carbon storage compounds, as

well as their intemediate components, fructose and glucose. An assumption was made that

the TNC concentration was linearly related to the specific growth rate, _ [Gent, 1986].

This assumption has been validated through chemical analysis of leaves from four different

hybrids of tomato (cv. Early Cascade, Michigan-Ohio, Sonato, and V'trosa) [Gent, 1984].

Furthermore, these experiments revealed that this linear trend also applied to tomato
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plants subjected to CO2 concentrations of 1,000 ppm instead of ambient levels. This

analysis has also been extended to include the effects of temperature on growth [Cmnt,

1986]. Equation (3.3) was developed for this relationship where Ks equals the linear

coefficient for growth metabolism (0.065 gg-1TNC q h q) and T is temperature (in °C).

= Kg (TNC) exp[0.0693(T - 25)] (3.3)

In order to quantify the change in TNC concentration, a semi-empirical equation was

derived which took into account the dependency on the rates of net C02 exchange,

photosynthesis, and the production of growth machinery. This is shown in Equation (3.4).

d(TNC)

dt
- 0.68[Pn (LAR) - R_ - R_ ] - 0.921_ (3.4)

In Equation (3.4), Pn represents the rate of photosynthesis (in g CO2 m "2 hq), LAR equals

Leaf Area Ratio (ratio of leaf area to plant dry weight in m2/g), R_ defines the quantity of

maintenance respiration (in g CO2 gq hq), and Rs is the growth respiration (in g CO2 gq

structural material synthesized). Again, t_ equals the specific growth rate (but in hq).

Therefore, substituting Equations (3.3) amd (3.4) into Equation (3.2) allows for the dry

weight of the tissues to be calculated based on these physiological dependencies.

DtLring the development of Equations (3.3) and (3.4), several parameters were

fitted statistically based on experimental measurements. These included the changes in the

TNC levels as a function of specific growth (l_g), respiration (R s and R=), and

photosynthesis (Pn). In order to obtain these empirical relationships, the TNC levels were

measured fi-om tissues digested in or-amylase and measured colormetrically through

reduction of K_e(CN)_ [Gent, 1984]. This procedure revealed the TNC levels in terms of

glucose equivalents while the specific carbohydrate levels were determined using High

Performance Liquid Chromotography (HPLC). In order to measure the rates of respiration

and photosynthesis, the plants were placed in a sealed chamber where inlet and outlet CO2

levels were monitored [Penning De Vries, et al., 1979]. Changes between these levels
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indicatedthe total respirationwhile the mount of CO2 respired for growth versus

maintenancewas distinguished based on reserve carbon and structural dry

mattermeasurements as well. This is presented in Equation (3.5) below where RC equals

reserve carbon (TNC) and SDM stands for structural dry matter (weight).

1.02 g RC + 0.27 g amino a_ds -> 1.00 g SDM + 0.47 g CO2 (3.5)

Therefore, for every gram of SDM produced, 0.47 g CO2 are produced representing the

growth respiration. Subtracting this respiration fzom the total gives the mmtcaance

respiration rate. Since photosynthesis provides the substrates for both of these

respirations, then Pn was measured using the total respiration rate divided by the total leaf

area. Therefore, using this procedure, each component of Equation (3.4) was determined.

Another modification that has been made to Equation (3.1) defining l_ is the

incorporation of a decay term which can account for enzyme degradation, leaf senescence,

or tissue differentiation [France and Thomley, 1984]. This decay term is defined in

Equation (3.6) where D represents the decay constant.

d_tg/dt = -Dv.g (3.6)

By reananging and integrating this equation is a manner similar to that used to derive

Equation (3.2), an exponential equation is obtained for _ based on D and t and an initial

condition, its0. Combining this resulting equation (not shown) with Equation (3.1), yields

the following growth model after a second integration. In Equation (3.7), all parameters

are as defined earlier with _ equaling the specific growth rate at t = 0.

W = W0 exp[tto(1 - e_)/D] (3.7)

Equation (3.7) is known as the Gompertz equation and assumes that all required

substrates are non-limiting [France and Thomley, 1984]. Therefore, this model is

completely dependent upon the amount of growth machinery present. When applied to the

growth of tomato (cv. Kingley Cross) leaves at the fifth leaf stage, values for la,0 and D

were estimated from data to be 4.44 and 0.208 day q, respectively [Thornley, et al., 1981].
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Since the growth of higher plantsisdependent upon severalsubstratessuch as

photosyntheticallyactive radiation(PAR), atmospheric C02, and inorganic nutrition,

substrate dependent growth models have also been derived. The simplest of these are

analogous to monomolecular chemical reactions where a constant of proportionality, k,

dictates the rate of conversion of substrate, S, into biomass, W. However, since a single

substrate is rarely the only limiting component for the entire growth of a plant, these types

of models are generally combined with some form of growth dependent relationship. For

example, the logistic growth function shown as Equation (3.8) utilizes the assumption that

growth is proportional to both substrate concentration, S, and the amount of growth

machinery present, W, through the constant, k" [France and Thomley, 1984].

dW/dt = k'WS (3.8)

The constant, k', is related to the specific growth rate, l,tg = k'Wf, where Wf determines

the final weight of the plant tissue when all substrate is utilized (St = 0). Since substrate is

converted into biomass, then S = Wf- W. Substituting these relations into Equation (3.8)

and integrating leads to the logistics growth model.

WoWf

W = (3.9)

w0 + (wf- w0) exp(- t)

Plots of Equation (3.9) result in a smooth sigmoidal curve exhibiting the characteristic

phases of lag, exponential, and stationary growth. Since the growth and development of

plants is exemplified by this continuous sigmoid shaped curve starting from a minimum

value, W0, and reaching an asymptotic maximum, Wf, then a probability density function

which incorporates a distribution of responses has also been developed [Overman, et al.,

1995]. In this case, the dry weight, W, is related to the final weight, Wf, using the well

known error function, eft, as shown in Equation (3.10).

w = (wf/z} {1 +erf[(t-t,.)/o42]} (3.10)
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In Equation (3.10), t_ equals the elapsed time to mean of dry matter distribution and o is

the standard deviation of dry matter distribution. The error Rmction used in Equation

(3.10) is generally defined for any variable, x, as shown by Equation (3.11).

g

erf x = 2/4 x S exp (-u 2) du (3.11)
0

The value of eft x attains values between -1 and +1 for x between -oo to +oo. Therefore,

Equation (3.10) ranges from 0 and reaches an asymptotic value of Wf at t >> t_. This

probability model has been used to describe the growth of several crops including corn,

tobacco, and soybeans [Overman, et al., 1995].

The major problem with these growth equations is that knowledge of the final

weight, Wf, would be needed beforehand [Thomley, 1990]. Furthermore, the use of the

logistics growth function or probability model is restricted to identical conditions for

which the value of this parameter was determined. Therefore, using Equation (3.9) or

(3.10) to compare the growth of plants experiencing different environmental conditions is

inadequate. However, these functions have been reformulated to allow the growth rate

and final weight to change with different growth conditions. This was accomplished by

introducing a second rate equation describing the change in another biologically significant

quantity which affects the specific growth rate in terms of weight, _. The final tissue

weight, Wf, then becomes dependent upon both of these rates and can change values based

on a second growth rate. An example of this is the specific growth of leaves in terms of

dry weight as the primary function and the leaf area as the second rate equation [Thomley,

1990]. Similarly, the (primary) rate of dry matter accumulation may be determined fTom

the (secondary) rate of nitrogen uptake [Overman, 1995].

There are several other growth models which have been developed to incorporate

both substrate and growth machinery terms. This includes Chanter's equation [Chanter,

1976] which is a hybrid between the Gompertz (growth machinery) and logistics

(substrate) growth equations. Specifically, Chanter's equation incorporates a linear term

for substrate dependence multiplied by an exponential decay term. Similarly, Richard's

growth function also encompasses the logistics and Gompertz equations but also includes
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monomolecular reactions [France and Thomley, 1984]. This is accomplished using the

parameter, r_, in the differential equation which attains a value of 1, 0, or -1, leading to

the three respective models. The Riehard's growth function is shown in Equaiton (3.12).

dW kW(W_- W _R)

dt
(3.12)

A third substrate and growth machinery model utilizes a dual substrate format which

includes both carbon and nitrogen concentration terms multiplied by the tissue weight

[Johnson and Thornley, 1987]. Furthermore, this dual substrate model also takes into

consideration the partitioning of these subtrates into root and shoot (and leaves) structural

matter and can be extended to include multiple substrates acquired through the roots.

3.1.2 Net CO2 Assimilation Models

Since the assimilation of carbon dioxide comprises the major portion of the

biomass of higher plants [Taiz and Zeiger, 1991 ], the simple growth models reviewed

above can be related to the net CO2 assimilation rate, F,. As shown in Equation (3.13)

below, F, represents a measure of the rate of dry weight increase per unit of total leaf area,

A_ Furthermore, since earbon fixation operates in tandem with photosynthesis, this

parameter quantifies the efficiency of light use by plants on a per unit leaf area basis.

Therefore, the factors which affect this assimilation rate include the leaf and stem net

photosynthesis rates, the rates of dark respiration in all plant tissues, and the rate of

inorganic nutrient uptake [Pickens, et al., 1986]. By substituting in Equation (3.1) defining

into Equation (3.13), the leaf area ratio (LAR) becomes a measure of the

photosynthetic capacity for a plant under constant conditions.

1 dW

Fn - - gg/LAR. (3.13)
&_f dt
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Whenplantsareyounger,both the specificgrowth and net C02 assimilationrateshave

been shown to be highest due to the self-shading, leaf senescence, and maintenance

energies required as the plants age [Pickens, et al., 1986]. However, the assimilation rate

tends to inca-ease faster than the specific growth since the weight of the plant, W, includes

non-leaf structures while the surface area term, A_, does not account for the thickening

of older leaves [Hurd and Thornley, 1974].

One factor that does substantially affect the net assimilation rate, F,, and, thus,

is the atmospheric CO2 concentration, Cco2. Except at saturating levels, Fn has been

measured to be directly proportional to the CO2 concentration. However, saturation

conditions do occur when light levels are low, particularly for plants utilizing the C3

carbon assimilation pathway such as tomatoes (see Section 2.2.1) [Martin and

Thorstenson, 1988]. This saturation behavior has been modeled similar to Michaelis-

Menten kinetics where Fc,_ is the maximum assimilation rate for saturating CO2 levels

and K=,c is the concentration required for half maximal assimilation. Under test conditions

for CO2 levels when light levels are maintained, the kinetic equation for the assimilation

rate based on CO2 concentration, F.,c, can be written as follows. The kinetic constants in

Equation (3.14) can be determined using Lineweaver-Burke plots of 1/F.,c versus 1/Cco2.

Fc,max Cco2

F,,c = (3.14)

I_c + Cco2

Results from this type of experimentation conducted on tomato (cv. 1W_mibelle) yielded

values for the kinetic constants of 14.9 g m -2 day -x and 1.0 g/m s, respectively, for Fc_

and K_c for 19 day old plants. Similarly, 35 day old tomato plants yielded kinetic

constants of 7.8 g m-2 day q and 0.35 g/m 3, respectively, when subjected to the same

constant irradiance of 50 W/m 2 [calculated from data obtained from Hurd and Thomley,

1974]. In order to measure the CO2 concentration in the air, commercial gas analyzers are

available. Therefore, combining Equations (3.13) and (3.14) results in Equation (3.15) for

which can be substituted into the growth equations reviewed earlier.
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Fc,m_ Cco2

= (LAR)
K=c + Cco2

(3.15)

Since carbon dioxide and oxygen compete for the same active sites on the main carbon

reduction enzyme, Rubisco, inhibition kinetics have been incorporated into the net CO2

assimilation rate, F_,c/o [Heath, et al., 1990; Sage, 1990]. This is shown in Equation (3.16).

exp(-o P, Cco2
F_,c_o = (3.16)

Cco2+ [K c/(Co2 +

In Equation (3.16), P,_ equals the maximum photosynthetic rate (in g CO2 m -2 h']), Ri is

the light intensity (in W m-2), _ is the quantum yield or light use etticieney (in g CO2 j-t),

Co2 represents the concentration of oxygen, and Ki equals the competitive inhibition

constant for 02. All other parameters are as defined earlier. This model was used to

predict the leaf growth of bean plants (ev. Pinto) cultivated under controlled environment

conditions. This resulted in an assimilation rate, F_c/o, of 122.3 _/m2s using a kinetic

constant, K_c, of 123 mg/m s and an inhibition constant, Ki, of 8.0%. In order to measure

the amount of photosynthetically active radiation, Ra, commercial light meters (also known

as solarimeters, quantum sensors, and spectroradiometers) are available whieh earl

measure the levels at speeiiie frequeneies. Furthermore, since the electron transport chain

supplies substrates for this carbon fixation process, models whieh consider these possible

rate limiting steps have also been developed [Sage, 1990].

There have also been comprehensive models which incorporate the complete

partitioning of substrate carbon from source (atmosphere) into their ultimate fates

(structural) or functions (pools) [Thomley, 1991]. The structural components include the

carbon utilized in the machinery which assimilates carbon (WM) such as the compounds

involved in the PCR and PCA cycles (see Section 2.2.1), carbon based machinery involved

in the photosynthetic process (W= and Wr_) such as those required in the "Z-scheme"

(see Section 2.2.2), primary (Wp) and secondary (Ws) cell wall material, and cross-linked

primary cell wall material (Wx). For the carbon pool, this includes the substrate carbon



57

(Wc) transported in the phloem (i.e. TNC). Therefore, the dynamic growth equation

incorporates the sum of each time dependent component as shown in Equation (3.17).

dW_dt + dWddt + dWp=_/dt + dWp/dt + dWddt + dWJdt + dWc/dt = _'W_ (3.17)

The set of equations defining each differential component of Equation (3.17) has been

solved for the leaves of wheat plants (cv. Marquis) [Thomley, 1991]. A similar adaptation

of this partitioning approach to modeling has also been successfully applied to ryegrass

(¢v. $321) roots [Bmgge and Thomley, 1985]. Furthermore, this analysis can be extended

to water consumption, nitrogen partitioning, and other inorganic nutrients.

3.1.3 Photosynthesis Models

As with the contribution of the net CO2 assimilation, the production of plant

biomass is also dependent upon the photosynthetic capabilities. This is illustrated in

Equations (3.4) and (3.16) which contain terms for the rate of photosynthesis, Pn or P_,_,

respectively. Furthermore, the behavior of the net asS'Lmilafion rate to irradiation levels, Ri,

is similar to the saturation kinetics for CO2. Therefore, analogous to Equation (3.14), the

photosynthetic contribution to carbon assimilation, F_, can be derived as Equation (3.18).

F_ P,q
F_.v. - (3.18)

K_+Ri

In Equation (3.18), FRa_ represents the maximum CO2 assimilation rate at saturating

photosynthetically active radiation (PAR) levels and K_ represents the radiation level

required for half maximal assimilation. Again, these kinetic constants can be determined

using Lineweaver-Burke plots of 1/F_ versus 1/Ri. Results from this type of

experimentation conducted on tomato (cv. Nfim'belle) yielded values for the kinetic

constants ofFRa_ = 25.0 g m "2 dayq and K_ = 139.5 W/m 2 for 19 day old plants. When

conducted under similar conditions of a constant CO2 concentration of 0.73 g/m 3 on 35

day old plants, Fs,== and Km_ attained values of 10.3 g m "2 day q and 51.6 W/m 2,
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respectively[calculated from data obtained from Hurd and Thomley, 1974]. Therefore,

combining Equations (3.13) and (3.18) results in Equation (3.19) for Ps which can be

substituted into the various growth equations reviewed earlier.

= (EAR). (3.19)

A frequently used relationship between photosynthesis rate, Pn, and irradiation

level or intensity, P,q, was initially developed by Acock and is presented below. In Equation

(3.20), _ represents the efficiency while Pm is equivalent to Pn at saturating PAR levels

[France and Thornley, 1984; Thornley, 1991].

tzoqi P_
In=

_+P_

(3.20)

Since the maximum photosynthetic rate, P,m_, is dependent upon temperature,

photosynthetic carbon machinery present [Thomley, 1991], and CO_ levels [France and

Thomley, 1984], equations for these relationships have been derived. Specifically, in

Equation (3.21), the temperature dependency is based on the enzymatic response to

temperature, fT,mz, which is modeled empirically using the following quadratic relation.

The coefficients, a_, are defined so that fT,,_ = 1 at T = 20 °C, fT,_,, = 0 at T = To °C, and

fT,_ is maximum at T = T=.

fT,_= = ao + a_T + a2T 2 (3.21)

Equation (3.21) is related to P_ using Equation (3.22) where P_=(20) equals the rate

of photosynthesis at 20 °C.

Pu_(T) = fT,_-,-P_(20) (3.22)

Typical values for the maximum P_ at 20 °C has been estimated for C3 plant leaves to be

1.0 x 10 "6 kg CO2 m "2 sq [Acock, et al., 1976]. Therefore, this temperature dependency
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term canbecombinedwith the dependencyon light saturatedphotosyntheticmachinery

using Michaelis-Menten style kinetics [Thomley, 1991], as shown in Equation (3.23).

WI,:,,/At_

P,_, = P,,,,_(T) (3.23)

Wp=_/A_+

In Equation (3.23), Wp,_ equals the quantity of light saturated photosynthetic carbon

machinery, &:_ is leaf area, and _ represents the level of carbon machinery per unit

area required for 1/2 maximum photosynthesis at a specific temperature, P:_,(T). A

typical value of this kinetic constant was estimated to be 3 x 10 -4 kg Pmax-carbon m "2.

In order to compensate for the effects of CCh, a conductance term, z,, has oiten

been utilized as shown in Equation (3.24) [France and Thomley, 1984].

Pu= : "ccCco2 (3.24)

This conductance term is a measure of the rate at which CCh enters the leaf to be

assimilated and is dependent upon the leaf level or maturity and air vapor pressure deficit

(VPD) [Romero-Aranda and Longuenesse, 1995]. Both of these dependencies have been

modeled as empirical exponential functions based on the maximum conductance, _,,=,_,

obtained for young leaves. For tomato (cv. Rondello), this value was calculated to be

approximately 0.12 molm "2 s"1. Therefore, Equation (3.24) or Equations (3.21) to (3.23)

can be substituted into Equation (3.20) in order to determine the photosynthetic rate based

on controllable quantities such as radiation levels, CO2 concentration, and temperature.

Another relationship for the dependency of P_ on CO2 takes into account the

initial photosynthetic conversion into substrate carbon as utilized in Equation (3.17)

[Thomley, 1991]. In this case, the efficiency of light use, o_, becomes dependent upon the

availability of this a-carbon which is subject to photorespiration (see Section 2.2.1). This

relationship has been modeled, in Equation (3.25), using Michaelis-Menten kinetics where

represents the maximum efficiency, K_ equals the concentration of a-carbon

required for 1/2 _, and C_ equals the amount of substrate available per unit area.
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Ca
- (3.25)

A typical value for _ and K_= for Cs plants has been calculated to be 1.6 xl0 "s kg CO2

j-i and 10.0 xl0 "6 kg a-ea.rbon m -2 [Aeock, et al., 1976]. Therefore, Equation (3.25) can

also be incorporated into Equation (3.20) during the determination of the photosynthesis

rate, P,. Since some of the a-carbon may be used in photorespiration, then the efficiency

can also include this phenomenon [Nederhoff and Vegter, 1994a]. This is shown in

Equation (3.26).

ot¢ = _ (1 - P,,_ / Pu_) (3.26)

In Equation (3.26), all parameters are as previous defined plus Pr_,_ represents the

maximum photorespiration rate (in g 02 m -2 h'_). In tomato plants (cv. Blizzard), a typical

value for Pr,_ was determined to be 111 lag m"2 s"1 [Nederhoffand Vegter, 1994b].

Other factors affecting the efficiency of light use include the individual leaf fight

use efficiency, cz_, the leaf area index, LAI, which represents the ratio of leaf to ground

area, and the characteristics of the leaves to transmit, reflect, and absorb light. These

eharacteristies are dependent upon the leaf morphology, structure, angle with respect to

the light source, degree of shading from other leaves on the same plant (self-shading), and

the degree of shading from surrounding plants [France and Thornley, 1984]. In order to

quantify these spectral qualities, two coefficients are often used. The first if the light

extinction coefficient, K, which represents the fraction of light that is intercepted by the

leaves versus the amount passing through the canopy and intercepting the ground. As for

the second, the leaf transmission coefficient, m, represents the fraction of incident light

reflecting off of the leaves to be intercepted by others. Therefore, the relationship between

total and individual leaf light use efficiency can be written as Equation (3.27) and is known

as a modified Monsi-Saeki equation ['Nederhoff and Vegter, 1994a].

= c ,o{1 - e [-K(LAD] / (1 - m)} (3.27)



61

Individualtomato leaves(cv. Blizzard) have an estimated light use efficiency of 21.1 txg I _

[Nederhoff anf Vegter, 1994b]. The values for K range from the theoretical value of 1.0

for randomly spaced, opaque, horizontally oriented leaves to practical values of 0.9 for

planophiles and 0.3 for erectophiles to approximately zero for emerging leaves [Goudriaan

and Monteith, 1990]. These values are generally obtained empiric, ally from experimental

data [France and Thomley, 1984]. For tomato leaves (cv. Blizzard), the light extinction

coefficient has been estimated at 0.94 [Nederhoff and Vegter, 1994b]. Furthermore, the

typical mount of incident light that is reflected by tomato leaves averages about 10% (m

= 0.10). Therefore, the etficiency, _, determined from any one of Equations (3.25) to

(3.27) can be substituted into Equation (3.20) when quantifying the net photosynthesis, P_.

3.2 Modeling Plant Water Relations

Plant water relations include the uptake and transport of water throughout the soil-

plant-atmosphere continuum. In this section, the water taken up by the plant will be

followed from the soil into the roots, through the vascular (xylem) tissues within the plant

traversing upwards to the leaves, and then out of the plant through transpiration.

Therefore, the models deseribing the water relations in plants can be divided into water

uptake models, sap flow models, and transpiration models.

3.2.1 Water Uptake Models

In general, most of the water uptake models deal with the maeroscopic level of the

root system. This is due to the complex nature and impracticality of determining the

transport to each individual rootlet in an entire rooting system. This is further complicated

by the fact that the roots can be either active or inactive in terms of uptake depending on

the growth stage of the plant [Molz, 1981a]. In addition, the properties of the roots as

well as the soil change based on the rate of flow of the transpimtional stream occurring

through the soil-plant-atmosphere continuum. These inelude the hydraulic conductivities,
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solute concentration gradients, differences between solutes (i.e. inorganic ions versus

organic components) and water content [Johnson, et al., 1991; Passioura, 1984].

However, there are several microscopic models which have been developed as well which

do take these consideration into account. These microscopic model are becoming more

prevalent as the understanding into the soil-plant water relationship increases.

The macroscopic models describing water uptake by plant roots take into account

the overall water potential gradients between the soil and the plant root. Using the analogy

to an electrical circuit, Ohm's law states that the rate of flow is proportional to the driving

force taking into account the resistances along the pathway. This is illustrated in Equation

(3.28) where Q_ represents the flow rate (in cm3/s), A_F equals the driving force (water

potential gradient, in MPa), and R1,2 determines the resistances in the flow pathway

between points 1 and 2 [Passioura, 1984].

Qw =/_ / RI_ = (_F_ - _I'2) / RI_ (3.28)

For water transport fi'om the soil into the root, _P_ = _P_ and _F2 = _F_ot, respectively,

while Rt,2 = R_ represents the resistances between the soil and root interior. Although

Equation (3.28) is a linear relationship between Qw and A_F, the linearity is lost when

factors such as solute and temperature gradients as well as the dependency of the soil

hydraulic conductivity, K_ on the water content, C_a=, are taken into account [Passioura,

1984]. Furthermore, _ depends on the specific location in the soil with respect to the

root surface. Therefore, spacial factors such as soil depth must be taken into account.

For the nonlinearities of Equation (3.28) induced by the presence of solutes,

Equation (2.2), defining the water potential, _F, in terms of the hydrostatic, P, and osmotic

components, _, has been combined with a solute reflection coefficient, 6r [Passiour_

1984]. This coefficient takes into account the permeability of the root membrane to a

specific solute. For the temperature dependence, the resistance to flow is often defined as

the inverse of the hydraulic conductivity of the membrane, Lp (in m s-I MPa'_), multiplied

by the interracial membrane area, Am. This conductivity is dependent upon temperature, T,
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based on membrane fluidity [Tindall, et al., 1990; Nkansah and Ito, 1995]. Therefore,

Equation (3.28) can be rewritten as Equation (3.29).

Qw = _ (T) [AP - a_A_] (3.29)

The techniques used to measure the individual components of Equation (3.29) were

reviewed earlier (see Section 2.3.4).

A more empirically based modeling approach to describe the transport of water

(and solutes) from the soil into the root also utilizes the resistances, R_ = 1_, between

these two flow points. This has been done using the density of the roots, p_ (kg m "3 soft),

defined as the root structural dry mass, Wr, divided by the root depth, dr. Furthermore, the

soft hydraulic conductivity, Ks (in m 2 s q MPaq), quantifies the permeability of the

particular soil type to water movement. This is shown in Equation (3.30).

R_ - + ---- (3.30)

K Wr Wr

In Equation (3.30), the constants, k_ (in m2), which represents the flow from the soil to

the root surface and k_ (in m2/s), which represents the flow through the root membrane

into the root are determined empirically [Johnson, et al., 1991]. As for the soil

conductivity, large particle soils such as sand have large values while finer media have

smaller values. Furthermore, Ks changes as the water content changes, decreasing from

saturated values to the field capacity (see Section 2.3.4), down to the permanent wilting

point which occttrs when _F_ falls below the root water potential [Taiz and Zeiger, 1991 ].

Since the rate of transport of water is dependent on the soil water potential, many

models have been developed describing this parameter in relation to various factors. One

of the most widely developed relationships between the soil water potential and water

content is the Darcy-Richards equation shown as Equation (3.31) [Molz, 1981 a].

/ _t = V (K_V_) (3.31)
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In Equation (3.31), _ represents the volumetric soil water content, t is time, and V is

the gradiem operator. All other variables are as defined earlier. In order to obtain a single

differential equation in terms of _, several empirical relationships for K, and W**a have

been developed [Johnson, et al., 1991] such as Equations (3.32) and (3.33), respectively.

tF_ = _a_ (3.32)

(C,,_ 1 C._,,_._)13

Ks= / (3.33)

In Equation (3.32) and (3.33), _P_ and K_ represent the respective parameters at

saturating conditions when C_ equals C,_=, and 13is the empirical constant.

Another approach to modeling the water transport rate caused by the gradient in

water potentials was to incorporate a water extraction term, S, with the Darcy-Richards

equation. Many researchers producing relationships for S were successful in describing

experimental data; however, these were generally approached in a completely empirical

manner where S was calibrated from data [Molz, 1981a]. The factors for which S has been

correlated include the transpiration rate, root length, root depth in the soiL, soil water

content, soft water di_sivity [Molz and Rems_ 1970], plant wilting point, soft pressure

head [Feddes, et al., 1978], and soil hydraulic conductivity [Selim and Iskandar, 1978].

Other more mechanistic water extraction terms have also been derived based on

soil and root properties [I-Ierkelratlg et al., 1977; Molz, 1981b]. An example of this is

shown below indicating (only) a dependency upon individual root depth, z, and time, t.

The microscopic model shown in Equation (3.34) was derived without calibration.

Et (t) _z,t) l._z,t) ['P_ (z,t) - _P_ (t)]

S(z,t) = (3.34)

J'od(t)_z,t)'l._z,t) [P_ (z,t) - W_. (t)]dz

In Equation (3.34), Et (t) equals the transpiration rate per unit soil surface area, C(z,t)

equals the volumetric soil water content, L,(z,t) equals the length of roots per unit soil

volume, d(t) equals the root zone depth, P_ (z,t) equals the soil pressure potential, and
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Wxy_,= (t) equals the xylem root water potential. This one-dimensional model is also known

as the root-zone water quality model (RZWQlVl) [Landa and Nokes, 1994]. There are also

two- and three-dimensional problems (including x and y directions) which have been

solved using finite element analysis [Lafolie, et al., 1991]. With the soft-root water

relationship defined mathematically in both space and time, computer generated maps of

the soil water content at any time can be generated [Bruckler, et al., 1991]. The spatial

distribution of the roots was determined by mapping the soil-root contact points using a

trench dug into the soft. These contact points generated the finite element grids.

With the advent of more accurate methods of measuring the spatial variations in

the soil water potential, these microscopic models are becoming more popular for the

study of soil-plant communications during the transpirational process. These methods

include gamma densitometry, neutron moderation, time-domain reflectometry [Wraith and

Baker, 1991], and the microtensiometer [Vetterlein, et al., 1993].

3.2.2 Sap Flow Models

The transport of water and inorganic nutrients throughout the plant is conducted in

the vascular tissue known as the xylem. This connective tissue begins in the root system,

travels through the main stem and into the branches, and concludes at the leaves where

transpiration occurs. There are several models which have been derived for the various

portions throughout this continuous pathway. For the transport of water fi'om the surface

of the roots into the root xylem itse_ the general resistance model presented in Equation

(3.28) has often been applied. In this situation, Qw, _ equals the water transport rate, _,_

and "L_ are the root surface and root xylem water potentials, respectively, and R_

represents the resistance of the root cells to water flow. This is shown in Equation (3.35).

Qw, _ = (_ - _P=) / P,_**t (3.35)

These resistances include the various plant membranes which must be crossed as well as

the electrochemical gradients between the cellular compartments and adjacent cells
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[Cortes, 1992]. These include the cylindrical layers of cells from epidermis, cortex,

endodermis, stelar parenchyma, and xylem (see Figure 2.1). Furthermore, these resistances

vary with the rate of transpiration [Molz, 1981a].

The application of this type of resistance flow equation (Equation 3.28) is not

restricted to the root surface and the xylem. This general equation has also been applied to

the flow of water from the roots into the shoots and from the shoots into the leaves

[Johnson, et al., 1991]. Again, the resistances are derived empirically using the dry

weights of the shoot structural matter. Furthermore, this type of equation can be applied

throughout the entire plant from the roots (point 1) to the leaves (point 2) taking into

account all of the resistance in series [Landa and Nokes, 1994].

Since the xylem is a continuous conduit for which water flows, models have been

derived which assume that the xylem consists of cylindrical tubes of known radius with

perforated valves located intermittently along its length. These valves have been further

approximated as the flow through porous media [Bestman, 1992a]. Using these

assumptions, the governing equations of continuity, momentum, energy, and mass

concentration have been developed based on the aspect ratio, R,n_, which is the ratio of

stem radius to length. These equations have been solved for various (boundary and initial)

eonditions. These include the simplified case of fully developed flow within the plant stems

[Bestman, 1992a], non-fully developed flow which exists in plants due to relatively large

aspect ratios [Bestman, 1992b], and when the plant is experiencing dehydration leading to

a change in the flow diameter [Bestman, 1992e]. This set of equations is shown below as

Equations (3.36) to (3.40) in dimensionless form with the assumption of axisymmetry.

1 8 8z*

-- --(rr*) + - 0
r 8r 5z

8r* 8P* 82 1 8 1

-- +(___+

& 8r 8r 2 r 8r r2

(3.36)

82r *

;_2) r* + Ra_2--- (3.37)

2
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8z* 8P* 82 1 6

- -R_m--- + (-- +
& 8z _ir2 r 6r

ST* 82 1 8

Nw - (---- + ...... ) T* + _2 ____

& 8r 2 r &

6C* 6 2 1 6

Ns_--- = (--- + ..... ) C* + R_ 2----
& 8r 2 r 6r

_z,
;¢2) z* + Ra_ 2--- + GrT* + GcC*

_z 2
(3.38)

6_T*

(3.39)
6z 2

82C •

(3.40)
6z2

In this set of equations, r* and z* represent the velocity components of the fluid in the r

and z directions (polar coordinate system), respectively, while P*, T*, and C* equal the

dimensionless pressure, temperature, and concentration. The parameter _ is the

dimensionless permeability calculated as the ratio of the stem radius to the square root of

the permeability coefficient while Gr and Gc represent the flee convection parameters

caused by the volumetric expansion due to temperature and concentration, respectively.

The two additional dimensionless parameters included in this equation set are the standard

Prandtl (Nr_) and Schmidt (Ns_) numbers.

3.2.3 Transpiration Models

Typical models predicting transpiration are based upon correlations with climatic

conditions such as solar radiation (excluding infra-red radiation), Ri, and air vapor

pressure deficit from saturation, e_ - e_ [Jolliet, 1994]. This is shown in Equation (3.41)

where Et equals the transpiration rate (in nag m -2 s"I) and b_ and b2 are constants.

= b_R_+ t_(e_ - e_) (3.41)

The limitations of these correlation models are that they are specific for particular crop

species, growth stages, and climatic conditions [Jolliet, 1994]. In order to generalize these

models, bl and b-2, have been calculated as functions of the leaf area index, LAI, which is

the ratio of the leaf area to ground area. The Stanghellinl model shown below is based
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after this generalization and has been used to accurately predict the transpiration fi,om

tomatoes (cv. Counter) [StangheUini, 1987]. In Equation (3.42), 2, equals the latent heat

of water vaporization (in MJ/kg) and the psyehrometric constant (in MPa/K), 7p, is defined

as the ratio of the specific heat capacity of air (in J kg -l K'l), Cp, times the total air

pressure, P._, over 2, times the ratio of the molecular weights of water vapor and air, 11 (=

0.622) [France and Thornley, 1984].

a ht

F_,= + -
x zr,

where a = Clln [1 + e2 (LAD _]

h = c, (LhI)[1 -

(3.42)

In Equation (3.42), el to c6 are constants that were determined through non-linear

regression analysis on 168 transpirations determined from different climatic conditions (i.e.

different Ri, LAL and e_ - e_) [Jolliet, 1994]. Although this model is more generalized than

Equation (3.41), the constants, el to c6, were still determined empirically.

Another generalization that has been widely used is the Penman-Montieth equation

which replaces P,q with the net radiative exchange including infra-red radiation, R., and (e_

- e_) is replaced with the corresponding difference in the water density, (p,_ - _,_). The

constants, dl and d2, in Equation (3.43) are calculated as functions of LAL canopy

conductance, g_, and air boundary layer conductance, g_ [Jollier, 1994].

Et = d, R, + d2 (p,_ - p_) (3.43)

An example of these functional relationships is presented in Equation (3.44) where T,

equals air temperature and all other variables are as defined earlier [Johnson, et al., 1991].

(dp_./dT)

F-,t = R.+

_,[(dp_/dT) + yp(1 + g_/gc)]
[p,_(T,) - p_] (3.44)

[(dp,,JdT) + "[p(1 + g,/g,)]

The main differences between transpiration models utilizing this type of equation are due

to the methods in which P-_ g_, and g_ are ealeulated [Jollier, 1994].
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Another semi-empiricalmodel that has been developed also utilzes the general

resistance flow equation presented earlier (see Equation 3.28). Instead of explicitly using

the water potential gradient, the driving force of this model is written as the vapor

pressure deficit between the saturated canopy and the surrounding air, e_ - _ [Sammis and

Jemigart, 1992]. In each of these transpiration models, the vapor pressure deficits can be

converted into relative humidities and used in Equation (2.7) to calculate the air water

potential. Furthermore, the transpiration rate, Et' (in J m "2 sq), measures the rate of energy

loss instead of mass and is based on the energy balance between the plant and the

environment [Campbell, 1977] as illustrated in Equation (3.45).

E_'= p,Cp (e_ - e,) / _,p(r_ + r_) (3.45)

In Equation (3.45) laa equals the density of air, C_q,represents the heat capacity, ),p is the

psyehrometrie constant, and r,p and r_v represent the air and canopy resistances,

respectively. In order to convert these calculated energy fluxes due to transpiration into

the mass rate of water loss (in kg m "2 sq), Equation (3.45) is divided by Cv (To - Ta). This

temperature gradient between the canopy and the surrounding air is determined from

Equation (3.46) where all parameters are as defined earlier.

r,vR. yp(1 + r_p / r_) e,_-_

Tc - T, - - (3.46)

pG _ + Tp(1 + r_ / r,p)

The parameter, A_, in this equation represents the average slope of the relation between

the water saturation vapor pressure and air temperature [Sammis and Jernigan, 1992].

The resistances of the previous two equations are the reciprocal of the

eonduetances of Equation (3.44) where g, = 1/rcp and g_ = 1/r_. Determined empirically,

r,, and r,p are calculated from the linear regression constants, co and do, obtained from a

plot of the difference between the canopy and air temperatures, T_ - Ta, versus the vapor

pressure deficit [Sammis and Jemigan, 1992]. These resistances are shown in Equations

(3.47) and (3.48).
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rap= (3.47)

1_ do (A_ + 1/do)

A,_+ 1/do

rq, = -r_, [. 1] (3.48)

Tp

An alternative means of determining the air boundary layer conductance, g, (or

1/r_) is to consider the differences caused by wind speed, canopy structure, and reference

height above the canopy. This is calculated using Equation (3.49) [Johnson, et al., 1991].

K 2 Lla

g_(h¢) = (3.49)

ln[(z + ¢ - ln[(z + -

In Equation 0.49), u, equals the wind speed, _: is von Karman's constant (= 0.4), z_ is the

reference height above the canopy, and d_ is the depth below the canopy level, h¢, for

which the air current does not penetrate (de = 0.77K). The roughness parameters for

vapor and heat exchange, _ and for turbulent momentum transport, _, are determined as

a portions of the canopy height as well. Respectively, these are 0.0261_ and 0.13h¢.

Therefore, Equation (3.49) depends upon wind speed, reference height and canopy height.

3.3 Modeling Plant Nutrient Uptake

Included with the flow of water in the transpirational stream, inorganic nutrients

are carried in as well as charged ions. In order to model these nutrient uptake kinetics,

several types of experiments and measurement techniques are often utilized. This includes

using various concentrations of nutrients and following the depletion rate with time in

order to obtain Michaelis-Menten type kinetics [Barber and Cushman, 1981]. Another is

the split root experiments where a single rooting system is divided into two distinctly

different nutrient solutions for a relative short amount of time alter which a chemical

analysis is performed to determine the differential uptake rates by the two portions
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[Johnson, el al., 1991]. Similarly, radioactive tracers such as _b for K, _N, a2p, 45Ca "

eSzn, and _Mo have been used extensively by several researchers to measure the short

term uptake rates, diffusion rates in soil, and the localizations of the nutrients in the tissues

[Warncke and Barber, 1972; Wrona and Epstein., 1985; Petersen and Jensen, 1988;

Tremblay, et al., 1988; Bowen, 1987; Heuwinkel, et al., 1992]. These short-term methods

are useful for determining the uptake kinetics of plants at specific growth stages.

However, the nutrient demands of a plant change with the stage of development.

3.3.1 Measuring Nutrient Quantities

In order to measure the changes in nutrient concentrations within the solutions as

well as in the plant tissues themselves, several methods are available. This includes

established chemical techniques such as the micro-Kjeldahl method for the analysis of

nitrogen containing compounds [Nelson and Sommers, 1973], the turbidimetric

determination of sulfate as BaSO4 [Blanchar, et al., 1965], and ion chromatography

methods for S and C1 determination [-Busman, et al., 1983; Hafez, et al., 1991]. In fact,

prior to the more sophisticated spectrophotometric techniques now widely being used,

chemical analysis for all essential plant inorganic nutrients have been developed [Bould, el

a1., 1960]. The techniques which have become dominant include atomic absorption, flame

photometer, mass spectrometry, nuclear magnetic resonance imagery, and inductively

coupled plasma atomic emissions spectrometry (ICP-AES) [Baker, et al., 1963; O'Neill

and Webb, 1970; Boss and Fredeen, 1989; Pritchard and Lee, 1984].

Of these various techniques, the ICP-AES system offers several distinct

advantages. Using this system, many of the essential inorganic plant nutrients (see Section

2.4) can be quantified simultaneously from a single sample. Of the 13 macro- and micro-

nutrients listed in Table 2.1, eleven can be directly analyzed including P, K, Ca, Mg, S, Fe,

Mn, Cu, Mo, B, and Zn [Boss and Fredeen, 1989]. Furthermore, the resolutions of many

of the nutrients are down to the parts per billion (ppb) range while most are in the parts

per million (ppm) range. Other advantages include automated analysis and single-pass
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multi-elementcapability.The disadvantagesof the ICP-AES systeminclude the high

maintenance of sample purity, extensive solid sample preparations (i.e. acid digestion,

purification), possible spectral interferences between analyzed nutrients, and expensive

capital investment. Furthermore, the ICP-AES method is not capable of analyzing for all

of the essential plant nutrients such as N, S, and CI. Therefore, complementary methods

are required for total inorganic nutrient determination.

For the plant tissues, these can generally be chemically analyzed using the same

techniques and equipment as solution samples; however, they generally have to be acid

digested prior to analysis [Nelson and Sommer, 1973; Blanehar, et al., 1965]. In order to

facilitate the acid digestion process, the tissues are usually dried and then ground to pass

through, typically, a 40-mesh stainless steel screen. Usually, all of the plant material can be

digested unless appreciable quantifies of aluminum are present.

3.3.2 Inorganic Nutrient Uptake Model

The simplest nutrient uptake models relate the flux of nutrient, J, to the

concentration gradient, AC, using some sort of proportionality factor, aj, sueh as root

permeability or conductivity [Nye and Tinker, 1969; Akeson and Munns, 1990]. This is

shown in Equation (3.50). This type of model is analogous to a driving force divided by

resistance (or multiplied by conductance) [Wheeler, et al., 1994].

J = a_AC (3.50)

Equation (3.50) fails to take into account the variations in the proportionality factor

caused by ehanges in plant age, growth rates, water status, and concentrations [Wheeler,

et al., 1994]. An improvement to Equation (3.50) expressed J as a funetion of the growth

rate, dW/dt, and the internal concentration, C_r_t , as shown in Equation (3.51) [Nye and

Tinker, 1969; W'dlits, et al., 1992].

J = (C_t_ dW/dt + W dCp_/dt)/2m'0L_ (3.51)
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In Equation (3.51), W is plant weight, t is time, r0 is the mean root radius, and I_¢ equals

total root length. The problem with this model is that dC, pt_ �dr, r0, and L are often

difficult to measure in practice [Wheeler, et al., 1994]. Further improvements have related

the growth and uptake rates to the age of the plant using the relative growth rate, _ =

(1/W)dW/dt, and the relative uptake rate, (1/Cra_)dCpu,_/dt , respectively [Nye and Tinker,

1969; Bhat, et al., 1979a; Bhat, et al., 1979b]. In these equations, Cru_t can be the

concentration in any specific plant tissue at time, t.

A similar model of nutrient uptake takes into consideration the differing effects

caused by variations in root growth stage. Assuming that root growth follows a first order

differential equation and assuming that the root growth is exponential [Silberbush and

Gbur, 1994], then Equation (3.52) can be derived. This equation is presented in similar

form to Equation (3.50) and is known as the Wflliam's Equation.

hag /
J = (Cpl_ - _ o) (3.52)

2rcroO__- L,oXt - to)

In Equation (3.52), L_ represents the length of roots at times, t and to, when the

concentration of the nutrients in the plant are C_,r_ , and Cpumt,0, respectively. Uptake rates

for the macro-nutrients (N, P, K, Mg, and Ca) have been confirmed for corn plants (ev.

Pioneer 3516) albeit under several assumptions and short time scales [Warneke and

Barber, 1974].

Using a mass balance approach, taking into account the individual mechanisms

responsible for the transport of nutrients towards and away from the root surface, the

following model has been developed [France and Thornley, 1984]. Nutrients are carried to

the root surface through the trampirational stream utilizing the mechanisms of bulk flow,

Js, and di_sional gradients, JD. On the other hand, these nutrients are transloeated into

the root itself and to the upper portions of the plants through three distinct mechanisms.

This includes bulk flow, Jb, diffusion, Jd, and active uptake by root membranes proteins, J,.

Using an effective diffusion coefficient for the soil based on geometrical characteristics of
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the soil structure, D_, the transport to the root surface due to diffusion can be written as

Equation (3.53), where the C_,a and _ are the respective nutrient concentrations.

JD = D_(C_ - _) (3.53)

For the bulk flow rates to the surface and into the plant, the mass flux of the nutrient

solution, v, is an equivalent quantity. Therefore, Js and A can be determined using

Equations (3.54) and (3.55) with the respective nutrient concentration terms.

JB = vC_ (3.54)

J_ = _ (3.55)

As for the diffusion of nutrients from the root surface into the root cells, an equation

identical to the Nye and Tinker model (Equation 3.50) can be utilized, as shown in

Equation (3.56).

Jd = J = aj (Cmrf_ - C-q_ot) (3.56)

The membrane permeability coefficient, Pj, has been substituted for the correlation

coefficient, aj, in this equation. This permeability coefficient has subsequently been defined

based on the mobility of the particular ion in the membrane, _, the membrane-water

partition coeffleient, Kj, and the membrane thickness, 6_ (usually taken to be 4 nm)

[Akeson and Munns, 1990]. This is demonstrated in Equation (3.57)

aj = Pj = RTo_Kj / _,, (3.57)

Finally, for the active uptake of nutrients by the membrane bound proteins, a Miehaelis-

Menten equation can be utilized. This is shown in Equation (3.58) where J¢,_ and _ are

the usual kinetic constants.

J_C_
Jc = (3.58)

K_+_

Combining Equations (3.53) to (3.58) in a mass balance taken at the surface of the roots

leads to Equation (3.59), a quadratic relationship in terms of_.
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JB+JD = Jb+Ja+L

vC_ + Da_(C_ - C__) = _ + aj (C_¢_ - C_t) + .... (3.59)

K_+ C_

Therefore, since C_ and C,_ are easier to measure using the techniques described earlier,

can be determined assuming all other parameters are known or can be estimated.

The application of these uptake models are based upon macroscopic quantities

such as overall root length, mean radius, total growth, average nutrient conc, entratiom,

etc. This differs for the microscopic models which deal with the immediate vicinity around

the root [Barber and Cushman, 1981]. The two main focal points for the microscopic

approach to nutrient uptake are based on the rate of depletion from the soil and the

enzymatic uptake capacity by the plant cells.

For the soil portion of this model, the rate of depletion is described using classical

convection and diffusion equations for flow through porous media (i.e. soft). The mass

flow of water is driven by the transpiration stream where the nutrients are dissolved and

the diffusion occurs due to the differential accumulation of nutrients by the root surface. In

order to derive a mathematical model, a radial control volume, r+Ar, around the root is

utilized with the principle of mass conservation. This is depicted in Equation (3.60).

J'ot(2mJ_)[(._._) ds - j'ot(2/grJr)](r.s)ds + 2XJ'otj'F _ (x=(u.s)u duds = _r_'_ C(u.t) u du (3.60)

In Equation (3.60), Jr is the radial mass flux of di_sable mime, C equals the total

concentration of the difftmable solute, and O.m represents the mass of diffusable solute

produced per unit time per unit volume in the control volume. This leads to the following

linear, parabolic equation [Nye and Marriott, 1969, Barber and Cushman, 1981].

1 6 8C_ voro 8C_

.... (rDar---- + _C_) -

r fir & b fit
(3.61)

The left hand side of Equation 0.61) is equivalent to the sum of the diifusive flux as

described by Fick's Law and the convective flux. Fick's Law is defined with D_ as the
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effectivediffusivity of the nutrient through the soil and C_ as the concentration of the

nutrient in the soil solution. For the convective flux, v0 equals the mass-water flux at the

outer root radius, r0, and b represents the buffering power of the solid soil phase to

replenish the nutrients in the solution phase taken up by the roots (b = dC/dC_). During

the derivation of this equation, several assumptions were used [Nye and Marriott, 1969].

These included assuming that nutrient transport occurs only in the radial direction, D_

was independent of v, the parameters, b and Dar are independent of concentration, root

hairs were taken as the outer root radius (r0 and v0 refer to the cylinder where the tips of

the hairs are located, not the main root), the root radius remains constant, and the

absorbing power, k (defined later), remains constant with the age of the root. Additional

assumptions have been subsequently imposed in order to simplify the computation of exact

solutions. These included assuming that the soil is homogeneous and isotropic, moisture

conditions are at a steady state, there is no production or depletion by microbial or other

such activity, and the radial concentration gradient is linear [Barber and Cushman, 1981].

In order to solve Equation (3.61), two boundary and one initial condition are

required [Nye and Mamott, 1969, Cushman, 1979, Barber and Cushman, 19gl]. The

initial condition, IC, utilizes an initial concentration, Ci, as explained in Equation (3.62).

IC) _ = Ci (t = 0) (3.62)

For the inner boundary condition, BC 1, the rate of convection and diffusion of nutrients to

the root surface at r0 is equal to the rate of uptake. This rate of uptake can be described as

shown in Equation (3.63) using Michaelis-Menten sryte kinetics where Jc,mx is the

maximum rate of influx and K_ represents the concentration at one-half J_.

BC1) Darb---- + v0C_ = (r = r0, t > 0) (3.63)
8r K_+

The adoption of this boundary condition stems from the second focal point for the

microscopic approach to nutrient uptake based on the enzymatic capacity by the plant cells

[Nielsen, 1972]. It is assumed that the rate limiting step in the absorption of nutrients is
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due to the transport across the cellular membranes in the epidermis and xylem of the root

tissue. This transport is carried out by various membrane associated enzymes (see Section

2.4.1) each of which reach a maximum uptake, J_,_,, at saturating concentratiom. In order

to calculate the root absorbing power, k, J_ is divided by K_ (k = J_dIC._)

[Cushman, 1979; Barber and Cushman, 1981].

Slight modifications to BC1 were made in order to consider the fact that a nutrient

is not completely absorbed even after an infinite time. One method to compensate for this

occurrence was to assume that an etilux of nutrient occurred based on the concentration

gradient (C_,_ becomes greater than C_) that developed after substantial amount of soil

nutrient was absorbed [Classen and Barber, 1974; Jungk and Barber, 1975]. This ettlux

rate, E, can be simply subtracted from the right hand side of BC 1. A second method of

compensation was to specify a minimum soil concentration, C,m_, where the uptake into

the roots, Jc, was equal to zero. This is demonstrated in Equation (3.64).

J = (3.64)

IC_ + C_,_- Cm

In this case, _ equals (_ - C-ira) where Jc equals 1/2 Jc.,max[Silberbush and Barber,

1983]. As for BC1, Equation (3.64) would be substituted into Equation (3.63).

As for the outer boundary condition, BC2, several possibilities exist. One of the

common assumptions is that there exists no inter-root competition for a particular

nutrient. Therefore, the concentration of the nutrient at some distance, r_, away from the

root is relatively constant as shown in Equation (3.65). For relatively immobile nutrients

such as potassium, this assumption is reasonable [Barber and Cushman, 1981].

BC2) C_ = constant (r = rl, t > 0) (3.65)

On the other hand, if there exists inter-root competition for a nutrient such as phosphate,

the diffusion as described by Fick's Law combined with the convective term with a mass

flux, vl, taken at rl away from the root can be assumed to be zero, as shown in Equation
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(3.66). This is due to the lack of competition for water and the assumptionthat the

nutrientcannotcrossthecylinderof radius,rl [Cushman,1979].

_C_
BC2) D_rb .... +VlC_a = 0 (r = rl, t > 0) (3.66)

&

This uptake model and corresponding initial and boundary conditions have been solved

analytically using separation of variables [Cushman, 1979] and series approximations [De

Willigen and Van Noordwijk, 1994a] as well as numerically using the Crank-Nicolson

method [Classen and Barber, 1976]. The Barber-Cushman equations have been validated

experimentally for N, P, and K in corn [Barber and Cushman, 1981; Schenk and Barber,

1979; Claasen and Barber, 1976], P and K for soybeans [Silberbush and Barber, 1983],

and N for pennygrass [Barber and Cushman, 1981]. However, since these solutions are

based on relatively short time flames (1-2 weeks) as compared to the entire plant life

(months), then several experiments are required to develop the total nutrient uptake

capacity of the plant. This can be accomplished by integrating the uptake rates from each

growth stage over the entire plant life cycle [De Willigen and Van Noordwijk, 1994b].

For each of these nutrient uptake models, the parameters must be estimated using

experimental data. For the bulk flow velocities, v, this can be determined based on the

change in soil moisture content. This can be determined either as the change in weight of

the moist soil or as a change in the water potential as measured using the methods

described earlier. In order to estimate the diffusion coefficient, Dar, for each nutrient

through the soil, radioactive tracers placed into a test soil can be absorbed into cation

exchange resin paper [Warneke and Barber, 1972]. The amount of radioactive tracer, Mr,

absorbed onto the paper after time, t, can be used to determine D_r as shown in Equation

(3.67) as long as the initial, Ci, and final, Cf, interface tracer concentrations in the soil can

be measured. If taken to completion, then Cf can be eliminated from the equation.

Dar = Mt2rt / [4(Ci - Cf) 2 t] (3.67)
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Assumingthat the ionic species diffuses completely through the liquid, then D_r can be

related to the diffusion coefficient through pure water, DAB. This is desired since these

pure coefficients are readily available. Therefore, D_r can be related using DAB multiplied

by some transmission factor. This transmission factor has been correlated to several

parameters such as the moisture content of the soil, C__, the tortuosity through the

porous soil, z, and the buffeting capacity of the soil, b = dC/dC_ [Wamcke and Barber,

1972; Bar-Tal, et al., 1993]. This relationship is shown in Equation (3.68).

Dar = DAB _ _ / b (3.68)

If the soil does not contain a buffering capaeity sueh as is the case for hydroponic systems

(see Sections 4.1.1 and 4.2.2), then the effective diffusion coefficient can be estimated

based on the porosity of the media, e, as shown in Equation (3.69) [Geankoplis, 1983].

Dar = DAB (e / Z) (3.69)

In order to estimate the tortuosity for either Equations (3.68) or (3.69), the following

correlation, Equation (3.70), to the soil volumetric water content has otten been used

[Oates and Barber, 1987; Cox and Barber, 1992].

x = 1.58 _- 0.17 (_ > O. 12) (3.70)

Finally, for the Miehaelis-Menten kinetic parameters, J_,,_ and _ these can be

estimated using standard procedures where the uptake rates into plants, Jc, are measured

as a function of various solution concentrations, C [Taiz and Zeiger, 1991]. By graphing

these results on a Lineweaver-Burke plot of 1/Jc versus 1/C, the ldnetie constants can be

determined from the slope ( = K,_ / J_,,_) and y-intercept ( = 1/J_,m_). This relationship is

shown in Equation (3.71) where the root absorbing power, k, has been substituted in for

the inverse of the slope (k = Je, max/ I_).

1 K_ 1 1
-- +

Jc Jegmx C_ Je,max

1 1 1

k _ J_

(3.71)
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CHAPTER4 - CONVENTIONAL HYDROPONIC SYSTEMS

This chapter provides the background information specific for the production of

plant biomass utilizing conventional hydroponic solutions and systems. In Section 4.1, a

review of basic hydroponic solutions is provided. This starts with a description of some

standard formulations followed by a discussion of the common methods of altering these

mixes for specific purposes. Special attention is given to maintaining the osmotic potential

after modifying a nutrient solution. In Section 4.2, a review of the conventional

hydroponic systems that are used both expedmentally in research as well as practically in

greenhouse industry is provided. This will include descriptions of various soil-like media

as well as soft-less culturing techniques.

4.1 Hydroponic Solutions

From the background information provided in Chapter 2 on plant nutrient uptake,

the successful growth and cultivation of plants requires the adequate and specific supply of

13 inorganic nutrients. These include the macro-nutrients of ammonium or nitrate nitrogen

(NI-h ÷ or NOr), phosphate (H2PO4", HPO42", PO4_), potasfium (K+), calcium (Ca2+),

magnesium (Mg2+), and sulfate (SO42"). Similarly, the micro-nutrients of iron fie 2+, Fe3+),

chlorine (CI-), manganese (Mn2+), borate (B4072", BO3_), zinc (Zn2+), copper (Cu +, Cu2+),

and molydate (MOO42") are required to be supplied at specific concentrations as well. In

order to supply these essential nutrients, several hydroponic solutions have been devised

and modified for the specific needs of the plants grown.
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4.1.1 Standard Nutrient Solutions

There are several mixes of hydroponic nutrient solutions that can be concocted

based on the differem types of salts and concentrations used. One of the original solutions,

Sachs' solution, was developed as early as 1860 but only consisted of KNO3, Ca3(PO4)2,

MgSO4, CaSO4, NaCI, and FeSO4 [Hoagland and Amon, 1950]. Although this solution

mainly consisted of macro-nutrients, successful plant growth was probably achieved due

to the presence of the micro-nutrients as water impurities. This solution, along with

another developed at approximately the same time by Knop, was subsequently used mainly

as a means to study plant nutrition. In 1938, Hongland's #1 solution was developed which

contained all of the inorganic dements essential for plant growth [Resh, 1978]. This

formulation was further refined to include the ammonium ion as is preferred by some

plants. This second solution is referred to as Hoagland's #2 solution, differentiating it fi'om

the previous mixture [I-Ioagland and Arnon, 1950]. With the advent of these solutions that

were considered to be complete with all the essential nutrients, commercial hydroponic

cultivation began to receive attention. This was particularly true for agromonieally

signitieam crops produced in areas where the land is non-arable or limited [Resh, 1978;

Sehwarz, 1995]. Today, over 300 different nutrient solutions of various formulations have

been developed and are widely used in seientiiie research as well as commercial practice.

A review of some of these nutrient solutions are presented in Table 4.1 [Resla, 1978;

Hoagland and Arnon, 1950; Mackowiak, et al., 1989; Hewitt and Smith, 1974].

The typical salts that are used to produce these nutrient solutions can be of various

composition [Resh, 1978]. Anionic species such as sulfate, chloride, nitrate, and

phosphates are generally associated with the essential cationic nutrients to form the salt.

For example, Ca can be supplied as calcium sulfate (CaSO4), calcium chloride (CaC12),

calcium nitrate (Ca(NO3)2), or monoealeium phosphate (Ca(I-I2PO4)2), among others.

Furthermore, these salts can be of different grades such as commercial, reagent,

greenhouse, or food grades. The differences in the grades of fertilizer salts are the levels of

impurites that are present. Similarly, the quality of water that is used to dissolve the salts

such as distilled, irrigation, or tap water can also introduce significant impurities. These
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impuritiescanincreasethe quantityof a nutrient,particularly the micro-nutrients, above

the desired levels [Schwarz, 1995]. Furthermore, non-essential nutrients such as sodium

and fluorine may be introduced into the solution causing deleterious effects to the plant

[Hoagland and Amon, 1950]. Finally, the lower grade salts can contain inert carriers such

as clays or silt particles which can clog the hydroponic system ['Resh, 1978].

Table 4.1 Nutrient Solution Formulations

Forumulation

Nutrient

Macro: (raM)
NH4+-N
NOf-N

P

K

Mg
Ca

S

Micro: (vM)
Fe

Cl

Mn

B

Zn

Cu

Mo

Sachs" i Knop's
(1860) (1865)

m m

10.0 12.0

3.2 1.5+

10.0 3.5

2.0 0.8

7.7 5.0

5.0+ I 0.8

Trace Trace

4300 ---

Non-Essential: (raM)
Na 4.3 _-

Si

Hoagland's #11Hoagland's #21NASA's

(1938) (1938) i (1989)

_m

15.0

1.0

6.0

2.0

5.0

2.0

50.0

18.0

9.0

46.0

0.8

0.3

0.1

1.0 n

14.0 15.0

1.0 1.0

6.0 6.0

2.0 2.0

4.0 5.0

2.0 2.0

50.0 100.0

18.0 *

9.0 8.0

46.0 80.0

0.8 0.8

0.3 0.3

0.1 0.1

0.3

+ Additional quantity of these nutrients due to their combination as trace iron salts.

* Added with the micro-nutrients as chlorine salts but concentration not reported.

Another consideration when choosing the appropriate nutrient components is the

quantity of water that is present in the base fertilizer salt. They can be in the anhydrous

form such as MgSO4 or CaSO4 or the hydrated form such as MgSO4.7H20 or

CaSO4.2H20. When concocting the nutrient solution, the difference in molecular weight
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due to the hydration (18.0 g/tool for each water molecule) will effect the concentration

when a specific amount of the salt is weighed. Therefore, the exact salt composition

utilized needs to be carefully monitored. This factor has often gone uncorrected when

nutrient solutions are prepared [Owens and Miller, 1992]. Furthermore, these errors are

often perpetuated when cited in the literature. For example, Knop's solution often has

MgSO4 listed [Hoagland and Amon, 1950] while the actual formulation requires the

hydrated form. If the anhydrous form were used at the quantities quoted, then this would

result in increases fi-om 0.8 to 1.7 mM for both Mg 2÷ and SO42" cone, entratiom.

Another important factor to consider when using nutrient solutions to cultivate

plants in a hydroponic system is the solubility of the salts that are utilized [Resh, 1978].

This is particularly true for iron which is highly susceptible to preopitation (low

solubility), particularly due to changes in the pH [Hoagland and Amon, 1950]. In order to

maintain appropriate levels of Fe in the solution, chelated iron often has to be utilized as

the source of this essential nutrient. Typical artificially produced chelating compounds

include ethylene diamine tetraacetic acid (EDTA), ethylene diamine dihydroxyphenylacetic

acid (EDDHA) [Resh, 1978], N-(2-hydroxyethyl)ethylene diamine triacetic acid (HEDTA)

[Mackowiak, et al., 1989], and diethylene triamine pentaacetic acid (DTPA) [Parker, et

al., 1992]. In terms of natural plant metabolism, tomatoes were shown to increase the

production of oxalate and citrate which also chelate Fe under deficient conditions [Holden,

et al., 1991]. These soluble organic components bind the nutrient ion and maintain the

solubility even when the pH levels change. Other chelated nutrients that are sometimes

used in hydroponic solutions include Zn [Parker, et al., 1992] and Mn [Resh, 1978].

Since pH has such a profound effect on the solubility of the nutrient ions, this

factor needs to be expressly monitored and controlled fi,om the onset of hydroponic plant

production. In general, nutrient solutions are initially set at a pH ranging fi,om 5.5 to 6.5

[Resh, 1978] with the optimum pH determined by the plant species grown and the

composition of the rooting medium. For tomato plants, this value has often been set to

approximately 5.8 which is the average value found to be optimum for root (pH 5.5) and

shoot (pH 6.0) growth [Adams, 1986]. This initial pH is usually accomplished by adding
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an acid or base which contains essential elements such as HNO3, H2SO,, KOH, NH3, etc.

However, as plants are cultivated on the solution, the roots selectively absorb nutrients at

different rates [Hoagland and Arnon, 1950]. This is due to the different demands based on

the plant growth stage as well as enviromental factors affecting the growth, including the

volume of solution available. This differential uptake can alter the acid-base characteristics

of the solution leading to a substantial change in the pH. This can lead to the precipitation

of certain nutrients as was discussed earlier. In order to correct this occurrence, the acids

and bases listed above can be added as appropriate. Furthermore, buffering components

containing a combination of either a weak acid and a basic salt or a weak base and an

acidic salt can be added to the nutrient solution in order to counteract the changes in pH.

4.1.2 Alterations of Standard Nutrient Solutions

Although a single solution is not superior to the rest [Hoagland and Arnon, 1950],

much research has been conducted on optimizing a formulation based on the specific crop

produced. This has been widely accomplished by commercial greenhouses and is

particularly true for nitrogen nutrition as NO3" or NI_ + since some plant species prefer one

nitrogen form over the other. In tomato plants, nitrate is preferred over ammonium;

therefore, formulations modified from solutions such as Hoagland's #1 hydroponic

solution are often utilized [Ikeda, et al., 1992]. Furthermore, the nutrient mixtures

presented in Table 4.1 have also been adjusted based on the specific experimental

conditions under examination for nutrient studies.

One important factor to consider when altering the composition of a nutrient

solution is the effect on the water potential, _F. Specifically, a change in water potential at

the root-zone can have a profound effect on the nutrient uptake capacity of plants [Glass,

1989]. As determined in Equation (2.2), the osmotic component, -Tt, of this water

potential, equals -RTCs where C_ is the osmolality measured as moles of solute per kg of

water, regardless of the solute composition [Taiz and Zeiger, 1991]. In order to balance

_F, this total solute concentration must be maintained at the control levels even though the
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concentration of the individual nutrients can be altered. Experiments conducted that do

not take this stipulation into account may lead to erroneous conclusions simply by

attributing the results to the changes in nutrient levels instead of to the altered solution

transport characteristics caused by the water potential changes. This is illustrated in the

following example where the effects of nitrogen form (NOr or NH4 +) on the ag_milation

rates in tomatoes (cv. Fukuju Nigo) were examined [[keda, et al., 1992]. During this

experiment, 100 mg/L of nitrogen were supplied as NaNO3 (two solutes), (NI-h)_S04

(three solutes), or NH,N03 (two solutes). The different solute counts for these three salts

contribute 14.3, 10.7, and 7.1 mmol/kg, respectively, to the total solute concentration, C_.

According to Equation (2.2), the soil water potential, _, would become less negative

with the NH4÷--containing solutions as compared to the nitrate-only solution. When

compared to Equation (2.5) for the root water potential, ti'_ot, which is more negative

than the soil potential, faster uptake rates should result with the two NI-h + salts since the

water potential gradient between the roots and the soil would be larger. These differences

were not taken into consideration during these experiments which did report uptake rates

that were greater with the two ammonium treatments. However, whether the observed

effects can be attributed to the differences in the form of nitrogen or to the different water

potentials is not separable. Therefore, the conclusions obtained may be suspect since the

total osmotic potential of the nutrient solution was altered which leads to different nutrient

uptake capacities anyway [Glass, 1989]. Unfortunately, this problem is far more prevalent

during macro-nutrient studies than during the micro-nutrient counterparts simply due to

the concentrations involved and their respective contributions to the osmotic potential.

Another factor to consider during nutrient uptake studies is the form of the various

replacement salts that can be used in the standard solution to change the composition of a

particular essential element. In conjunction with the changes in composition, these

alterations in the formulation lead to changes in the concentrations of various other

elements in solution in addition to the target nutrient. These additional variations have also

been ignored in several cases as the possible reasons for the observed effects which are

usually only attributed to the nutrient spedtically examined. As an example, during
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mother study involving the effects of different ratios of NOf/NI_ ÷ concentrations on

tomato plants (cv. Ailsa Craig), modified full strength Long Ashton solutions were utilized

but with constant osmotic potentials [Qasem and t-Ydl, 1993]. The original formulation for

this solution containing only nitrate-N [Hewitt and Smith, 1974] is reviewed in Table 4.2

along with the total solute content contributed by the inorganic ions. In order to modify

this solution to contain 3:1, 2:2, 1:3, or 0:4 ratios of nitrate to ammonium concentrations,

different salts contahning sodium, chloride, and sulfate were utilized to replace the nitrate

with ammonium and to maintain the osmotic potentials. However, in order to maintain the

solute level as Calculated in Table 4.2 while vabjecting the tomato plants to the various

nitrogen ratios, the concentration of the other essential elements would have to be altered

as well. This is illustrated below for the 0:4 solution and reviewed in Table 4.2.

Table 4.2 Comparison of Long Ashton Nutrient Solutions Modified for Ammonium

Nitrogen Only (Concentrations in mmol/kg)

Macro-Nutrients

l_o-Nutrients

Non-Essential

TOTAL:

Nutrient i

Nt_÷-N

N(h'-N

P

K

Mg
Ca

S

Fe

CI

Mn

B

Zn

Cu

Mo

Co i
!

, Solutes!

Original:
Standard

NOr Only

m

12.0

1.33

4.0

1.5

4.0

1.5122

0.1

0.1

0.01

0.05

0.001

0.001

0.0005

1.431

0.0002

26.0359
i

Modified:

NI-h ÷ Only

(Constant Osmolafity)

8.0

1.33

1.8

1.5

1.8

6.4122

0.1

3.7

0.01

0.05

0.001

0.001

0.0005

1.431

J 0.0002

26.1359

Modified:

NH4+ Only

(Constant Conc.)

12.0

1.33

4.0

1.5

4.0

9.5122

0.1

8.1

0.01

0.05

0.001

0.001

0.0005

1.431

0.0002

i 42.0359
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For the nitrate-only solution presented in the third column from the left in Table

4.2, KN03 and Ca(NO3)2 both supply NOf-N to a concentration of 12.0 mmol/kg

Additionally, the K ÷ and Ca 2÷ ions from these compounds both contribute 4.0 mmol/kg to

the total osmolarity. Using the assumption that the osmolarity was maintained as stated

[Qasem and I-Fill, 1993], then the concentrations of these macro-nutrients would have to

be substantially altered. Since the micro-nutrients and non-essential elements represent less

than 10% of the total 26.0 mmol/kg osmolarity, then these levels will be assumed to be

maintained during this modification. This is also suggested in the literature during the

modification of the Long Ashton solution to contain ammonium-N either partially or

wholly [Hewitt and Smith, 1974]. In order to maintain the total solute concentration

contributed by the macro-nutrients, (NH4)-zSO4, a three solute compound, was suggested

to supply the replacement nitrogen. Similarly, K2SO4 and CaC12 are suggested as

replacement salts for the potassium and calcium requirements in the solution, both of

which contain three solutes as well. As for the magnesium and phosphate levels, these can

be maintained according to original formulations using the same salts of MgSO4.7H20 and

NaH2PO4.2H20 [Hewitt and Smith, 1974]. As illustrated in Table 4.2, maintaining these

individual nutrient levels contributes approximately 6.0 mmol/kg while the remaining 20.0

mmol/kg needs to be contributed by the K +, SO42", CI', and N_ ÷ ions of the replacement

salts. If nitrogen levels were to be maintained at the original 12.0 mmol/kg, then 6.0

mmol/kg of (NI_)2SO4 would have to be used. This would conm'bute 18.0 mmol/kg (12.0

NH4 ÷ + 6.0 SO42") leaving only 2.0 mmol/kg of total solutes from the other two

replacement salts. This would substanfiaUy decrease both K + and Ca 2+ levels in the

solution. On the other hand, if these two cations were maintained at their original levels,

then the K2SO4 and CaCI2 levels would have to be 2.0 and 4.0 mmol/kg, respectively. This

would also provide 18.0 mmol/kg in total solute contributions (4.0 K ÷ + 4.0 Ca 2÷ + 2.0

SO42" + 8.0 CI') leaving only 2.0 mmol/kg of total solutes from the ammonium salt. Again,

this would be a substantially deficit solution. Using only 4.0 mmol/kg of the ammonium

salt yields 8.0 NH4 ÷ and 4.0 mmol/kg SO42". This total of 12.0 mmol/kg of solutes leaves

8.0 mmol/kg to be contributed by the other two replacement salts. Since the original
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formulation called for equal quantifies of Ca 2÷ and K*, then approximately 0.9 of K2SO4

and 1.8 mmol/kg CaCI2 can be utilized, which actually yields 8.1 mmol/kg of total mimes.

This is illustrated in the fourth column from the left of Table 4.2. These calculatiom

illustrate that the suggested replacement salts used during these experiments radically

altered the entire solution composition even though the osmotic potential was maintained.

Similar results can be obtained for solution containing mixtures of nitrate and ammonium.

If it is assumed that the maintenance of all concentration levels was the goal for

modifying the Long Ashton solution, then this would also lead to substantial

compositional changes as well. At the same nitrogen concentration, (NI-I4)2SO4,

contributes 12.0 mmol/kg NI-h* and 6.0 mmol/kg SO42". In order to maintain the original

potassium and calcium levels of 4.0 mmol/kg each, K2SO4 and CaC12 would lead to an

additional 2.0 mmol/kg SO42" and 8.0 mmol/kg cr ions, respectively. These choices for

replacement salts increases the osmotic component, 7t, of the solution water potential from

the original 20.0 mmol/kg contributed by the potassium and calcium nitrates to 36.0

mmol/kg. This modified formulation is presented in the last column of Table 4.2.

Under both calculation procedures of conserved osmolarity or conserved

concentrations, the levels of sulfate and chloride are significantly increased which could

have caused the observed results of decreased growth and nitrogen uptake on the

ammonium only solution. Originally, these were attributed to the differences in nitrogen

form [Qasem and I-fill, 1993]. However, the increased CI" concentration may be

particularly relevant since, as discussed earlier (see Section 2.4) and illustrated in Table

2.4, this essential nutrient plays a substantial role in the maintenance of the

electropotentials across membranes during ion (nutrient) transport [Salisbury and Ross,

1985; Resh, 1978; Taiz and Zeiger, 1991, Adams, 1986]. Therefore, significant changes in

the levels of this ion can alter the transport characteristics at the root surface.

Furthermore, by simple charge distibution, increasing the negative charge outside of the

root by increasing C1- and SO42- levels in the solution needs to be balanced by either a

similar increase internally or a positive ion remaining outside of the root. This positive ion

may have been the ammonium ion. Thus, N_* uptake may have been depressed due to
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the increased external anionic levels instead. Furthermore, when plants experience salt

stress conditions, the tissues undergo osmotic regulation either by altering the uptake of

inorganic nutrients or by producing organic solutes (amino acids, organic acids, and

soluble sugars) internally [Perez-Alfocea, et al., 1993].

One method that has been widely used to modify the osmotic potential of a

hydroponic solution is the addition of non-penetrating solutes such as high molecular

weight polyethylene glycols (PEG) or mannitol [I-Iohl and Schopfer, 1991]. The PEGs that

have been used as hydroponic solution osmotica range in molecular weights from 1,000 to

20,000 [Yaniv and Werker, 1983]. However, the lower molecular weight PEGs as well as

the mannitol have been shown to enter the root apoplast and even the symplast which can

lead to the transport of the solutes in the transpirational stream [Yaniv and Werker, 1983;

Hohl and Schopfer, 1991 ]. Therefore, the results obtained from these experiments may be

suspect due to the altered transport characteristics imposed by the supposedly non-

penetrating solutes. Using a higher molecular weight PEG (6000), leaf dry weights, plant

biomass, tissue hydration, and imemal nitrate and potassium concentrations were shown

to decrease in several Lycopersicon esculentum MAll. tomato cultivars (Pera, P-73, and

Volgogradskij) and a wild relative, L. pennellii (Corr.) D'Arcy accession PE-47, subjected

to -0.50 MPa osmotic stress for 3 weeks [Perez-Alfocea, et al., 1993]. However, it has

not bee_ excluded that the higher molecular weight PEGs may behave in the same manner

during long term experiments as the lower molecular weight PEGS during short term

experiments [Hohl and Schopfer, 1991]. In fact, eight different plant species including

tomato were subjected to different molecular weight PEGS for 24 hrs leading to the

deposition of white material on the leaves. This material was later identified as the

osmotica indicating the presence in the transpirational stream [Yaniv and Werker, 1983].

Furthermore, root morphology was altered when subjected to these osmotica by

decreasing root length and increasing diameter [Materechera, et al., 1992].

Since plants grown in the soil are often subjected to additional elements present,

some studies have been conducted using hydroponic solutions to investigate their effects

on plants. In order to study these effects of typically non-essential nutrients on the growth



9O

anddevelopment of plants, the standard or optimally modified hydroponic solutions can be

supplemented with additional quantities of the element. Some elements that have been

found to be beneficial to plants, yet non-essential, include silicon, sodium, cobalt, and

selenium [Mackowiak, et al., 1989; Miyage and Takahaslfi, 1983; Menzies, et al., 1991].

Conversely, others lead to detrimental results such aluminum and fluorine [Akeson and

Munns, 1990; Barrachina, et al., 1994]. These elements are added as various salts as well.

4.2 Conventional Hydroponic Systems

From the discussion of the previous chapter, it becomes evident that a fight control

of the plant nutrient environment is required in order to maintain growth at an optimum

level. For the conventional growth of plants, the inorganic nutrients are present in the soil

itsel£. However, these crops are subject to other environmental factors such as climatic

conditiom, growth seasons, and diseases and pests. On the other hand, the inorganic

nutrient requirements of plants grown hydroponically are maintained through the use of

the non-limiting nutrient solutions presented earlier. Furthermore, hydroponic systems can

be m:_imair_ed indoors which allows for the optimal control of the growth environment.

There are two main types of hydroponic systems, ones that utilize an artificial soil-

like medium in conjunction with the nutrient solution and those that are completely

soilless, utilizing only the nutrient solution. The systems that are categorized in latter of

these two types are considered true hydroponics according to the definition of the word

(hydros = having to do with water + ponos = labor) [Schwarz, 1995]. Common to all is

their ability to simulate the growth of plants as if maintained in soil. There are three soil

characteristics which must be replicated in order for the plants to survive. These are root

aeration, root-zone darkness, and plant support [Salisbury and Ross, 1985; Resh, 1978].

In order to obtain root aeration which is necessary for the normal respiration

processes required for growth, several methods can be employed. These include direct

aeration or agitation of the nutrient solution or by utilizing a rapid continuous flow system

to _ an adequate dissolved oxygen content [Schwarz, 1995; Bugbee and Salisbury,
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1988]. In some systems, this requirement is obtained using an ebb and flow design where

nutrient solution is introduced into the rooting medimn and then drained to allow the

aeration to occur [Resh, 1978; Schwarz, 1995]. Alternatively, the Nutrient Film

Technique (NFT) can be employed which utilizes a continuous flow design. However,

slower flow rates, larger surface area, and shallower solution levels are utilized. The

increased surface area provides for higher oxygen transfer rates in the solution while the

shallow liquid levels insures that some roots are always exposed to air [Cooper, 1979].

For the second criterion of root-zone darkness, opaque building or covering

materials can be employed to contain the plant roots in the dark. This criterion is necessary

in order to prevent the excess growth of algae which wig compete directly for the

nutrients present in solution [Resh, 1978]. One of the inherent disadvantages is that this

severely restricts the building materials which can be used. An early impetus to the wide-

spread commercialization of hydroponic growth systems was that the necessary building

materials were expensive and required excess maintenance. However, with the

introduction of light weight plastics such as polyvinylchloride (PVC) tubing and

polyethylene sheets, these problems have been for the most part solved [Resh, 1978].

In addition to supplying root-zone darkness, the cover materials also provide the

plants with physical support. Furthermore, the use of artificial soil mediums such as sand,

peat, gravel, vermiculite, rock'wooL sawdust, and others provide a physical structure for

which the roots can adhere to in order to support the plants. The differences between the

various rooting maldcies that are _ include the water holding capacity, leaching

capacities, durability, porosity, and the ease of ste "nlization [Resh, 1978; Schwarz, 1995].

4.2.1 Comparisons between Hydroponic and Soil-Based Agriculture

In order to determine whether soil or hydroponic cultivation of plants is more

advantageous, a cost analysis can be used [Pena, 1985; Schwarz, 1995]. This is generally

based on several cost factors including the mount of land present, the initial investment

for constructing the facility, and the costs of maintaining a controlled environment



92

throughout the repeated life cycles of the plants. This is balanced by factors such as the

growth and yield of the crop grown under normal and controlled environments as well as

the value and demand for the crop commercially.

When land space and irrigation are in ample supply, the use of the conventional

farming may be more advantageous due to lower economic costs. Although the majority

of the nutrients are present in the soil, depletion can become a problem when successive

cropping over several generations is maintained. One method which is widely used to

compensate for this problem in the short term is the use of crop rotation procedures [Oyer

and Touchton, 1990]. Since plant species usually have a differential accumulation of

certain nutrients, the growth of one species may not deplete the nutrient required during

the growth of another species maintained later on the same soil. In addition, nutrients

utilized by one crop can be replenished by another which could be used to reduce the

fertilizers that would normally be required to maimain a single crop. Although this crop

rotation technique may replenish certain nutrients while producing high yielding crops,

fertilization cannot be avoided entirely. For a more long term solution to the problem of

nutrient depletion, application of fertilizers to the crop rotation cycle is widely practiced.

When land area is limited or vast regions are non-arable, the use of a hydroponic

growth system to cultivate crops may be more advantageous. Comparable studies between

sot-grown and nutrient culture-grown plants reveal that there are several advantages of

the latter growth method over the conventional means. These include increased

production yields, faster growth times, absence of competitive organisms, decreased

growth area per plant [Resh, 1978], and little or no stress resulting from water, nutrient,

soluble salts, oxygen, or pH status [Schwarz, 1995]. In addition, the growth conditions

such as light requirements, pH, relative humidity, temperature, and carbon dioxide

concentration in the air are more easily controlled and maintained [Romero-Aranda and

Longuenesse, 1995; Galtier, et al., 1995]. The harvesting of crops from a hydroponic

system is easier than the sot-grown method since roots and leaves are cleaner and the

changes to new crops can be done fairly rapidly [Cooper, 1979]. Adequate growth

chambers have been built which can supply plants with the necessary conditions for
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growth [Wheeler, et al., 1990]. Perhaps the most important aspect of a nutrient culture

system is that the delivery of nutrients and water is no longer limited by climatic conditions

such as those present on Earth. Since the nutrients supplied in hydroponic solutions are

adequate to sufficiently grow many plant types, application in a multiple crop hydroponic

system would be possible [Stroup and Schwartzkopt_ 1992].

The initial costs to construct and set up a hydroponic system, excluding the

housing facility, ranges upto $83,000 per hectare, depending on system type and location

[Schwarz, 1995]. In the United States, a complete medium sized greenhouse facility can

cost $400,000 [Carpenter, 1985]. As for the operating costs of maintaining a growth

environment, this depends upon the mount and efficiency of control desired or required

based on the ambient atmospheric conditions at the location. An example of extremely

high construction and operating costs would be NASA's Closed Ecological Life Support

System Breadboard Project which utilizes a complete control of the environment

[Avemer, et al., 1987]. Furthermore, this ongoing project has the goals of producing

crops on a space station where all environmental components will be provided artificially.

On the other hand, the production capabilities with hydroponics can be substantially higher

than with soil on a per acre basis. For example, 60-300 tons of tomatoes can be produced

hydroponically compared to 5-10 tons using soil [Resh, 1978]. Similar results have been

obtained many other crops such as soybeans, peas, wheat, rice, oats, potatoes, cabbage,

lettuce, and cucumbers [Resh, 1978] as well as ornamental flowers [Schwaxz, 1995].

Today, hydroponics are utilized in the United States, Italy, France, the Netherlands,

Germany, England, Belgium, the former USSR, Japan, Canada, Israel, Singapore, India,

Kuwait, and the Canary Islands [Schwaxz, 1995; Van de Vooren, et al., 1986].

Furthermore, tomatoes are one of the most widely produced hydroponic crops [Van de

Vooren, et al., 1986]. These production facilities such as those established by Archer-

Daniels Midland, PhytoFarm, and Geniponics are becoming more economical and efficient

leading to increased commercialization ['Field, 1988]. Increases in technology leading to

optimized growth environments, recirculation and regeneration of nutrient solutions, and

automation have caused these endeavors to become financially applicable.
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4.2.2 So.Like Cultures

In addition to the factors such as location, ambient atmospheric conditions, and

available land, the choice to use hydroponic also depends upon the type of system utilized.

There is quite a diverse selection of hydroponic systems which have been developed over

the past century. These include the systems that utilize a soil-like medium such as those

classified as sand and gravel systems. The difference between these two types of soil-like

hydroponic systems is in the relative size of the particles utilized [Schwarz, 1995]. The

sand systems have particle diameters upto 3 mm and utiliTe substrates such as sand,

vermiculite (magnesium aluminum silicate), perlite (siliceous volcanic rock), plastics

(polystyrene, polyurethane, urea-formaldehyde, polysterene), rockwool granules (various

inorganic oxides), and others. The gravel type systems such as gravel, basalt, pumice, lava,

and others utilize particles with diameters greater than 3 ram. Furthermore, these inorganic

substrates have also been mixed with known quantities of organic components such as

peat (sphagnum, sedge, hyphum), bark, sawdust, and manure. The use of these additives is

practiced due to their pH-buffefing effects and water and air holding capacities.

The utilization of these various soil-like media provide the three characteristic

requirements of a hydroponic system of root aeration, root-zone darkness, and plant

support. Another advantage to using these alternative mediums is that a continuous flow

system can be utilized as well. Typically, both of these systems utilize above ground

irrigation systems such as distribution sprayers or perforated pipes. Additionally for the

gravel type systems, sub-surface irrigation has also been applied where the entire bed is

filled with nutrient solution and then drained in the ebb and flow design [Schwarz, 1995].

The common reservoir utilized with these systems can be used to regenerate the nutrient

solution from the returned mixture as well as to alter the composition in the middle of the

growth cycle as plant demands change. An additional advantage of this particular system is

that it can support relatively tall plants such as tomatoes and cucumbers [Cooper, 1979].

As to whether a particular growth medium is better than another, conclusions are difficult

to make since the responses by different plant species varies with the media.
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There are also several disadvantages associated with these types of hydroponic

systems. These soil-like media generally require repeated sterilization using steam at 180

°F or chemical means sueh as ehloropierin, methyl bromide, and formaldehyde pumped

through the irrigation system [Resh, 1978]. Furthermore, these systems require a large

amount of material handling particularly during set-up and some times during sterilization.

Another disadvantage to using soil-like substrates is that the turnover rate between crops

can be substantially slowed by complex rooting systems intermixed with the particulates.

Inefficient separation methods can lead to a reduction in material, requiting replacement.

Since the particles are soil-like, they can also contain substantial quantities of essential and

non-essential solutes which can be leached in to the nutrient solutions [Resh, 1978]. For

example, the composition of roekwool which is artificially produced include SiO2, A1203,

CaO, MgO, Fe203, Na20, K20, MnO, and TiO2 [Sehwat-z, 1995].

4.2.3 Soilless Cultures

As stated earlier, true hydroponics is the growth of plants without the benefit of a

soil or soil-like medium. Typical water culture methods include floating systems, trough

systems, Nutrient Film Technique (NFT), and aeroponies [Cooper, 1979; Resh, 1978;

Sehwarz, 1995]. Each of these systems can utilize some sort of support medium such as

perforated plastic sheets, wood, wire, or rockwool slabs. These materials provide the

necessary plant support as well as root-zone darkness. In order to provide the necessary

aeration, several methods are available depending upon the system utilized. The general

advantages of these water culturing techniques over the soil-like media include the

elimination of sterilizations, rapid turnover, and precise solution control [Resh, 1978].

A typical floating system utilizes a light weight synthetic medium such as

styrofoam, plastics, or roekwool slabs for support and root-zone darkness [Resh, 1978;

Sehwarz, 1995]. In this design, the plants are grown in holes made through the support

medium and floated on top of the nutrient solution. These materials, particularly the

roekwool slabs, are constructed such that the plants roots can grow directly into the
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support medium itself yet remain in contact with the solution contained in the pores. Two

types of system configurations can be utilized with these floating devices. This includes the

tank cultures which utilizes a single solution or the continuous systems which circulates

the nutrient solution from a common reservoir. In order to supply proper aeration to the

roots, air can be directly bubbled into the solution or rapidly flowed to promote oxygen

transfer. However, this represents the major disadvantage of these flooded type

hydroponic systems as proper aeration can be ditficult to achieve [Resh, 1978].

Furthermore, for the rockwool systems, these materials are generally not reused. The

advantages to these types of hydroponic systems are relative cheap costs for materials and

the applicability to a conveyor type design where plants are initiated at one end and floated

down to the other end where they are harvested [Schwarz, 1995].

Typical systems which utilizes troughs for growing plants include open and closed

designs. The basic concept behind these systems utilizes the effects of gravity to pull liquid

down a sloping gradient. For the closed systems, the solution is drained into a nutrient

reservoir and then pumped back up to the top of the gradient [Cooper, 1979]. This large

mount of pumping can be a source of considerable economic input. Alternatively, the

open systems do not reuse the solution once though the trough but utilize considerably

slower flow rates to promote nutrient depletion [Schwarz, 1995]. The troughs in which

the solution flows can be dug directly into the ground and lined with a water-proof

material, or the material can simply be suspended above ground. In order to reduce algal

growth and maimain root-zone darkness, the water-proof material can be enclosed at the

top with just the terrestrial portion of the plant exposed.

The advantages of these systems include easy construction and operation,

maintained solution levels, accommodation of large root systems, and high plant densities

[Cooper, 1979", Schwarz, 1995]. On the other hand, a major disadvantage is that the plants

cannot be initiated in this system but must be transplamed from some other source. A

problem with this is that plants can undergo transplanting shock which can severely reduce

the rate of growth of the plants [Resh, 1978]. Similarly, deficiency and toxicity symptoms

have often been seen alter such procedures have been conducted [Bugbee and Salisbury,
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1988]. Another disadvantage to these water culturing techniques is that the pH buffering

capacity is very low leading to sudden and possibly extreme shifts in pH [Schwarz, 1995].

A variant of the trough system is the NFT system which is widely used in research

as well as commercial practice. This technique utilizes a thin film of solution where the

roots grow directly into the solution forming an approximate two dimensional system.

These two dimemional root mats can be sufficient to provide the plant with the required

support without the use of additional support systems. The large surface area to volume

ratios associated with this design allows for proper oxygen transfer into the solution to

occur without the need for extra aeration [Cooper, 1979]. Furthermore, as the plants

develop in this system, aeration is achieved due to the upper surface of the roots being in

continuous contact with the moist air while the lower half remains submerged. This has

the added advantage over conventional trough systems in that aeration is maintained

without excessive flow rates or supplemental air pumping. Inherent disadvantages of this

system include the requirements for a uniform downward gradient, larger areas for the

root mats, and maintanance of the thin film after the root mats develop in the channel.

The last type of water culturing technique is aeroponics which utilizes a dosed

environment for the roots which are periodically moistened with a fine mist of nutrient

solution [Sehwarz, 1995]. The enclosures used to confine the roots in the dark can be

constructed of the light weight plastics presented earlier. The high relative humidites that

are maintained within the chamber provides the plant roots with the proper aeration with

simultaneous nutrition. In order to provide the appropriate misting within the system,

sprayers are located evenly throughout the periphery of the container. The obvious

disadvantages of this type of system is the complex fluid handling and misting devices that

have to be installed as well as transplantation requirements. Furthermore, each container

can only accommodate a limited number of plants. Of all of the hydroponic systems

reviewed, this system is the only one which has not been implemented commercially.



98

CHAPTER 5 - CAPILLARY EFFECT ROOT ENVIRONMENT SYSTEMS

In order to facilitate the investigation into the effects of root-zone water potential

on nutrient uptake, this chapter reviews a special category of nutrient delivery systems,

known as the Capillary Effect Root Environment Systems (CERES). In Section 5.1, the

theoretical concept for the capillary supply of nutrients from these systems to plant roots is

described. This includes a review of the various materials tested and the different designs

that have been implemented. Next, Section 5.2 describes the physical and mathematical

models developed for a specific CERES system known as the Porous Ceramic Tube -

Nutrient Delivery System (PCT-NDS). This includes the characterization of the porous

tubes used as an artificial root environment as well as a description of the affecting forces

developed into a mathematical model. This is followed with Section 5.3 reviewing the

experiments accomplished on verifying this model equation for the PCT-NDS. This

includes a review of the theoretical development of the operational limits for the system as

well as a description of the static experiments used for verification. Furthermore, the

results of the steady state flow experiments conducted to examine the effects of pressure

drop through the ceramic tubes are reviewed. Finally, Section 5.4 presents the experiments

performed to verify the control equation that was developed for this system. Specifically,

dynamic experiments were conducted which subjected the system to non-standard

gravities ranging from near-zero to twice standard gravity. Furthermore, this control

equation was tested and verified experimentally under sustained hyper-gravities ranging

upto 10 g's using artificial gravitational fields.
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5.1 Theoretical Concept and Initial Designs

The Capillary Effect Root Environment Systems (CERES) were originally

developed for use by the National Aeronautics and Space Adminstration (NASA). In

order to produce higher plants in space, adequate nutrient solution and oxygen need to be

supplied to the plant roots just as under conventional conditions such as here on Earth.

However, since surface tension forces become dominant in the absence of a substantial

gravitational field, liquid would tend to form globular clusters and literally float around

within the growth chamber. This could cause potentially fatal accidents particularly with

the highly sensitive electrical systems onboard a space capsule or shuttle. Therefore, the

development of the CERES was prompted as a unique means to overcome the fluid

handling and gas separation problems experienced in micro-gravity [Wright and Bausch,

1984]. Furthermore, these systems have been designed to satisfy the soil characteristics

required for plant survival of root aeration, root-zone darkness, and plant support. Finally,

these membrane systems allow for the discrete control of the water potential fight at the

root-zone making an effective tool for research purposes [Dreschel and Sager, 1989].

5.1.1 Theoretical Concepts

As a variation of a Nutrient Film Technique (NFT) system, the CERES concept is

based on utilizing the physical separation of the liquid and gas phases through the use of

semi-rigid or rigid, micro-porous, hydrophilic membranes [Wright and Bausch, 1984]. In

order to produce plants on this type of hydroponic system, seeds can be directly

germinated on the membrane surface [Dreschel and Sager, 1989]. This compensates for

the transplantation problems encountered with the standard NFT systems. In order to

ensure proper aeration, the plant roots are contained on the gas phase side but in direct

contact with the membrane. Instead of flowing the nutrient solution in a thin film over the

root mat as in the NFT system, the solution is contained within the matricies and on the

surface of the membrane. The effect of capillary rise caused by the dominant surface

tension forces through the matricies allows for the solution contained on the liquid phase
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side to form a thin stagnant film on the gas phase side of the membrane. In order to retain

the liquid phase, a slight suction must be applied to draw solution from a reservoir [Wright

and Bausch, 1984]. As the plants grow, the roots are maintained in direct contact with the

porous matrix and absorb the required nutrients in that manner. Since the formation of the

film is relatively thin, the roots are also exposed to the air which provides the necessary

aeration. In order to maintain the root-zone darkness, this system can be covered with a

polyethylene sheet which also provides the plant with the necessary support. By using

micro-porous membranes with average pore diameters that are less than the size of the

root hairs, root penetration into the matricies is restricted [Bausch and Wright, 1985].

When dealing with an altered gravitational environment which is the original

application for these systems, the flow characteristics of a nutrient delivery system will be

seriously affected [Wright and Bausch, 1984]. First and foremost, there can be no free

liquid entering or leaving the system since it would literally just float away [MacElroy,

1991]. Therefore, the entire nutrient solution must be in a self-contained vessel. This

further complicates the ability to supply the roots with adequate aeration since normal

gravity dependent gas separation processes (bouyancy) would no longer occur. In

particular, the normal functiom of root aeration to supply oxygen for respiration processes

[Bausch and Wright, 1985] and carry away excess carbon dioxide will cause an

accumulation of these gases in the liquid phase. This accumulation will effectively interfere

with the flow of the liquid as well as reduce the contact between the roots and the nutrient

solution. Therefore, a complete separation of the gases from the liquid medium is required

when the influences of gravity are reduced. In order to overcome this situation, the

membrane based CERES systems were developed.

5.1.2 Flat Plate Designs

Initial constructions of this type of hydroponic system utilized 10 by 10 em plates

supported by a coarse plastic screen laid in the flowing solution [Wright and Bausch,

1984]. A schematic design of this system is reprinted in Figure 5.1 along with an
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adjustment that was made to remove excess air bubbles from the solution [Bausch and

Wright, 1985]. In this modified design, a hydrophobic membrane is laid parallel to the

hydrophilie membrane separated by another mesh screen. Any air bubbles in the nutrient

solution will be drawn towards the hydrophobic plane and subsequen_dy removed. This can

be accomplished as long as the pressure beneath the hydrophobic membrane is less than

the pressure of the flowing solution. The materials used in the construction of this CERES

system were a polysulfone hydrophilic membrane (0.45 microns), a Teflon hydrophobic

membrane (same pore size), and polyethylene coarse mesh screens.

a)

t
r

Pwi <Pa

_ Membrane

!

b) Hydrophilic

Hy_hobic
Scre_ not shown

Pwi <Pa Pare < Ps_ Pv_ < Pwi

Figure 5.1 Reprints from Wright and Bausch, 1984: (a) A Cross Section Illustrating the

Operational Prindples of the Capillary Effect Root Environment System and Co) The

Hydrophilic/I-Iydrophobic System for Removing Air Bubbles l_om the Hydroponic

Solution in Micro-Gravity
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Several modifications such as the utilization of different materials and altered

geometrical designs have been made to this initial design. Problems due to the lack of

material durability [Dreschel, et al., 1988, Koontz, et al., 1990] as wel as possible

leaching of toxic substances or absorption of organic contaminants [Avemer, et al., 1987]

prompted closer examination of the construction of these systems. Porous stainless steel

plates (type 316) mounted on a PVC framework were substituted into the initial design of

this system [Koontz, et al., 1990]. This alleviated the lack of durability and allowed for

continuous reuse but also introduced the possible absorption of contaminants by the PVC.

This can be particularly dangerous in that these contaminants may be released into the

nutrient solution or onto the root surfaces [Avemer, et al., 1987]. A second problem also

arose due to the uneven distribution of nutrient solution leading to localized drying

[Bausch and Wright, 1985]. This lead to a further modification of the initial design which

utilized two stainless steel plates sandwiched together. The concept behind this design is

that the larger pore sized plate (100 microns) would have a more even distribution of

solution and could equalize the delivery of nutrients to the smaller pore sized plate (0.5

microns) above it. The top plate acted as the root growth surface while the bulk solution

flowed beneath the bottom plate, wetting each plate through capillary action.

A similar adaptation to this original fiat plate design utilized two parallel plates

oriented with the longitudinal axis of the plant shoot instead of perpendicular [Wright and

Bausch, 1984]. Each plate was supplied in a parallel configuration with flowing nutrient

solution with the plant roots placed in between. This supplied the necessary aeration while

increasing the root growth surface area and, thus, the contact area with nutrient solution.

A schematic of this parallel plate design is reprinted in Figure 5.2. This particular CERES

configuration was designed to fit into a space shuttle middeek stowage locker [Wright and

Bausch, 1984]. In addition to the size limitations and complex flow control, the problem

of an uneven distribution of solution also occurred.
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Figure 5.2 Reprint fi'om Wright and Bausch, 1984: Schematic Diagram of a Single Plant
Growth Chamber
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5.1.3 Tubular CERES Designs

In order to compensate for the uneven distribution of solution, another

configuration which utilized a tubular design was concepmaliz_ [Dresch¢l, et al., 1987;

Dreschel, e_ al., 1988]. The initial comuuction of this tubular CERES utilized an acrylic

(Versapor) membrane material formed into a tube and internally supported by a semi-rigid

plastic screen. This cylindrical membrane was then encased in PVC tubing which

contained a slot to accommodate emerging plants. The acrylic material provided a more

durable construction [Dreschel, et al., 1988] but the PVC casing tended towards the

organic contamination discussed eartier [Avemer, et. al., 1987]. Other materials tested

included porous polyethylene tubes [Dreschel, et at., 1988; Dreschel, 1988, Dreschel, et

al., 1990a] and extruded polypropylene tubes [Orbisphere Corporation, 1988]. Exploded

views of various generations of this tubular design are reprinted in Figures 5.3 to 5.5.

Tubular membrane plant growth unit
FITTING FROM NUTRIENT _JPPLY

MEMBRANE TUBE

NLrrRIENT SOLID TUBE

SOLUTION _I I/-_"MEMBRANE TUBE

AIR SPACE

FOR ROOTS _ OPEN TUBULAR SUPPORT

AS_ CROSS SECTION

OPEN TUBULAR SUPPORT

F1TrINO TO HJMP AND

SUPPLY

Figure 5.3 Reprint fi-om Dreschel, et al., 1988: Schematic Diagram ofthe Tubular

Membrane Plant Growth Unit (Original Design)
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Porous tube plant growth unit
FITI_G FROM NUTRIENT SUPPLY

SOLID TUBE WITH HOLES

SPACER

POROUS MATERIAL TUBE

AIR S OOTS_

FOR]

SOLID TUBE

POROUS TUBE

SOU3HON

ASSEMBLED CROSS SECTION

Figure 5.4 Reprint from Dresehel, et al., 1988: Schematic Diagram ofthe First Design of

the Porous Tube Plant Growth Unit

Porous tube plant growth unit

FITIING FROM NUTRIENTT_YsuPPOR T WITH SLOT

_ POLYg'ItrYI..g_

f "NUTRIENT SOLIYrlOH FITTING TO PUMP AND

ASSEMBLED CROSS SECIION NLrlRIEgr SUPPLY

Figure 5.5 Reprint from Dresehel, et al., 1988: Schematic Diagram of the Second Design

of the Porous Tube Plant Growth Unit
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In addition to the problems involving PVC, further problems arose due to the

leaching of toxic substances particularly from black polyethylene. These tubes can release

copper and zinc into the nutrient solution [Avemer, et al, 1987] and although they are

plant nutrients, thek concentratiom may reach toxic levels. A problem that arose with the

polypropylene tubes was that they are naturally hydrophobic. In order to wet these tubes,

a surfactant treatment must be performed which can cause complications if done

improperly. Of the more recent porous materials tested in this tubular configuration,

porous stainless steel (type 316) and ceramic tubes have proven quite successful.

At the Wlscomin Center for Space Automation and Robotics (WCSAR), the

stainless steel tubes (30 micron pore size) have been examined in conjunction with a non-

organic rooting medium such as arcillite (Montmorillonite clay) which is maintained in

direct contact with the tubes [Morrow, et al., I992]. In this nutrient delivery system, the

stainless steel tubes compensate for the fluid handling problems present in a mirogravity

environment while the non-organic medium provides a simulated soil environment for the

roots. The basic concept behind the external medium is that sknultaneous contact of the

plant roots with nutrient solution and air can be maintained. In particular, capillary action

through the stainless steel tubes and into the soil-like medium will fall the smaller pores

while the larger pore will remain open. Thus, the plant roots will obtain the necessary root

aeration. The advantages of this system include a rigid, durable tubular consm_ction, an

even distribution of liquid, and a root environment similar to soil. The disadvantages are

that the extraction of the roots from the medium at harvest may be difficult and time

consuming. In addition, the stainless steel which is inherently hydrophobic can introduce

possible toxic elements such as chromium and nickel [Koontz, et al., 1990]. Although

initial tests with this material revealed only very low levels of these elements, long term or

continuous plant growth may cause these levels to reach more deleterious concentrations.

The Porous Ceramic Tube - Nutrient Delivery System (PCT-NDS) which is

currently being tested at Kennedy Space Center (KSC) is configured in the same manner

as the tubular design given in Figure 5.4. The materials used in the construction of these

ceramic tubes are listed as highly purified inorganic oxides and high temperature fluxing
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agents [Osmonics, Inc., 1988]. They come in various tube lengths, diameters, and pore

sizes (0.30 to 25 microns) which allows for a wide variation in applications. Other

advantages include extreme rigidity and durability as well as being hydrophilic in nature

[Dreschel, et al., 1988; Dreschel, et al., 1990b]. In addition, plants can be grown with their

roots in direct contact with the ceramic tube and do not require an external rooting

medium. Thus, the extraction oft he plant roots is considerably simplified as compared to

the system utilized at WCSAR. As for the release of toxic substances or the interaction

with certain nutrients, no definite results have been obtained for this ceramic material.

5.2 Modeling the Porous Ceramic Tube - Nutrient Delivery System

The development of the mathematical model describing the Porous Ceramic Tube -

Nutrient Delivery System was accomplished as a separate, yet necessary, portion of this

thesis. The results of this development are provided as a background to the development

of the nutrient uptake models for plants cultivated on this system. In order to construct the

model, a physical description of the "wetness" on the surface of the ceramic robes was

developed [Tsao, et al., 1992]. This was accomplished using empirical observations

obtained from a microscope visualizing the surface of the ceramic tubes while water was

flowed within. The results of these observations provided a means to diagram the porous

material in relation to the water contained inside. This diagram is presented in Figure 5.6,

adapted fi'om the originalsource. Once this physical model of the system was

accomplished, the tubular ceramic material was characterized using physical parameters

typically used to describe porous media. This lead to the development of the mathematical

model based on a force balance describing the interactions between the applied pressure,

gravity, and surface tension acting on the water [Tsao, et al., 1992]. Verification of this

model was obtained through a series of experiments which subjected the system to static

[Tsao, 1993a] and steady state flow conditions [Tsao, 1993b]. These ground based

experiments also served as the precursors (controls) for the non-standard gravitational

experiments conducted later.
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Figure 5.6 Adapted from Tsao, et al., 1992: Developed Physical Model of the

Porous Ceramic Tube -NutrientDelivery System (PCT-NDS)

5.2.1 Characterization of the Porous Ceramic Media

The physical dimensions of the ceramic tubes were measured for each individual

tube and are reported in Table 5.1. These include the internal diameter, Di, external

diameter, D., length, L, average pore diameter, d, and porosity, e. On average, each

ceramic tube contained internal and external diameters of 1.2 and 1.6 era, respectively,

while the overall lengths averaged 12.7 era. As for the average pore diameters, these were

reported to be 0.30, 0.70, 1.5, and 2.2 microns (= xl0 "4 em) [Osmonies, Inc., 1988].

Although a pore size distribution was not known for these ceramic tubes, the deviations
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listed in Table 5.1 were assumed based on the reported number of significant digits for the

average pore diameters. These deviations are utilized in subsequent error propagation.

In order to determine the porosities of these ceramic tubes, the dry weights were

compared to the weights of the tubes when completely saturated with water (p = 1 g/era3).

This lead to the following average porosities, s, provided in Table 5.1 for each different

pore sized ceramic tube. Included in this table are the standard deviations for the various

physical dimensions determined from the entire population of measurements of the

individual tubes (5 to 7 tubes per pore size).

Another physical dimension that can be used to characterize the ceramic robes is

the effective diameter, D_, that liquid can flow within. This parameter is calculated from

the total wettable cross-sectional area, A_, which includes the interior portion of the

ceramic tubes as well as the porous spaces in a cross seotion of the matricies. In order to

calculate this total wettable area, the total wettable volume, V_t, divided by the average

length of the robes can be utilized. This quantity is determined from Equation (5.1).

KDi 2 7g(Do 2 - Di 2)

= V,_t/L = [-----L+s .L]/L
4 4

(5.1)

By defining the wettable cross-section as, A_ = xD 2 / 4, then the effective diameter can

be calculated from Equation (5.1). These values are also reported in Table 5.1 along with

the propagated errors.

Table 5.1 Average Physical Dimensions of the Ceramic Tubes with Standard Deviations

d (gin)

0.30 + 0.005

0.70 _+0.005

1.5 +0.05

2.2 + 0.05

Averages

L (cm) i Di (era)
I

12.74 + 0.02 i 1.00 + 0.10

12.71 +0.03! 1.17+0.06

i12.75 + 0.01 1.25 + 0.04

12.74+0.02 1.16+0.06
r

12.73 i 1.16

Do (em)

1.60 + 0.01

1.63 + 0.01

1.63 + 0.01

1.63 + 0.02
t

1.62

1.29 _+0.05

1.40 +_0.03

1.47 _+0.02

1.45 + 0.03

t 0.422 + 0.012

! 0.454 + 0.018

I 0.538 +_0.016

t 0.580_.+0.020
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5.2.2 Affecting Forces

Three main forces affect the availability of solution from the PCT-NDS [Tsao, et

al., 1992]. These are the surface tension of the solution in the matricies, F,, the applied

suction pressure, F_ and the uni-directional gravity, Fg. The magnitude of the surface

tension of water in the radial direction, ?c,os_, is given in units of force per unit length

where _, is the surface tension of water (72.75 dyne,/cm at 20°C) and _bis the contact angle

between the liquid and the pore walls [Bromberg, 1984]. These two parameters,

respectively, represent the cohesive molecular attraction that water has for itself and the

adhesive interaction between the water and the walls of the ceramic pores. Furthermore,

this term applies to the contact length between the water and the circumference of the

pore spaces in the ceramic material. However, this force is controlled by the regional

characteristics of the matrix leading to an average value taken over the entire tube surface

and liquid level distributions. Since surface tension pulls the liquid radially outwards, then

this force is always positive in terms of a cylindrical coordinate system. As for the

magnitude of the force exerted by the applied negative pressure, P_, this represents the

radial pressure differential between the internal and external (atmospheric) pressures.

Therefore, this force can be positive or negative depending on whether the pressure causes

liquid to move into the center of the ceramic tube (negative) or outwards (positive). The

units of this term are measured on a per unit area basis and would be applied to the surface

area of the air-liquid interface. Again, this would depend upon the local characteristics of

the porous surface. As for the magnitude of the specific gravity, pgcos0, the total liquid

volume within the tube must be used since this term is given in a force per unit volume

measure where p is the liquid density, g is the gravitational constant (980.6 cm/s2), and 0

is the reference angle to the vertical, established for the uni-directional effects of g. At the

top surface of the ceramic tube, gravity causes the liquid to move inward attaining a

overall negative value for this force while at the bottom of the tubes, gravity exerts its

force outwards leading to a positive force contribution. Therefore, the vertical reference

angle, 0, is taken to be 0 radians in the direction of the gravitational vector.



111

In order to relate all of these forces together, a balance can be performed which

would describe the PCT-NDS under static conditions. Before this can be accomplished,

the appropriate unit factors must be derived. The volume of liquid contained in the porous

ceramic matrix, V,_,t_, can be expressed as shown in Equation (5.2).

V,,oi_,i = _(rd4)[(Di + 2h) 2 - Di2]L (5.2)

In this Equation (5.2), e is the porosity, Di is the internal diameter of the tube, L is the

length, and h is the average height of liquid in the porous matricies above the internal

diameter. Therefore, if the average height of liquid is at the outer surface, then (Di + 2h) =

Do, the external diameter of the ceramic tubes. Another method which can be used to

estimate this parameter utilizes a theoretical number of pores, rip, and the average diameter

of the pores, d. At a given average liquid level in the ceramic tube, V,_a_ can be written

as follows in Equation (5.3).

V,_ = n_xd2h/4 (5.3)

Similarly, the total circumference of all of the pore spaces, C_, as well as the total

inteffacial surface area, A_, at this liquid level h, can be expressed and related to the

volume. These are represented in Equations (5.4) and (5.5), respectively.

C-_ia,_ = nvxd = 4V_i_ / hd (5.4)

A_r_u_ = nvxd2/4 = V,_ / h (5.5)

Under steady state conditions, the sam of the three affecting forces of surface tension, F_t,

radial pressure differential, Fp, and gravity, F_, should be equivalent to zero. Therefore, the

mathematical model describing this system can be developed from the combination of

Equations (5.3), (5.4), and (5.5) with the magnitudes of each force. The simplified results

of this model development are presented below in Equation (5.6).

[(4yco_)/hd + Pdh + pgcos0]e[(Di+2h) 2 - Di 2] + pgDi2coS0 = 0 (5.6)
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In this Equation (5.6), Di is the internal tube diameter, d is the average pore diameter, and

is the tube porosity. For the properties of water, p is the density (1.0 g/cm 3) and 7 is the

surface tension (72.75 dyne/m). Furthermore, 4ycos_ equals the surface tension of water

within the porous matrides, Ps is the applied suction pressure, and pgcos0 represents the

gravitational force where 0 is the vertical reference angle. Each of these forces contributes

to a steady state value for the average height of liquid in the matricies, 11,as well as the

contact angle between the liquid and the porous material, 6.

During the derivation of Equations (5.3) and (5.5), used in the model equation, the

air-liquid interface was taken as perpendicular to the pore walls. This surface is actually a

curved meniscus with a contact angle, 6. Therefore, the surface area of the air-liquid

interface, A,_u,_, and filled matrix volume, V,_fm_, should be larger than indicated in

these equations. However, since the ceramic tubes that are used in this hydroponic system

are originally designed for ultrafiltration [Osmonics, Inc., 1958], the reported average pore

diameters, d, actually represents the maximum pore size. Therefore, the use of the

maximum pore diameter in these two equations can compensate for the under-predictions

used in the derivations. This leads to rough estimates of these two quantities. Similarly for

the circumference of wetted pore spaces, C_, derived in Equation (5.4), this quantity

was taken as a two dimensional measure where in reality, it depends upon the contours of

the local matricies. Therefore, this quantity also represents a rough estimate since the

maximum pore diameter partially compensates for this assumption.

Under micro-gravitational conditions, the magnitude of this force becomes

negliggole compared to the applied suction pressure and surface tension forces. Therefore,

the model equation can be reduced to a direct relationship between Ps and Vcos_.

Furthermore, under constant gravitational situations such as here on Earth, the model

equation directly relates pressure and surface tension but with a constant tenn. Therefore,

assuming either of these conditions, the shape and height of the meniscus (_ and h) are

only dependent upon the radial pressure differential and the properties of the liquid in the

matricies. An example of this dependency is the analogous situation that occurs when

liquid is drawn into and out of a syringe changing the shape and height of the meniscus.
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5.3 Verification of the Model Equation

The verification of the model equation presented earlier in Equation (5.6) was

accomplished through two sets of experiments involving static (no flow) and steady state

flow conditions. In the static experiments, the operational limits of weeping and cavitation

were defined theoretically from the model equation with only the weeping limit verified

experimentally. This particular operational limit is of more interest in terms of the standard

operation of the PCT-NDS as well as for the cultivation of plants. As for the steady state

flow experiments, the effect of pressure drop and the frictional losses through the ceramic

tubes were examined. This was accomplished by comparing mechanical energy balances

taken at specific points along the fluid circuit and determining the inlet and outlet

pressures with the resulting heights and contact angles obtained from the model equation.

5.3.1 Operational Limits - Static Experiments

The first type of experiment that were conducted to verify the model equation for

the PCT-NDS were performed under static conditions [Tsao, 1993a]. These experiments

were utilized to verify the operational limits for the system based on the theoretical limits

derived from the model equation. Specifically, these conditions are known as weeping and

cavitation and can be quantified through the applied suction pressure, P_. The basic theory

behind the operational limits for this system is illustrated in Figure 5.7 where idealized

pores are experiencing different applied suction pressures.

The variations in pressures shown in Figure 5.7 include the theoretical operational

limit of weeping where the applied pressure differential, Ps = P_, is not large enough to

contain the liquid in the porous matricies. This is depicted at the far leR of Figure 5.7.

Under this condition, liquid is about to exit the matricies, thus, the height of liquid, h, is at

the outer surface of the ceramic tubes where h > (Do - Di)/2 and the contact angle, _, is

just equal to or slightly greater than _2 radians or cos_ < O. In order to quantify the

weeping pressure, Pw, the two equivalent values for h and _ can be substituted into the

model equation. Solving for the internally applied pressure yields Equation (5.7).
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Manix

Liquid
_ > Pw Solution

Figure 5.7 Average Height of Liquid (h) and Contact Angle (6) within Idealized Ceramic
Pores of Diameter, d, Experiencing Various InternallyApplied Pressures
(P_ = Applied Pressure, P_ = Weeping Pressure, P_ = Cavitation Pressure)

-pg(Do - Di) Df
Pw - -{- + 1} (5.7)

2 e[Do 2 - DiR]

During the derivation of Equation (5.7), the reference angle to the vertical was taken to be

0 radians (cos0 = + 1) since the weeping of liquid would first occur out of the bottom of

the ceramic tubes, in the same direction as the gravitational vector. It should be noted that

the values for the weeping pressure limits are negative as indicated in Equation (5.7).

Similarly, the other theoretical operational limit of cavitation is shown on the far

fight of Figure 5.7 where the suction pressure in the interior, Ps = Pc, is so great that air is

pulled into the matricies and eventually into the interior of the ceramic tube. Under this

condition, the contact angle is equal to 0 radians (cos_ = 1) and the height is equal to or

less than (Do - Di - d)/2 where d/2 represents the radius of curvature of a perfect air bubble

forming in the ma_icies. Substituting these values into the model equation and solving for

the applied pressure gives the following result. Furthermore, since the average diameter of

the pores, d, is relatively small compared to the internal and external diameters, Do > Di
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>>> d, then the first term in Equation (5.8) can be approximated with the weeping

pressure, Pw. This approximation is shown as well.

-pg[(Do-Di)-d] Di 2 4y

Pc = { + 1 } - _-_P,,,- 4y/d (5.8)

2 _;[(Do.-d)2-Di 2] d

During the derivation of Equation (5.8), the reference angle to the vertical was taken to be

7t radians (cos0 = -1) since the cavitation of air into the liquid would first occur at the top

of the ceramic robes. It should be noted that the values for Pc are also negative.

Since both of these conditions depend upon the physical dimensions of the ceramic

tubes (Do, Di, d, 8), the average values presented earlier in Table 5.1 were utilized.

Substituting the values from this table into Equations (5.7) and (5.8), along with the

gravitational constant, g = 980.6 cm/s 2, and the surface tension of water, 7 = 72.75

dyne/era (at 20 °C), yields the following theoretical weeping and cavitation pressures

presented in Table 5.2 along with the associated the propagated errors.

Table 5.2 Theoretical Weeping and Cavitation Pressures Determined from the Average

Physical Dimensions of the Ceramic Tubes and the Model Equation

d (rtm)

0.30 + 0.005

0.70 + 0.005

1.5 +0.05

2.2 + 0.05

Ps= Pw(era.H20)

-0.76 + 0.03

-0.77 + 0.02

-0.69 + 0.02

-0.65 + 0.02

! P_=P_(atm) I
-9.6+0.16

' -4.1+0.03

-1.9 + 0.06

-1.3+0.03

Since the radial pressure differentials required to cause cavitation could only be

achieved using an external pressure greater than one atmosphere, these values were not

verified experimentally. Furthermore, the pressure at which dissolved air would be pulled

out of water ranges from -0.07 to -0.1 MPa (depending on altitude) which occurs prior to

the cavitation pressures. Since the optimum cultivation of plants on the PCT-NDS would

require the least amount of resistance to nutrient and water transport, only the operational
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limit of weeping was verified experimentally. This was accomplished under static

conditions by loading the ceramic tubes with water, sealing both ends, and allowing the

liquid to weep while a gauge measured the pressure changes internally. When equifibrium

was achieved between the various forces, the internal pressure was measured representing

the limit for which the tubes could be operated while preventing liquid from weeping out

of the matricies. The results of these experiments, conducted only on 0.30, 0.70, and 2.2

micron tubes, are presented in Table 5.3 along with the standard deviations calculated

from 3 replicated results per ceramic tube (2 or 3 tubes per pore size).

Table 5.3 Comparison of Experimental (P,_ m_) and Theoretical (Pw, t_o) Weeping
Pressure Limits for Various Pore Sized Ceramic Tubes

d (era) Pw,_o (em.H20)

0.00003 -0.76 + 0.03

0.00007 -0.77 +_0.02

0.00022 I -0.65 + 0.02

Pw._ (era.H20)

-0.62 + 0.11

-0.67 + 0.10

-1.02 + 0.11

5.3.2 Pressure Drop Effects - Steady State Flow Experiments

Since the values of the critical operational limits for the various pore sized ceramic

tubes presented in Table 5.3 are relatively small in magnitude, maintaining an operational

pressure which is slightly smaller than -1 cm.H20 should be sufficient for the standard

operation of the PCT-NDS. In order for the optimum growth of plants on the system

yielding the least amount of resistance to nutrient transport, the system should be operated

as close to weeping conditions as poss_le. However, when nutrient solution is circulated

through the ceramic robes by connecting to a fluid circuit, a pressure drop will occur along

the length of the tubes. This pressure drop dictates that only one point along the tube

length can be maintained at the operationallimitof weeping (i.e. at the tube entrance).

In order to quantify the pressure drop that occurs during the flow of solution

through the ceramic tubes, steady state flow experiments were conducted [Tsao, 1993b].
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Each ceramictube was connectedto a fluid circuit using modified rubber connectors

attached to 16-gauge Norprene tubing (internal diameter, D_ = 0.312 cm). Within this fluid

circuit contained a stoppered 500 ml graduated cylinder as a reservoir, a variable speed

suction pump (Cole-Panner L-07553-20) with a standard 16-gauge Masterflex pump head

(Cole-Parmer L-07016-20) located downstream of the ceramic tube, and two pressure

gauges (Dwyer Instruments 2003C and 2015C). These gauges measured the pressures

upstream and downstream of the ceramic tubes and were located at a know distance, L_ =

6.4 cm, fi'om the tube entrance and exit. By measuring the pressures at these reference

locations (upstream, P_, and downstream, P2) at a set volumetric flow rate, Q_, the

pressures at the ends of the ceramic tubes (entrance, P0, and exit, PL) could be determined

through a trial and error calculation procedure. This determination had to take into

account the frictional losses that existed within the system between the respective pressure

poiuts (between P I and Po and between PL and P2). These pressure points are illustrated in

Figure 5.8 along with the definitions of the relevant parameters. Once the pressures, P0

and Pro were determined, fi'iction factors for the ceramic tubes, f(c), were determined.

P1 P0 PL
Direction of Flow

P2

Ls

4_

Ceramic Tube

Tube Cover (dark)

Tube, Connector

System Tubing

Figure 5.8 Measured (P_ and P2) and Calculated (P0 and PL) Pressures for the Ceramic
Tubes Connected to a Fluid Circuit
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For the upstream end of the ceramic tubes (subscripts: A = 1 and B = 0), the

frictional losses, EF, that were taken into account included the flow through the system

tubing of length, _ and diameter, D_, at a flow velocity of vt,_, and the sudden expansion

between the system tubing and the wetted portion of the ceramic tube entrance. Similarly,

for the downstream end of the eemmic tube (subscripts: A = 2 and B = L), the fi-ietional

losses also included the flow through the system tubing at a flow velocity of v2,_, (= vl_,)

but contained a sudden contraction instead of an expansion in the flow conduit between

the wetted ceramic exit and system tube. Using the general mechanical energy balance

shown in Equation (5.9), the pressures at the ceramic tube ends, P0 and Pro were

determined in terms of the volumetric flow rate, Qz, and the reference pressures, P1 and

P2, respectively. During these calculations, the flow velocities within the cer_c tube, v0_

and VL_, respectively, as well as within the system tubing, v1_ and vz=, , were converted

into volumetric terms. These were accomplished using the effective tube diameters, D,0

and D,L, respectively, and the diameter of the system tubing, Ds.

1 PB - PA

---(Vs,_, 2 - V_) + g(hB - hA) + _---- + ZF + Ww= p = 0 (5.9)

2a p

For these steady state flow experiments, the ceramic tubes were oriented horizontally

indicating that the gravity term, g(hs - hA), equaled zero and since no pump was located

between the pressure points, then the work term, Wrap, equaled zero as well. The range

of volum_ic flow rates, Qz, used during these experiments were from 2.4 to 3.4 ml/s

(Reynold's numbers, Nv.., for the system tubing of diameter, D_, and length, _ from 980

to 1390). Therefore, for the friction factors, Ff(s), for the flow through the sections of

system tubing, the laminar flow equation of Hagen-Poiseuille was utilized [Cw,ankoplis,

1983]. This is shown in Equation (5.10) below where the density, 0, and viscosity, Vt, of

the fluid were taken for water (1.0 g/era s and 0.01 g/cm.s, respectively).

Ff(s) = AP/0 = 128-_
0xD_'

(5.10)
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As for the sudden expansion, F_ex), and contraction, Ff(cn), in the flow conduit, the

following frictional losses based on Fanning friction factors were used [Geankoplis, 1983].

Since laminar flow conditions existed, then the flow characteristic term, ct, was set equal

to 1/2 (or = 1 for turbulent flow) in both Equations (5.11) and (5.12).

Ff(ex) = (1- D?/D_o2) 2

F_=) = 0.55(1- D?m_b

8Qz 2

(5.11)

a_2D_'

8Q, 2

(5.12)

c_2D4

Substituting Equations (5.10) and (5.11) into the general mechanical energy balance yields

a relationship between the measured upstream pressure, P1, and the pressure at the

ceramic tube entrance, P0. Similarly, combining Equations (5.10) and (5.12) with Equation

(5.9) gives a relationship between the measured downstream pressure, P2, and the pressure

at the ceramic tube exit, PL. The resulting Equations (5.13) and (5.14) are presented below

where all parameters are as defined earlier.

16Q 2 1 1 128_l._Qz

Vo = P1 - [ ( ) +- ]p (5.13)

t_2D¢o 2 D¢o 2 D? lard_:

8Q 2 1 1 1.55 1 1281aI_Q,

VL = P2+ [_( ..... )(_ + ----) +
t_ "2 Ds 2 D_ 2 D 2 DeE 2 OTr.Ds4

•]9 (5.14)

Since the effective diameters, D_o and D_L, depend upon the wetted cross-sectional

area within the matrieies, then these parameters depend on the average heights of liquid in

the ceramic matricies at their respective locations, denoted as ho and lax,, respectively. In

order to calculate the corresponding effective diameters, Equation (5.1) was modified by

replacing Do with (Di + 2h) where h = h0 or hE as shown in Equations (5.15) and (5.16).

D_0 = {Di2 + e[(Di + 2ho)2- Di2]} Ij2 (5.15)
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D_ = {Di2+ e[(Di+ 21_)2- Di2]} 1_ (5.16)

In orderto calculateh0and IlL, Equation (5.6) was utilized. Since this model equation also

depends upon the applied suction pressures at the respective ceramic tube ends, then the

calculations of P0 and PL became trial and error procedures. During these calculations, the

assumption that the cosine of the contact angle, cos*, is linearly related to the applied

suction pressures was used. This is shown in Equation (5.17) where it has been previously

assumed that cos* = 0 when Ps = Pw and cos_b = 1 when Ps = Pc.

P$ -- p_,

cos, - (5.17)

Therefore, initial pressures were guessed for P0 and PL and substituted into the model

equation, combined with Equation (5.17), in order to calculate h0 and ht, respectively.

Once these values were obtained, D_0 and Da_ were determined from Equations (5.15) and

(5.16). Substituting these diameters into Equations (5.13) and (5.14), respectively, yielded

values for P0 and PL. Upon comparing these calculated results with the initial guesses,

convergences were determined using the accuracy of the pressure measurements (PI and

P2) as criterion. When convergence was not satisfied, the average values between the

guessed and caleulated pressures were used as the initial guesses for the next iterations.

The measured pressures and corresponding pressures calculated through trial and

error for the ceramic tube entrance and exit are presented in Table 5.4 for the volumetric

flow rates tested and average pore diameters of 0.30, 0.70, and 2.2 microns. For the

measured pressures, the standard deviations (convergence criteria) are reported for 12

replicated results for each ceramic tube while the propagated errors are presented for the

calculated pressures. The standard deviations for the measured volumetric flow rates used

in the propagated errors were determined to be + 0.04 for Qz = 2.4 ml/s and + 0.01 for Qz

= 3.4 ml/s. From the propagated errors, it can be seen that the deviations in the measured

pressures are the major contribution. Therefore, the assumption that _ IX, p, _ and D_

were constant in these calculations was reasonable.
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Table 5.4 Measured (P_ and P2) and Calculated (P0 and PL) Pressures at Various

Volumetric How Rates, Q_, for Different Pore Sized Tubes

Pore Size

(gm)

0.30

0.70

2.2

Flow Rate'

Qz (ml/s)

2.4

3.4

L 2.4
3.4

I

Measured

Pl (em.H20)

-1.46 _+0.33

-14.3 + 2_2

-1.67 + 0.27

-18.2 + 0.9
i

-1.69 + 0.62

-17.6 + 1.5

-2.25 +_0.27

-19.0 _+0.9
i

Calculated

PL (om.S20)

-6.76 + 2.48

-28.8 + 4.9

-4.56 + 1.39

-29.0 + 2.0
I

-4.65 + 0.62

-29.4 + 1.7

Measured

P2 (cm.H20)

-6.76 + 1.39

-33.0 + 2.0

-6.85 + 0.61

-33.4 + 1.7

Using the differences between the experimental values for Po and PL, representing

the pressure losses associated with the flow through the ceramic tubes, allows for the

determination of friction factors, f(e). These factors, defined as the shear stress at the

surface (pressure drop times cross sectional area per wetted snfaee area) divided by

density times velocity head, can be determined fi'om Equation (5.18) [C,-eankoplis, 1983].

The results of these calculations are presented in Figure 5.9 along with the results obtained

for flow rates of 7.1 + 0.21 and 8.1 + 0.24 ml/s. These two latter flow rates are within the

transition range between laminar and turbulem flows (2900 < NR_ < 3300 for Ds = 0.312

era) and are, therefore, presented with some skepticism. The error bars presented in this

figure represent the propagated errors for f(e).

APf pv2 (Po-Pr) 2Do5
f(c)- / - (5.18)

2x_AL 2 32pLQ 2
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Figure 5.9 Friction Factors, f(c), as a Function ofReynold's N_, NR,, Characterizing
the Various Pore Sized Ceramic Tubes

5.4 System Control

With the model verification complete, a suitable control equation was developed

based on the mechanical energy balance taken at the ceramic tube vntran_. This was

presented in Equation (5.13). In order to verify the applicabx2i_ of this control equation,

the PCT-NDS was subjected to dynamic gravitational conditions using NASA's KC-135

flight faexTrdes [Dreschel, et a.k, 1993; Tsao, 1994]. This specially modified cargo plane

prod_ a parabolic fligh_ path which simulated gravities ranging fi'om near-zero to twice

standard gravity. Fm'thermore, this control equation was implemented under hyper-

gravitationalsituationsupto I0 g's using a small scalecentrifugeto impart an artificial

gravitationalrich [Tsao,el aL, 1996]. Verificationof the controlequation was obtaineA

l_om the results of both sets of cxperimcms.
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5.4. I Theoretical Development

Theoretical control of the moisture availability at the outer ceramic tube surface

was illustrated in Figure 5.7 where different applied suction pressures altered the average

height of liquid, h, and the contact angle, _, between the liquid and the porous matrieies.

The variations in pressures shown included the theoretical operational limit of weeping

(second from left) where the applied pressure differential from atmospheric, Ps = P_, is just

enough to contain the liquid in the porous matrieies. During the cultivation of plants on

the PCT-NDS, the least amount of resistance to nutrient transport from the system into

the plant roots will be desired [Dresehel and Sager, 1989; Tsao, et al., 1994]. In order to

obtain optimum water availability at the tube outer surface for plant growth, the applied

pressure should be maintained as close to weeping conditions as possible. This operational

limit was previously derived in Equation (5.7).

Since the flow of liquid down the length of the ceramic tubes requires a pressure

drop, then only one point can theoretically be controlled at this near weeping condition.

Speeitieally, this point can only exist at the entrance of the ceramic tube; thus, the pressure

at the ceramic tube entrance, P0, should be maintained at the weeping pressure, Pw. In

order to develop a control equation for this condition, the mechanical energy balance

obtained for the ceramic tube entrance derived earlier in Equation (5.13) can be combined

with the weeping pressure limit. By setting P0 in Equation (5.13) to Pw of Equation (5.7)

and solving for P1, a control equation for the optimum operation of the PCT-NDS can be

derived which is based on controlled flow rate, Qz, and the effective gravitational force, g.

Therefore, as g changes, the flow rate can be used to maintain a constant upstream

pressure with optimum (near-weeping) conditions existing at the ceramic tube entrance.

This control equation is shown in Equation (5.19) below.

=pg(Do - Di) Di 2 16Q_ z 1 1 1281a.I_Qz

P1 = {, -+ 1} + { (- ..... .)+ -}p (5.19)

2 8[Do 2 = Di 2] ctK2Dco 2 Dco 2 D 2 prd) 4
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5.4.2DynamicControl - KC-135ParabolicFlightExperiments

SincethePCT-NDSwasconceivedto circumventthe problemsof fluid handling

under non-standard gravitational situations [Dreschel, et aL, 1988], this system was tested

by NASA using the KC-I35 parabolic flight facilities at Johnson Space Center, TX. on 20-

21 October, 1992 03resehel, et al., 1993]. A typical parabolic profile subjected the system

to gravities ranging from near-zero to twice standard as illustrated in Figure 5.10.
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Figure 5.10 Effective GravitationalAccelerations, g_, during a KC-135 Parabolic Flight

A schematic outline of the Test Bed Units (TBU) used during these experiments is

reprinted in Figure 5.11 [Dresehel, et al, 1993]. Specifically, each TBU consisted of a

pump (Qz = 100 to 150 ml/min), ceramic tube (pore size, d = 0.30, 0.70, or 2.2 gin),

Water Availability Sensor (WAS), upstream and downstream pressure transducers, flow

meter, manual flow control valve, and a Water Delivery System (WDS) each bolted to an

aluminum base plate. These components were connected in a fluid circuit attached through

1/4" stainless steel tubing (D_ = 0.46 cm) and fittings. Surrounding the ceramic tubes were

Plexiglas shrouds which insured the containnxmt of any liquid weeped from the stafaces.
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Figure 5.11 Reprint from Dreschel, et al., 1993: Schematic Diagram of One of the Porous

Tube Plant Nutrient Delivery System Test Bed Units (TBU)

The three TBU's used during these flight missions were continually monitored

through a data acquisition system which measured time, temperature, WAS voltages (l

channel per TBU), upstream and downstream pressures, and the effective vertical (z-

direction) gravitational force during each of the three sorties flown. For the total quantity

of liquid wit]_ the entire system, the WDS for these experiments contained a water

delivery syringe attached to a stepper motor with a potentiometer (POT) used to monitor

the relative position of the syringe piston. As the POT voltage changed, water was

injected or withdrawn from the system, changing the height of liquid in the porous

matricies. Three additional data acquisition channels were used to measure the POT

voltages for each of the TBU's. The total mount of data acquired consisted of the three

TBU's flown during three sorties which consisted of four parabolic sets of 12 to 13

parabolas each (a total of 147 parabolas).
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Although this mission was not explicitly flown to test the control equation but to

examine the capabilities ofthe ceramic tube system itself [Dreschel, et aL, 1993], the data

acquired during this mission was used for verification purposes. Specifically, the inlet

pressure readings as illustrated in Figure 5.12 were entered into Equation (5.19) as PI

along with the appropriate values for D_0, D_, _ Qz, _z, Ix, and p to calculate

corresponding values for the pressure at the ceramic tube entrance, P0. These pressures

(P0) were then compared to the gravity dependent weeping pressures (Pw) as defined in

Equation (5.7). When the values for Po from Equation (5.19) were smaller in magnitude

(i.e. less negative) than Pw of Equation (5.7) then weeping occurred as predicted by the

control equation.Therefore, confirmation of weeping would verify the control equation

for the PCT-NDS subjected to dynamic gravity changes between near-zero and 2 g's from

a KC-135 parabolic flight mission_
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Figure 5.12 Inlet Pressure Measurements during a KC-135 Parabolic Flight
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Figure 5.13 Potentiometer (POT) Readings during a KC-135 Parabolic Flight with 'Zero'

EquationUsed for Standardization

This confirmation was obtained using the POT readings as illusWat_ in Figure

5.13 which shows an increasing trend in POT readings illustrating that water was

continuously injected into the system in order to replace the weeped water. ARer these

POT readings were standardized using 'zero' equations derived from the average values

determined over the entire set of parabolas, they were used to determine the experimental

heights of liquid in the porous matricies, h_0. Changes above or below the 'zero'

equationindicated respective increases or decreases in the total volume within the system,

Vtot, which is defined by the physical parameters of the ceramic tubes (Do, Di, L, e). In

order to calculate lk_ fi'om the standardized POT readings, the actual vohm_ of water,

V*, at a specific time, t, needs to be determined. This is shown in Equation (5.20) where

V* = Vt_ + AVoL

V* = (_/4)[D_2L + e(D_ - D,2)L] +

11.56 lxl

-(POT_a)
0.01 V

(5.20)



128

The 11.56 p] per 0.01 volts used in the AVol term of Equation (5.20) indicates that a 0.01

voltage change in the potentiometer readings caused the corresponding volumetric

changes in the system volume [Dresehel, et al., 1993]. Since the changes in actual volume

affect the height of liquid in the matricies, then these quantities were related as shown in

Equation ( 5.21).

-Di 1 1 4V*

= --- + --{Di 2+ __.[_ _Di2]}1:2

2 2 _
(5.21)

By combining Equations (5.20) and (5.21), the experimemal liquid heights, b.,=p_, were

calculated and compared to h = (D, - Di)/2. When _ was greater than h, then it was

confirmed that weeping occurred due to the changes in effective gravity, g_. When

comparing Figures 5.12 and 5.13, the spikes in the inlet pressure readings leading to

values of P0 greater than Pw (when weeping occurs) corresponded to the POT readings

appearing above the "zero" equation. Therefore, the control equation for the PCT-NDS

was verified for the dynamic changes in gravity during a KC-135 parabolic flight.

5.4.3 Sustained Hyper-Gravitational Control - Centrifuge Experiments

A small-scale eenuifiage was constructed from a variable speed pump with

rotational speeds, co, ranging from 6 to 600 rpm. In order to attach radial arms to the

pump drive, a standard pump head consisting of a rotor but with only half of the tube

eomainment easing was bolted to the drive unit. On the rotor of the pump head, three T-

shaped radial arms (rn = 19 era) were attached by boiling them through holes present on

the rotor. Two clamps were then attached to each of the radial T arms in order to support

the ceramic tubes. The tubes are oriented perpendicular to the radial arms. The top view

of this configuration is shown scbematieally in Figure 5.14.
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Figure 5.14 Schematic Diagram of the Centrifuge with the Ceramic Tube

(Side View Included)

The rotational speeds were measured for each of the settings on the pump

controller (marked from 1 to 10). Plotting these rotational speeds versus the drive

settings, a calibration curve for the pump was obtained. This curve was then used to

obtain the desired rotational speeds in order to subject the ceramic tubes to different

effective gravitational accelerations in the radial direction. Since these experiments were

conducted under standard gravity in the z-direction, then this influence was taken into

account. As shown on the side view on Figure 5.14, since the ceramic tubes are

cylindrical, then the radial gravitational aecelerations set up by the centrifuge was added

veetorially to the gravity in the z-dire_don. The resultant gravitational acceleration that the

ceramic tubes were subjected to was determined from Equation (5.22) where g_ = the z-

component and g, = the radial component of the effective gravity, g*. Furthermore,

(o2ram) Was substituted in for the radial component as follows.

g, = [g2 + g2]lr_ = [g2 + (02r.=)2],:2 (5.22)
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Using Equation(5.7) definingthe weepingpressure,Pw,exceptreplacingthe standard

gravitationalconstant, g, with g* for non-standard gravities, the minimum pressure, Pw =

P,_,, required to contain the liquid in the matdcies can be calculated with Equation (5.23).

-pg*CDo - Di) Di 2

P,_ = { + 1 } (5.23)

2 s[Do 2 - Di 2]

Substituting in Equation (5.22) for g* gave Equation (5.24) for the minimum pressure in

terms of the rotational speed, to, and the physical _ns of the system. This

relationship between Pm and to is plotted for various pore sized ceramic tubes in Figure

5.15 with effective gravitational aceeleratiom of 2, 3, 5, and 10 g's delineated..

_p[g2 + (to2rn)2]lr2(D ° . Di) Di 2

V,_ = { + 1 } (5.24)

2 e[D 2 - Di2]
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In order to verify Equation (5.24), the different pore sized ceramic tubes were

centrifuged after the desired negative pressures were obtained. These pressures were

obtained by completely loading each ceramic tube (of known dry weight) with water and

capping with rubber stoppers (also of known dry weight) while still submerged. By

allowing the water on the surfaces of the tubes to evaporate, the average height in the

porous matricies, h, decreased corresponding to an increase in suction internal pressure,

P_, ac,_rding to Equation (5.6). Therefore, the desired weight which measures the total

quantity of water contained in the tube interior as well as the matrieies was obtained as

measured to the nearest 0.0001 grams atter the robber moppers were dried thoroughly.

once the desired weight was obtained, the ceramic tubes were removed and clamped into

place onto one of the radial T arms on the centrifuge (see Figure 5.14). Each of the

different pore sized ceramic tubes were tested at 2, 3, 5, and 10 xg by setting the

appropriate Pump Drive Setting as dictated by the calibration curve. While the ceramic

tubes were centrifuging, a visual inspection for water droplets appearing on the absorbant

material located peripherally around the centrifuge was made. When weeping did not

occur (i.e. no water droplets appeared on the paper towels), then Equation (5.24) was

verified; thus, proving that the applied suction pressure can be utilized to contain the liquid

within the ceramic tubes subjected to sustained hyper-gravitational conditions. This

satisfied the objective of maintaining and controlling the water availability within the

ceramic tubes using the applied internal pressure under hyper-gravitational conditions

induced by a small-sc_e centrifuge.

5.4.4 Future Implementations of the Control Equation

The research conducted on verifying the control equation subjected the PCT-NDS

to variable gravity ranging from near-zero to 2 g's using a KC-135 parabolic flight facility

and to sustained hyper-gravitational conditions of 2, 3, 5, and I0 g's using a small-scale

centrifuge. Although these experiments provided evidence that the upstream pressure and

flow rate through the system can be used to control the moisture content at the outer
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surface of the eeramie tubes, additional experiments would be required for other

operational conditions of interest. Specifically, sustained hyper-gravities under steady-state

flow conditions as opposed to the static conditions used in this research should be

examined. This could be accomplished using the Test Bed Units within a large-scale

centrifuge. With liquid flowing through the system, a desired upstream pressure can be set

aeeording to the control equation, taking into aeeount the sustained hyper-gravities.

Furthermore, a dynamic experiment utilizing the KC-135 facility to explicitly test the

control equation would give more conclusive evidence for verification purposes. Current

inlet pressure data (see Figure 5.12) indicated that the pressure transducers were too

insensitive and could not meter small fluctuations in pressure eaused by the changes in

gravity. Only during the drastic change from twice standard to near-zero did pressure

transducers measure any appreciable change. Finally, the control equation for the PCT-

NDS should be tested under sustained micro-gravity conditions such as on the space

shuttle, This operational condition will be of particular importance if the PCT-NDS is to

be included on the upcoming international space station.



133

CHAPTER 6 - RATIONALE AND SIGNIFICANCE

This chapter provides the rafio_e and significance of modeling the nutrient

uptake kinetics into plants. In Section 6.1, the current state of the research methods used

to investigate the effects of water potential on the nutrient uptake into plants is discussed.

This will be particularly geared towards some of the inherent problems with these methods

and how the Porous Ceramic Tube - Nutrient Delivery System (PCT-NDS) used in this

research can alleviate these short-comings. In Section 6.2, a detailed overview of the

overall hypothesis of this research is provided. This includes a description of the

mechanistic reaction chain used to breakdown the various nutrient uptake theories as well

as the specific objectives used to prove this hypothesis. Included in this section will be a

discussion of the problems associated with the two main styles of nutrient uptake models,

the Nye and Tinker and the Barber-Cushman models. It will be further discussed how the

models produced in this research will be an improvement upon these predecessors.

Furthermore, in Section 6.3, other applications besides the basic scientific research

methods will be d_sed. These include the application of the nutrient uptake models

towards fertilization and irrigation schemes used in conventional field agriculture as well

as the standard methods of producing crops hydroponically. This section will also include

a discussion of how the uptake models developed in this research can be applied towards

the needs of the National Aeronautics and Space Administration (NASA) in their

endeavors to produce plants in space environments. Finally, this section will conclude with

a discussion of possible applications in other areas of research such as phytoremediation

and plant cell and tissue culture technologies.
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6.1 Current State of Research

The current state of the research methods used to maintain water potentials in the

root-zone of plants is overviewed in this section. Typically, these types of experiments are

conducted in order to determine the effects of water deficits on the growth and production

in agriculturally viable crops and other plant derived products. Furthermore, other

experiments which directly affect the water potential that do not explicitly examine the

water potential effects are the nutrient uptake studies. Speeiiically, when changing the

composition of a nutrient solution for the purposes of measuring uptake rates, there exists

an inherent change in the osmotic component, _, of the water potential, _ (see Section

2.3.4). This inherent change in W typically cannot be separated from the effects of the

changes in nutrient solution composition.

6.1.1 Maintaining Constant Root-Zone Water Potentials

Current methods of research on the effects of water detieits on plant growth and

development utilize several means of changing the root-zone _F. The first is the use of

various soil media claaraeterized by different water holding capacities [Cox and Barber,

1992]. This method is based on the principle that soils with differing characteristics (i.e.

particle size, surface area, mieroporous spaces, degree of compaction) are capable of

holding different quantifies of water when completely saturated. As the soils dry out due

to the natural evaporation into the atmosphere, the surface tension forces within the soil

matrieies becomes a dominant factor [Lafolie, et al., 1991]. This surface tension is

quantified as the matric potential, P,_ = -2y / r, where 7 equals the surface tension of water

(7.275 x 10 "s MPa m) and r represents the radius of cauvattwe of the meniscus. This

surface tension force dictates the magnitude of the overall water potential, W, by

increasing the magnitude of the hydrostatic component, P = Pro- Another similar method

involves varying the intervals between irrigations subjecting plants to various levels of

non-saturating soil moisture after a certain length of time. However, maintaining a
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constant_Fundereithermethodcanbedifficult assoilscontinueto dry out andproducea

vertical stratification in moisture [Wraith and Baker, 1991; Vetterlein, et al., 1993].

Compounding this problem is that during the depletion of water from the soil

solution due to evaporation, the concentration of the dissolved ions increases. This

increase alters the osmotic potential of the soil according to the relationship, 7r_,u = -

RTC__a, where C_a represents the total concentration of all solutes and R and T have their

usual meanings. Therefore, in addition to water deficit conditions, saline stress conditions

are also present during these types of experiments. Unless accounted for by altering the

composition, these two factors are not separable. Similar to this problem is the presence of

non-essential elemems such as silicon, cobalt, selenium, and sodium on the surfaces of the

soil colloids. Initial saturation of the soil leads to the release of these elements into the

nutrient solution altering C_. Furthermore, these ions can be subsequently absorbed by

the plant leading to reported changes in plant response [Maekowiak, et al., 1989;/vfiyage

and Takahashi, 1983, Menzies, et al., 1991; Akeson and Muaus, 1990; Barraehina, et al.,

1994].

One method that has been widely used to modify the osmotic potential of a

hydroponic solution is the addition of non-penetrating solutes such as high molecular

weight polyethylene glycols (PEG) or mannitol [Hohl and Schopfer, 1991]. The PEGs that

have been used as hydroponic solution osmotica range in moleoalar weights from 1,000 to

20,000 [Yaniv and Werker, 1983]. However, the lower molecular weight PEGs as well as

the mannitol have been shown to enter the root apoplast and even the symplast which can

lead to the transport of the solutes in the transpirational stream [Yaniv and Werker, 1983;

Hohl and Sehopfer, 1991]. Therefore, the results obtained from these experiments may be

suspect due to the altered transport characteristics imposed by the supposedly non-

penetrating solutes. Furthermore, it has not been excluded that the higher molecular

weight PEGs may behave in the same manner during long term experiments as the lower

molecular weight PEGs during short term experiments [Hohl and Sehopfer, 1991]. In fact,

eight different plant species including tomato were subjected to different moleettlar weight

PEGs for 24 hrs leading to the deposition of white material on the leaves. This material
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was later identified as the osmotica indicating the presence in the transpirational stream

[Yaniv and Werker, 1983]. Furthermore, root morphology has been shown to be altered

when subjected to these osmotica by decreasing root elongation with a simultaneous

increase in diameter [Materechera, et al., 1992].

Another problem indicative of soil based experiments is that the separation of the

roots from the soil particles can be difficult and can lead to possible errors during

subsequent tissue analyses. For a single plant grown to maturity in soil, the separation

process can achieve hours of meticulous work as root hairs tend to form intimate contact

with soil particles. Furthermore, this procedure generally requires that the roots be washed

with water which can substantially reduce the nutrients weakly bound to the outer root

membrane. This washing reduces the nutrient concentrations at the root surface, C=m_.

6.1.2 Changing Nutrient Solution Compositions

When the composition of a nutrient solution is altered in order to investigate the

effects of different levels of essential elements, one inherent change that is often

overlooked is that the osmotic component of the water potential is changed as well. The

influence of the water potential change can lead to the responses subsequently attributed

to the change in composition. This is evident from the examples presented earlier on the

effects of altering standard nutrient solutions (see Section 4.1.2). The problem with

altering the composition is that the change in water potential cannot be separated.

Although this problem is generally considered as negligible in soil-borne experiments

where the dominant factor controlling water potential is the matric component, several

experimental methods often used are subject to this occurrence.

In order to study uptake kinetics, several soilless culturing methods (see Section

4.2.3) are generally employed. This includes using various nutrient concentrations and

following the depletion rate with time in order to obtain Michaelis-Menten type kinetics

[Barber and Cushman, 1981 ]. However, as the base nutrient concentrations are altered, so

are the effective water potentials of the solution. Altering the total osmotic potential of the
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nutrient solution has been shown to lead to different nutrient uptake capacities anyway

[Glass, 1989]. Another method subject to this condition is the split root method which

utilizes a single clean root mass divided between two solutions of different concentrations

[Johnson, et al., 1991]. Using radioactive tracers, the uptake can be determined as a

function of time. However, altering the local water potential of some of the roots

automatically changes the uptake rate in those roots. Again, the problem is not separable

unless care is taken to maira_in a constant osmotic potential between both solutions.

In order to maintain a constant osmotic potential, the addition of various ionic

solutes such as sodium salts, typically NaC1 [Knight, et al., 1992], as well as non-

penetrating osmoticum such as PEG [Charles, et al., 1990] have been utilized. In addition

to the problems mentioned earlier (see Section 6.1.1) for the non-penetrating osmotica,

there exists other problems associated with the ionic solutes. These include interferences

by the non-essential ion such as Na interactions with K [Wrona and Epstein, 1985] and the

alterations in the electrical conductivity of the solution [Knight, et al., 1992]. By altering

the electrical conductivity, the ability of the nutrients to pass through the root membrane is

altered as well. According to Equation (2.8), the Goldman equation for the diffusion

potential of a membrane, AE_, passive transport of nutrients through protein channels

requires that the individual Nemst potential, AE_, for nutrient, j, must overcome this

membrane potential (see Section 2.4.1). Therefore, increasing the external concentration

of; say, Na in the form of NaC1 to replace the standard nutrient solution KCI in equal

molar quantities alters _ since the individual permeabilities, Pj, are different for each

element, j. Furthermore, the Nernst potential for other ions such as Ca and Mg remain the

same even though the membrane potential has been changed. This leads to a change in the

passive transport rates of these nutrients as well which are not accounted for during the

changes in solution concentration of the nutrient in question.

One problem that should be mentioned even though h is impossl'ble to avoid but

sometimes overlooked is that nutrient uptake studies are undoubtedly dependent upon the

particular species and euttivar studied. Furthermore, these experiments are dependent

upon the growth stage of the plants when the experiments are conducted [Carpena, et al.,
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1988]. For example, two cultivars of tomato (Vemone and Marglobe) were grown in

identical nutrient solutions with the consumption rates measured during various stages of

the growth cycle. In general, the Vemone variety consumed greater quantities of N, P, K,

Ca, Mg, Fe, Mn, Zn, and B during the later stages of development (fruit ripening).

However, during the initial growth stages (vegetative growth), the Marglobe variety

accumulated greater quantities of some of the nutrients such as N, K, Zn, and B. During

the intermediate stages (flowering and fruiting), these initial trends reversed for some

nutrients and persisted for others until the later stages. Therefore, nutient uptake studies

should examine the entire growth cycle of a plant, particularly when comparing species

and cultivars. However, the nutrient uptake experiments discussed earlier were, generally,

conducted on the short-term (2-3 weeks at most) while the entire growth cycle of a plant

can be several orders of magnitude larger (months).

6.1.3 Advantages of using the PCT-NDS

The problems encountered using the current methods of research into the effects of

water potential and nutrient solution composition on the uptake capacity of plants can be

overcome using the Porous Ceramic Tube - Nutrient Delivery System (PCT-NDS).

Specifically, this system is capable of maintaining controlled moisture levels at the surface

where the plant roots are in direct contact [Dreschel, et al., 1993, Tsao, 1994, Tsao, et al.,

1996]. Furthermore, this degree of control allows for the changes in osmotic potential due

to solution alterations to be compensated for using the applied suction pressure.

Therefore, constant water potentials can be maintained across different nutrient solution

regimes, isolating the nutrient effects fi_om the water potential effects. In order to illustrate

these basic scientific applications of the PCT-NDS as compared to current research

methods, the following examples are provided.

In order to test the effects of different water potentials, W, on the growth or

production of a plant, ceramic tubes with different pore sizes, d, can be utilized to alter the

matric component, Pm = -23' / r, of the effective water potential (see Section 2.3.4). Using
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Figure 6.1, illustrating an ideal pore of diameter, d, with a liquid meniscus eomaefing the

solid wails at an angle, _b, the radius of the meniscus, r, can be determined as r = d

/(2cos0). Therefore, the matric potential becomes, I'm = -(4ycos_) / d. Since the pore

diameter, d, appears in the denominator of this relationship, then decreasingly smaller

values increase the magnitude of the matric potential (P= becomes more negative). This

assumes that the systems are operated identically but with differem pore sized tubes. For

example, if the contact angle, _b, is set to 85 ° (= 1.48 radians), then for ceramic tubes of

pore sizes of 0.30 and 2.2 microns, the matric potential can be calculated to be -0.085 and

-0.012 MPa, respectively. Decreasing _bto 75 ° (= 1.31 radians) changes these values to -

0.251 and -0.034 MPa, respectively. For comparison, _ ranges from -0.05 MPa for

moist conditions to -0.5 MPa for dry soils ['Lafolie, et al., 1991]. Extremely dry soils attain

values of-3.0 MPa which corresponds to the permanent wilting point for most plants

[Taiz and Zeiger, 1991].

Radius of

Curvature, r

Contact

r = d l(2eos_)

Figure 6.1 Relationship between Pore Diameter, d, and the Radius of Curvature of a

Meniscus, r, on an Ideal Pore
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In order to obtain these conditions, a rough estimate of the required applied

suction pressure, P_, can be caleulated from Equation (5.17). This equation linearly relates

cos_ to Ps (see Section 5.3.2) using the values for the weeping, P_, and cavitation, Pc,

pressures presented in Table 5.2. For these individual conditions, Ps can be determined to

be -0.084 and -0.248 MPa for the 0.30 micron tube with respective comact angles of 85 °

and 75 ° and -0.011 and -0.034 MPa for the 2.2 micron tube. Unfortunately, the system is

limited to operational pressures that are greater than approximately -0.08 MPa where

dissolved air is pulled out of liquid water.

Although the PCT-NDS is limited in its applications to study the effects of

sustained water potentials on the growth and productivity of plants, the operational

pressure range between 0 and -0.1 MPa is readily applicable to the study of nutrient

uptake. Speeitieally, when a change in the nutrient solution concentration is imposed on a

plant, the soil osmotic potential, -Tq,a = -RTC_, changes according to the value of the

osmolarity, C_, measured in moles of solute per kg water (see Section 2.3.4). This

change, in turn, alters the overall water potential of the soil solution, tF_ =Pm - 7r_a. In

order to separate the effects of the change in nutrient concentration from the elaange in

water potential, both of which a.fleet the growth and productivity of plants [Glass, 1989],

the matrie potential can be altered for compensation. For example, if the concentration of

solutes in a standard Hoagland's #1 hydroponic solution (see Section 4.1.1) is decreased

in magnitude from normal levels of 31.1 mmol/kg to 7.78 mmol/kg (1/4 strength), then -

r_,a increases from -0.078 MPa to -0.019 MPa at T = 300 K. This change can be

subsequently compensated for by increasing the applied suction pressure which increases

the magnitude of the matric potential. Specifically, the rnatric potential can be decreased

by 0.059 MPa by increasing the applied suction pressure by an amount dependent upon

the ceramic tube pore size and the original operating pressure.

When conducting experiments involving biological systems, it is desired to

maintain as strong of a control over the perspective effeetors as much as possible. The

PCT-NDS offers a means to obtain control over the effective water potential at the root-

zone whieli has been relatively lacking under current research methods.
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6.2 Hypothesis and Objectives

This section provides the statement of research involving modeling the nutrient

uptake kinetics into plants. This entails the mechanistic reaction chain developed in this

research which describes the possible rate limiting steps in plant nutrient uptake. In order

to prove this hypothesis, the specific objectives set forth for this research are described in

detail including the use of the Porous Ceramic Tube - Nutrient Delivery System.

6.2.1 Research Hypothesis

The overall hypothesis of this research is: "°rhe rate limiting step in the nutrient

uptake processes of plants can be modeled either as an environmentally manipulated

supply or a physiological manipulation by the plant." This rate lhni_g step is determined

from a mechanistic reaction chain described in Figure 6.2 which takes on the form of a

standard chemical reaction sequence.

[A] [B] [C] [D]
(1) (2) (3)

Soil Solution ___.. Soluble __p.. Tramported ___. PlantAbsorbed

t
i

I
L

Enzyme Mass Enzyme

Solubilization Transfer Acquisition

A A A
i

Coneenlxafion Transpiration Ports / Channels

Fertilizers (Convootion) Pumps / Camels

Irrigation Concentration

(Diffusion)

Figure 6.2 The Mechanistic Reaction Chain for Nutriem Uptake into Plants
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There are four "chemical components" involved in this reaction. The initial

reactant, denoted as [.4,] in Figure 6.2 consists of the nutrients existing in both the solid

and liquid phases present in the soil solution. For a hydroponic system, this will, generally,

only include the liquid phase; although, solid precipitates can form in a hydroponic

solution as found in this research. The first "reaSon intermediate" in this sequence,

denoted as [B], is the formation of soluble (liquid phase) nutrients in the soil solution. This

reaction step, denoted as (1), can be catalyzed by enzymes that are either actively released

into the soil environment or concentrated as transmembrane channels or carriers.

Examples of this enzyme production by the plants include released acid phosphatases

[Garcia and Ascencio, 1992], bound Ca2+-ATPases [Le Bot, et al., 1990], and Fe-chelate

reductases [HoldeR, el al., 1991]. Factors affecting the rate of this reaction step include

the application of fertilizers, the natural decay of organic components in the soil

environment, and the weathering of the soil either through rainfall or applied irrigation.

Each of these occurrences leads to a different soil environment which, in turn, leads the

plant to respond accordingly. Therefore, reaction step (1) can be considered an enzyme

based manipulationof the soil environment leading to an increase in the concentration of

soluble nutrients. However, this manipulation is highly dependent upon the conditions for

which the plant roots are experiencing and subsequently, forming the enzymatic response.

Although the method of sensing the soil environment is not directly known, possible

means can include hormonal changes such as abscisic acid produced during soil moisture

sensing [Johnson, el al., 1991; Bmckler, el al., 1991; Trejo, el al., 1995].

Once the formation of the soluble nutrients has occurred, the second reaction

intermediate of transported nutrients can be subsequently formed. Denoted as [C] in

Figure 6.2, this reaction intermediate is formed through the mechanisms of mass transfer,

including both convection and diffusion. This is denoted as reaction step (2) in Figure 6.2.

The convection component is caused by the bulk flow of solution caused by the

transpirational stream while the di_sional component is caused by the localized

concentration gradients between the soil solution and the surface of the plant root.

Typically, these are described using classical convection/diffusion equations such as those



143

derived by Nye and Tinker, France and Thornley, and Barber and Cushman (see Section

3.3.2).

There are several environmental factors affecting the rate of convective mass flow

of nutrient solution including both terrestrial (see Sections 2.3.3, 2.3.4, and 2.4.2) and

subterranean (see Sections 2.3.4 and 2.4.2). The terrestrial factors include stomatal

conductance, the leaf surface boundary layer resistance, the ntmosphedc temperature, air

water potential, leaf structure, wind speed, planting density, and canopy height [Taiz and

Zeiger, 1991]. The subterranean factors include concentration, the root-zone water

potential, the temperature of the soil [Taiz and Zeiger, 1991], particle size, mieroporous

spaces, surface area, degree of compaction, and depth [Bmelder, et al., 1991; Lafolie, et

al., 1991; Cox and Barber, 1992].

Similarly, there are several effectors of the rate of diffusion of the nutrients in the

soil solution (see Section 2.3.4). These include the particle size, mieroporous spaces,

surface area, degree of compaction, depth, and moisture content [Bmekler, et al., 1991;

Lafolie, et al., 1991; Cox and Barber, 1992]. Furthermore, additional environmental

factors such as soft pI-I, nutrient interactions, concentrations, compositions, and

temperature (see Section 2.4.2) also greatly affect the ability of nutrients to diffuse

through soil matrieies. In addition to these physical and environmental factors, the

concentration gradients driving this process of reaction (2) are dependent upon the

enzymatic activity of reaction step (1). For example, actively released add phosphatases

produce soluble phosphates concentrated in the soil as compared to the root surface. This

concentration gradient then leads to the diffusional transport of the phosphates to the root

surface in addition to the convective flow in the transpiration stream. Therefore, reaction

step (2) leading to the formation of transported nutrients in the mechanistic reaction chain

is environmentally based due to the factors affecting the rate of mass transfer.

The problem with the Nye and Tinker style models, written in the simplest form in

Equation (3.50), is that it only describes the diiSasional portion of step (2). Although this

form of mass transfer does play an important role in the transport of nutrients to the root

surface, the actual uptake may not be governed by this environmentally based rate but may
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be influenced by the constituents at the root surface. This will be described for step (3).

Furthermore, the Nye and Tinker model does not consider the sources of the soluble

nutrient pools in the bulk soil solution and the possible influences that the plant may have

over these concentrations such as those described for step (1). Similarly, this model does

not consider the changes in the plant demands for both water and the nutrients over the

entire growth cycle. This model must be applied discretely to each growth stage.

Once the dissolved inorganic ntmients reach the root surface, several mechanisms

of uptake become possible including symports, antiports, pumps, carriers, and channels

(see Section 2.4.1). Each of these occurs through a membrane bound protein or enzyme

which mug be produced by the plant. Therefore, this third reaction step, denoted as (3) in

Figure 6.2 is a plant based manipulation due to resource availability, photosynthetic

production, carbon fixation, and energy production (see Sections 2.2.1 and 2.2.2). The

product of this third reaction step which is the final product of the mechanistic reaction

chain is the formation of plant absorbed nutrients. This is denoted as ID] in Figure 6.2.

Furthermore, as the nutrients enter the root proper (see Figure 2.1), these enzymatic

mechanisms are continually utilized in order for these nutrients to pass through the

adjacent cellular membranes in the root. This nutrient transport mechanism is conducted

through the transeellular and symplastie pathways (see Section 2.3.1). However, some

nutrients can be carried through the apoplastie pathway through the mass transfer

mechanisms of reaction step (2). As the nutrients are passed from cell to cell in the root

tissue, they eventually reach the endodermis and the Casparian strip surrounding the xylem

tissues. Once at this location, the nutrients must be acquired through an enzyme transport

mechanism leading to their transport upwards throughout the remainder of the plant

through the trampirational stream (see Section 2.3.1). In terms of the mechanistic reaction

chain, the rate of reaction step (3) is dependent upon the activities of the membrane bound

enzymes and is, therefore, a plant based manipulation of the nutrient uptake proeess.

Although the Nye and Tinker model did not incorporate this plant based step in the

nutrient uptake process, the France and Thornley and Barber-Cushman models do

consider the influences of the plant. These models were presented earlier in Equation
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(3.59) for the France and Thornley model and Equations (3.61) to (3.66) for the Barber-

Cushman model with the associated initial and boundary conditions. One problem with

these models, similar to the Nye and Tinker model, is that they do not take into account

the changes in plant demand for both water and nutrients. As these rates are altered by the

plant in order to meet the changing needs at the various stage of growth, these models

would have to be applied at each discrete step [De W'dligen and Van Noordwijk, 1994b].

Therefore, these models do not provide

requirements of the complete plant. An

incorporate this time based consideration.

a complete picture of the nutrient uptake

improvement to these models would be to

For the Barber-Cushman model, this short-coming is explicitly stated in one of the

13 assumptions used to derive the model. This assumption states that the characteristics of

the root are not changed by the age [Barber and Cushman, 1981]. Although this

assumption may be reasonably valid when investigating a single root under a short time

flame as is the ease with the Barber-Cushman model, it does not aex'urately describe the

kinetics involved with the whole plant over the entire growth cycle. In addition, another of

the 13 assumptions states that the soil moisture conditions remain at a steady state [Barber

and Cushman, 1981]. This implies that the model would change due to rainfall or other

irrigation. Therefore, although this model is very sound scientifically, it has very little real-

world applications in that it only desen'bes a very specific set of conditions for a short time

frame. A broadening of the applicability of this model in terms of different conditions as

well as the time considerations would be significant improvements to this model.

6.2.2 Research Objectives

For each of the essential nutrients present in the soil solution, the mechanistic

reaction chain includes all of the possible process steps required for uptake by the plant

roots. Furthermore, each of the steps in this chain can serve as the rate limiting step

depending upon the speeitic requirements of the nutrient. Therefore, the overall hypothesis

of_ "The rate limiting step in the nutrient uptake processes of plants can be modeled either
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as an environmentally manipulated supply or a physiological manipulation by the plant"

inherently includes determining the mechanistic steps required for a particular nutrient.

Once the required steps are known, the possible rate limiting step in the uptake of the

nutrient can be determined (see Chapter 7). In order to prove this hypothesis and validate

the mechanistic reaction chaiR, several objectives have been set forth in this research.

(1) Use the PCT-NDS to produce plants under controlled environmental conditions.

(2) Vary the controlledenvironmental conditions in order to determine whether a

particular nutrient is directly influenced by these changes or due to some "other"

(plant) factor.

(3) If the nutrient is controlled directly by the environment, then model using convection

and diffusion equations with the incorporation of the water potential gradients.

(4) If the nutrient is controlledby the manipulations required by the plant, then model

using enazyme based kinetics (i.e. Michaelis-Menten kinetics).

Objective (1) consists of two parts. The first is to show that a select plant species

can be cultivated on the PCT-NDS through its normal developmental cycle comparable to

conventional growth methods (i.e. field and/or hydroponic grown). The plant species

chosen is Lycopersicon esculentum ev. Cherry Elite tomatoes. The results and

environmental conditions of these experiments can be entered into established growth and

transpiration models for comparison to the results reported for conventional methods in

the literature. The second portion of this objective is to show that the root-zone

environment of constant water potential and constant nutrient solution concentrations can

be maintained in the system throughout the life cycle of the plant. These environmental

conditions can be set using a standard (lx) Hoagland's #1 hydroponic solution (see Table

4.1) and minimal applied suction pressures (i.e. near weeping conditions; see Section

5.3.1). The results l_om these experiments can subsequently be used as the control

condition for future experiments.
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For Objective (2) of this research, the different controlled root-zone enviromental

conditions are dictated by the operation and set-up of the PCT-NDS. Different pore sized

ceramic tubes ranging from 0.30 to 2.2 microns (i.e. different P,_) can be attached to the

circulation loop and can be used in conjunction with different nutrient solution

concentrations (i.e. different r_). Each of these solutions differ in overall concentrations

as a fraction (i.e. 1/4x, 1/2x) of the standard (lx) solution. The tomato plants can,

therefore, be subjected to a wide range of root-zone environments such as different overall

values of _F,oil with constant concentrations as well as different values of _ but with a

maintained level of water potential. By altering these environmental conditions and

examining the resulting effects on the nutrient uptake capacity of the tomato plants, a

determination can be made of whether the uptake of specific essential nutrients are

environmentally controlled. A strong statistical correlation between the imposed change

and the mm, iem uptake response indicates a rate limiting step in the mechanistic reaction

chain that is an environmental manipulation. On the other hand, a lack of statistical

correlation indicates a plant based influence for the specific nutrient. In order to monitor

the nutrient concentrations in the solution as well as in the plant tissues, standard

analytical techniques will be employed (see Section 3.3.1).

After a determination is made of which controlling process is involved in the

uptake of a specific nutrient, Objective (3) or (4) will be conducted. For Objective (3), the

environmentally manipulated nutrients will be modeled based on classical

convection/diffusion equations. These will incorporate Fick's Law for diffusion, Darcy's

Law for the bulk flow through porous media, and the principle of mass conservation (see

Section 3.3.2). The effective diffusion coefficients, D_, and surface concentrations,

for each measured nutrient will be estimated statistically. As for Objective (4), the plant

controlled uptake of specific nutrients will be modeled based on enzyme kinetic

(Michaelis-Menten) equations. Again, the kinetic parameters, J_,_ and IC_ will be

estimated statistically.
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6.3 Applications

In addition to the application of the PCT-NDS for basic scientific research, the

models formulated in this research have several applications as well. These include

conventional field agriculture, hydroponic productions, and NASA's goal of utilizing

plants for maintaining human life in space. Furthermore, the models also have poss_le

applications in the areas of phytoremediation and nutrient uptake studies involving plant

cell and tissue cultures.

6.3.1 Conventional Agriculture

For conventional agricultural practices, there are several lines of applicability for

the nutrient uptake models developed in this research- This includes typical field

agriculture where crops are produced over acres of land area and crop rotation schemes

are often employed [Oyer and Touehton, 1990]. Furthermore, specialty crops such as

herbs, spices, and, even, ornamental plants are generally produced under better defined

(measured) conditions [Sammis and Jerrigan, 1992]. These environmental inputs include

not only the terrestrial factors such as temperature and humidity, but include the soil

moisture and nutrient concentration levels as well. These last two factors are directly

applicable in the models of this research. Finally, the increas mm_ers of hydroponic

growers can use these kinetic models in order to design a more automated system with a

variable nutrient solution formulated specifically for the particular requirements of a crop.

Plants require sufficient water and inorganic nutrients in order to grow to

maximum potential (i.e. harvest value). Furthermore, the nutrient requirements change

with the particular stage of growth of the plant. Therefore, standard agricultural practices

employ the use of irrigation and fertilization schemes which can be based on mathematical

models developed fi'om various environmental factors (see Chapter 3). One of the

influeneial factors in the growth, development, reproduction, daily maintenance, and yield

of plants (see Chapter 2) is the water potential of the soil [Glass, 1989]. Furthermore, this

factor is closely linked to the soil nutrient concentrations and their effects on these growth



149

parameters. Speeitieally, when soil moisture levels change, the dissolved inorganic nutrient

concentrations change accordingly. These can lead to nutrient deficiencies or toxieities

which have the effect of decreasing the overall yield of the crop (see Section 2.4.3).

For the typical field farmer, these types of models can be used as a tool to aid in

the scheduling of the irrigations and fertilizations. Specifically, since crop species require

different levels of nutrients at different stages of growth, then knowledge based on the

models of this research can be applied in order to determine the liming of these applicants.

For example, if a speeifle nutrient is required at a specific stage of growth of a crop

species, then the nutrient uptake kinetics developed in this research can be used to model

these requirements. If these models are known, then the farmer can insure the proper

levels of the nutrient at the correct time in the life cycle of the crop. Although nature

generally has the ability to supply most of these requirements, these artificial

supplementations are still ollen required. With accurate kinetic data, the time application

of the inorganic nutrient and/or water can be optimized thus reducing the quantity of

resources required. Since typical fertilizers are broadcast as a liquid mixture containing the

inorganic nutrients, then, for a particular crop, the nutrient concentrations in these

mixtures can be specifically designed. Again, these will depend upon kinetic data for the

nutrient uptake capacity of the crop species.

Similar to conventional field agriculture, the goal of the increasing mnnbers of

hydroponic growers is to produce the maximum harvest for the least amount of time,

energy, and resources (see Section 4.2.1). In order to accomplish this goal, acx-mate

models of the water and inorganic nutrient requirements for the plants are required.

Furthermore, implementing the supply seheduling for these essential nutrients can be based

on uptake models developed specifically for the crop species cultivated. This will aid in the

reduction of resources as well as predict the spent solution concentrations which can be

recycled for the next production sequence. Furthermore, continuous hydroponic

production systems such as those currently in operation [Field, 1988], may be made more

efficient by having the nutrient supplies meet the demands more closely; thus, reducing the

replenishment process.
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6.3.2 Applications to Space Agriculture

Since the plants produced in this research are cultivated on the PCT-NDS

established by NASA (see Chapter 5), then the models and procedures used in this

research have direct applications for space agriculture. The current endeavors of the

National Aeronautics and Space Administration (NASA) to sustain humans in a space

environment are based upon the concepts of the Controlled Ecological Life Support

System (CELSS). The CELSS concept utilizes minimal inputs carried on-board with a

complete recycle all of the wastes produced into useful resources [Avemer, 1989]. One

component of the CELSS is the hydroponic production of plants to supply water and food

for the crew as well as regenerate oxygen fi'om human respiratory CO2 and other wastes

[Wright and Bausch, 1984]. In order to produce plants in space environments under this

CELSS concept, the quantity of inorganic nutrients and water will have to be acxau_tely

quantified. This will require water for dilution of some of the nutrients and

supplementation to bring others to the desired levels. Therefore, substantial knowledge of

the uptake requirements of the candidate species grown as well as acxaume kinetic models

for the efficient connectivity to the rest of the systems contained in a CELSS are needed.

Therefore, the results of the models developed in this thesis as well as the methodology

used to determine the kinetic constants is directly applicable to NASA's desires.

The candiate crop species cun'ently being investigated for inclusion in the space

program include wheat, brassica, beans, rice, potatoes, and salad vegetables such as

lettuce, radishes, and tomatoes [Dreschel, et al., 1988, Dreschel and Sager, 1989; Tsao, et

al., 1994]. Pre'luninary experiments involving these crops have shown growth and yield

results on the PCT-NDS comparable to conventional plant growth methods. One criteria

used for selecting candidate crop species is plant size. Due to the limited volume of a

space capsule, the growth chambers used to produce these plants will be severely limited

as well. Therefore, plants with a high productivity to growth volume ratio are selected.

One such species which can possibly meet this requirement is the Cherry Elite tomatoes

used in this research
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6.3.3OtherApplications

In addition to the aforementionedapplications,the researchdeveloped in this

thesis can be applied to other areas of research such as phytoremediation and nutrient

studies in plant eea and tissue cultures. For the former application, soils are often

contaminated with non-essential elements such as selenium, cobalt, nickel, arsenic, lead,

silicon,cobalt,alumimma, and sodium as well as toxiclevelsof essentialnutrientssuch as

zinc (seeSection 2.4.2).In order to render these soils"environmentallyfi-iendly,"plants

have been looked at as possiblemeans of clarifyingthese soils[Rouhi, 1997].Since the

uptake mechanisms of many of the contaminating dements are similaror identicalto the

mechanisms involved in the uptake of essentialntrtrients,then the applicationof the

mechanistic reaction chain can be used to determine the rate limiting step. Furthermore,

the methodology used to develop the kinetic models in this research can be directly

applied in order to determine the uptake capabiliaes of plants for these unwanted

elements.

The other possible application of this research in the area of nutrient uptake studies

in plant eel and tissue cultures is actually a simplified version of the whole plant uptake

process. Specifically, since there is no transpirational driving force in cellular cultures as

there is in whole plants, the convection term used to describe the environmemally

manipulated nutriems can be eliminated. This leaves a purely di_sional mass transport

term while the nutrients that undergo plant based manipulations can be modeled similarly

to whole plants. Specifically, the plant eells produce the same specific enzymes which are

either membrane hound or excreted into the surrounding medium which facilitate the

uptake of the nutrient into the plant cell. With the advent of adequate bioreaetors for the

growth and secondary production of plant cellular cultures [MaeElvey, et al., 1993], the

need for nutrient uptake models into plants becomes more important as commercialization

and scale-up of these processes begins to reach fi-uition [Kossen, 1992].
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CHAPTER 7 - MATERIALS AND METHODS

This chapter details the experimental materials and methods used in order to satisfy

the objectives set forth in order to prove the research hypothesis presemed in the previous

chapter. These objectives are reprinted below along with the overall hypothesis of the

research.

HYPOTHESIS:

"The rate limiting step in the nutrient uptake processes of plants can be modeled either as

an environmentally manipulated supply or a physiological manipulation by the plant."

OBJECTIVES:

(1) Use the PCT-NDS to produce #ants under controlled environmental conditions.

(2) Vary the controlled environmental conditions in order to determine whether a

particular nutrient is directly influenced by these changes or due to some "other"

(plant) factor.

(3) If the nutrient is controlled directly by the environment, then model using convection

and diffusion equations with the incorporation of the water potential gradients.

(4) If the nutrient is controlled by the manipulations required by the plant, then model

using enzyme based kinetics (i.e. Michaelis-Menten kinetics).
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In order to conduct the experiments required for Objective (1) of producing plants

on the Porous Ceramic Tube - Nutrient Delivery System (PCT-NDS) under controlled

environmental conditions,, the design and construction of the experimemal apparatus is

provided in Section 7.1. This will include the conversion of a standard laboratory ebemieal

hood into the plant growth chamber used in this research as well as the construction of the

test bed units (TBU) on which the plants are produced. In Section 7.2, the formulation of

the standard hydroponic solution as well as the alterations in concentrations used in this

research are provided. Furthermore, the methods used to compensate for the changes in

the osmotic potentials, _, for these different nutrient solutions are detailed as well. This

will involve the use of the PCT-NDS with various pore sized ceramic tubes under

controlled suction pressures. Finally, this section will outline the overall water potentials,

_F_, in combination with the nutrient concentrations that will be examined in order to

determine the environmental influences on the nutrient uptake capabilities of plants. This

design of experiments will satisfy Objective (2). Finally, in Section 7.3 of this chapter, the

methodologies used in analyzing the results obtained from these experiments are provided.

This includes the analyses of the various plant tissues and nutrient solutions as well as the

statistical methods used to determine whether a nutrient is enviromentally manipulated or

controlled by the enzymes produced in the plant roots. Once this discrimination is made of

the rate limiting step in the mechanistic reaction chain, the model parameters for either

ease will be estimated statistically. Specifically, the bulk flow rate will be determined

directly from water uptake measurements while the diffusion coefficient will be estimated

through regression. As for the enzyme kinetic constants, these will be determined from the

results applied to a linearized version of the lVfichaelis-Menten equation. The data used for

this estimation will be obtained from the experiments conducted with differing nutrient

concentrations but eomtant water potentials. This will satisfy Objectives (3) and (4).
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7.1 Experimental Apparatus

The experimental apparatus used in this research consists of two distinct portions

based on the environmental requirements of plants. For the terrestrial environment, a plant

growth chamber was constructed from a standard laboratory chemical hood which

supplies the plants with the required temperature, humidity, lighting and atmospheric

constituents. The construction of this growth chamber is provided in this section along

with the degree of control that is maintained on these various environmental conditions.

Similarly, this section also provides the design and construction of the PCT-NDS test bed

units used to provide the controlled root-zone environments for the plants grown.

7.1.1 Growth Chamber

Although a complete environmentally controlled growth chamber was not available

for this research, a chamber for the production of plants on the PCT-NDS was

constructed from a standard laboratory chemical hood (1.3 m wide by 0.6 m deep by 0.8

m high). This was ac,complished by accounting for all of the necessary terrestrial

environmental conditions includin8 lighting, t_e, humidity, and atmospheric gas

composition The standard hood lamp and air vents were shut off. This chamber can

ac_mmodate four Test Bed Units (TBU) as descn'bed below (see Section 7.1.2).

In order to supply plants with adequate lighting, three fluorescent light banks (2

bulbs eaoh) were mounted at the top of the hood interior using standard chemical stands,

damps, and cross beams. The light bulbs used in these banks were 3 standard 40 watt

bulbs plus 3-40 watt wide spectrum bulbs specifically designed for plant growth (Gro-Lux

Wide Spectrum Light Bulbs). In order to increase the amount of light incident on the

plants produced within the chamber, ablminum foil and mirrors were used to line all

interior surfaces of the hood including the front safety glass. This shield was partially

dosed leaving 0.15 m (by 1.3 m wide) of space for access into the chamber. The total

photosynthetically active radiation (400-700 rim) supplied averaged 50 gE m "2 s"1 at the

level of the ceramic tubes and increased to 70 and 90 gEm 2 s-1 at 25 and 50 cm canopy
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heights, respectively. This fighting system was connected to a common electrical wire

which was subsequently attached to a 24 hour timer set to a 16 hour fight / 8 hour dark

cycle. During the experiments of this research, these light levels were assumed constant

over time.

The access gap also allowed for the temperature and humidity to remain under the

control of the surrounding laboratory. For the temperature of the growth chamber,

although specific control systems were not installed, the building housing the chamber

maintains atmospheric temperalan'e, T_, at + 1.7 °C although the absolute temperature

varies with the time of year between an average of 20 (winter) to 29 (summer) °C. Time

courses of the temperatures during the individual experiments are provided in Appendix A

(see Figures A.1 to A.8). Furthermore, the temperature during the light cycle was slightly

higher than during the dark due to the heat generated by the light bulbs. There was also a

slight temperature gradient between the top of the hood (nearer to the lights) and the

bottom where the ceramic tube systems were placed. During the experiments, all

temperature measurements were obtained from the bottom center of the hood.

Similarly, the building also provides a relative humidity, RI-I, of approximately 50 +

10% year-round. These values were measured directly inside of the growth chamber with

and without plants. Time courses of the relative humidities are also presented in Appendix

A (see Figures A.1 to A.8) along with a table summarizing the averages and standard

deviations for both the temperama'e and relative humidifies during each experiment (see

Table A_ 1). As for the atmospheric constituents, again, no direct control was maintained.

Therefore, 02, N2, and CO2 concentrations were assumed equal to the standard

atmosplierie levels of 21%, 79% and 0.035%, respectively [Gattier, et al., 1995].

Although the temperature and RH varied considerably during the experiments of

this research, their effects on the growth, solution uptake, and transpiration will be left as

a recommendation for further investigation (see Section 10.2.1). For the purposes of this

research, only general rate equations for these processes are required for the nutrient

uptake studies. However, since the temperature can affect the solution osmolarity as

dictated in Equation (2.2), this factor will be examined in detail later (see Section 7.2.1).
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7.1.2Porous Ceramic Tube - Nutrient Delivery System Test Bed Units

In order to accomplish the experiments for this research, Test Bed Units (TBU)

consisting of four ceramic tubes connected in parallel were constructed. A schematic

drawing of a TBU is provided in Figure 7.1. The main components of this unit are the

individual ceramic tube assemblies mounted to a plastic plate. The nutrient delivery

components also shown in Figure 7.1 consist of a variable speed pump (Cole-Panner L-

07553-20) with a 16-gauge pump head, a flow meter, and a metering valve. Each of these

are connected in the fluid circuit by system tubing (16-gauge Norprene tubing; internal

diameter, D_ = 0.312 era). grnhin this fluid circuit is a 500 ml graduated cylinder capped

with a 2-holed #10 stopper. This cylinder which serves as a nutrient reservoir is wrapped

in alumimml foil in order to reduce the occurrence of algal growth. In order to measure

the upstream and downstream pressures, various sized vacuum gauges (Dwyer

Instruments 2003C and 2015C; Cole-Parmer I.,-07380-62) located at a distance, L, = 5.5

em from the ceramic tubes were attached according to the required pressure ranges.

Finally, as shown in Figure 7.1, the TBU is connected to the nutrient delivery system

forming the entire PCT-NDS.

Upsueam Vacuum Gauges Downsneam Vacutma Craages

Ceramic Tube Assemblies

Plastic Base Plate

Meter_
Valve

Reservoir
Suction

Pump

[ l Flow Meter

Figure 7.1 Schematic Drawing of an Experimental Test Bed Unit (TBU) Connected to the

Nutrient Delivery System
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One componentnot fully depicted in Figure 7.1 are the individual ceramic tube

assemblies which are represented by the gray rectangles. These assemblies, as detailed in

the exploded view of Figure 7.2, consist of a ceramic tube connected to the system robing

through robber connectors. Prior to connecting these ceramic tubes to the fluid circuit, the

ends are wrapped with Teflon tape to insure a leak-proof connection (leaks appear as air

bubbles in the circulating solution). Surrounding these tubes are opaque covers which

provide root-zone darkness but have a 1/4" hole cut into the top side of them in order to

accommodate an emerging plant. These covers are attached to the ceramic tube through

robber connectors which fit over the ceramic tube connectors but inside of the tube

covers. Each of these connectors are modified test robe stoppers containing a hole

penetrated by the system tubing. As for the physical dimensions and porosities of the

ceramic tubes that can be attached to this system (Osmonics, Inc. Controlled Porosity

Ceramic Mierotilters 46824, 5, 6, and 8), the average values were presented earlier in

Table 5.1.

System

Tubing

Ceramic Tube Connector

(Fits over Ceramic Tube)

Emerging Plant

Tube Cover

(Dark)

Tube Cover Connector

(Fits inside Tube Cover)

Plant Roots on Exterior
Ceramic

(Cannot Penetrate Pores) Tube

Figure 7.2 Exploded View of the Porous Ceramic Tube Assembly with Plant Orientation
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7.2 Experimental Design

This section details the experimental design that is used in order to determine the

effects of the root-zone environment on the nutrient uptake capacity of a test species. This

test species was chosen to be Lycopersicon esculentum ev. Cherry Elite tomatoes (see

Section 6.3.2 for reasoning). Since different nutrient solution concetmafiom will be

utilized in this research, the standard formulation will be presented along with the

protocols used to produce the various solutions. Furthermore, these differem nutrient

concenUafions will be described in terms of the effective osmotic potentials contributing to

the overall root-zone water potential that the tomatoes will be subjected. In order to

compensate for these variations in x_, the methods used to alter the matric component,

Pro, will be provided as well. This will include the various pore sized ceramic robes used

with the system described in terms of the effective matric potentials, P=, achieved using

the applied suction pressure, Ps. Finally, the specific environmental conditions in terms of

the range of root-zone water potentials, _F_, that will be examined are provided.

7.2.1 Hydroponic Solution Formulations

The formulation of the inorganic nutrient solution used in this research follows the

standard Hoagland's #1 hydroponic solution (see Table 4.1). This solution is prepared

from 1 M stock solutions of KHePO4, KNO3, Ca(NO3)2"4H20, and MgSO4 (Aldrich

Chemical Company). In addition to these macro-m_ent solutions, iron is added from a

Sequestrene 330 Fe Stock solution prepared by adding 5 g of chelated iron (Ciba-Geigy;

10",6 chelated iron from sodium ferric DTPA) into 1 L of distilled water. For the remaining

micro-nutrients, these are combined in a 10x Stock Solution by adding 28.6 g H_BO3,

18.1 g MnCI2.4H20, 2.2 g ZnSO4.7H20, 0.8 g CuSO4.5H20, and 0.2 g H2MoO4.H20

(Aldrich) to 1 L of distilled water. Once these stock solutions are prepared, 10 L of the

standard (Ix) strength hydroponic solution earl be formulated using the following reeipo:
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Recipefor theHoagland's #1 Hydroponic Solution used in this research:

1) In 9 L of distilled water, the following quantities of Stock Solutions are added:

2) 10 mls of 1 M Potassium Phosphate - KH_PO4 - Stock Solution

3) 50 mls 1 M Potassium Nitrate - KNO3 - Stock Solution

4) 50 mls 1 M Calcium N'rtrate - Ca(NO3)2"4H20 - Stock Solution

5) 20 mls 1 M Magnesium Sulfate - MgSO4 - Stock Solution

6) 100 mls Sequestrene 330 Fe Stock Solution

7) 1 ml 10x Mieronutrient Stock Solution

8) Measure the pH ofthe solution and adjust using 1 M NaOH to 5.9 _+0.1

9) Add distilled water to make up the remaining volume to 10 L

This standard (lx) solution can be calculated to have an osmolarity of 31.1

mmol/kg. At an atmospheric temperature of 27 °C (300 K), the osmotic potential, _, can

be calculated from Equation (2.2) to be -0.078 MPa_ During the experiments of this

research, the concentration levels that were also examined were 1/2x and 1/4x strength

solutions prepared by diluting the standard mixture. Therefore, the corresponding osmotic

potentials can be determined to be -0.039 and -0.019 MPa, respectively. Again, since there

exists a temperature fluctuation over the course of a year, this factor can be taken into

acr_unt during the calculation of the uptake results. However, since the average

temperature, T_ during the experiments only varied from 20 to 29 °C (see Appendix

Table A. 1 for seasonal averages), then according to Equation (2.4), the osmotic potential,

rr,_, only varies by _+0.001 MPa. Therefore, the temperatures experienced during this

research do not significantly alter the osmotic potential of the solutions. For the

calculations, an osmotic potential ofr,_a = -0.078 MPa will be used for the Ix solution. As

the nutrient concentrations are altered from full to 1/2x or 1/4x strength solutions, the

change in osmotic potential will be calculated as the fractions of this value.
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7.2.2SystemOperation

With these values for the osmotic potentials, the matric potentials required to

compensate for the change in _ while maintaining a constant overall water potential need

to be determined. The first step is to calculate the desired matric potential, P=. This value

of P= is dictated by the average pore size, d, according to Equation (7.1) (see Section

6.1.3 for derivation).

P== -(4ycos6) / d (7.1)

For the ceramic tubes used in this research, the pore sizes are 0.30, 0.70, 1.5, and 2.2

microns as shown in Table 5.1. In addition to the pore size, the matric potential is also

dependent upon the contact angle, _, that the liquid makes with ceramic material.

Furthermore, this contact angle is dependent upon the applied suction pressure, P_,

acx_rding to Equation (5.17). This equation is reprinted below where the theoretical

weeping and cavitation pressures, Pw and Pc, respectively, are presented in Table 5.2.

P$ " PW

cos, - (5.17)
Pc - Pw

Combining Equations (7.1) and (5.17) allows for the matric potential to be determined in

terms ofd and P, as shown in Equation (7.2).

P= = - (4y/d)[(P,- Pw)/(P, - Pw)] (7.2)

Since the amount of suction pressure that can be applied to the system is limited by

the pressure at which dissolved air is pulled out of aqueous solution (approximately -0.08

_+ 0.01 MPa), then the limitations in the effective matric potentials for each pore sized

ceramic tube can be determined. These are presented in Table 7.1 along with the

propagated errors using a value ofAy = _+0.001 x 10"* MPam. As can be seen in the last

column of this table, the limiting matric potentials that can be achieved are equal at this

level of significant digits to the limiting pressure at which dissolved air is pulled out of
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aqueous solution. This result makes sense since acx,ording to Equation (5.8), Pc -= Pw -

4y/d. When substituted into Equation (7.2) along with the assumption that limiting suction

pressure (Is = -0.08 MPa) is considerably larger in magnitude than the weeping pressure,

Pw, then I'm is approximately equal to this value of Is. Therefore, if the range of pressure

applied to the system is relatively far away from the weeping condition, then the matric

potential can be estimated using the applied suction pressure.

Table 7.1 Limiting Matric Potentials that can be Achieved on the Porous Ceramic Tube -

Nutrient Delivery System

Pore Size, d (tan) Weeping Pw (cm.H20) i Cavitation, Pc (MPa) Matric, P,, (MPa)

0.30 _+0.005

0.70 _+0.005

1.5 _+0.05

2.2 _+0.05

-0.76 +_0.03

-0.77 +_0.02

-0.69 _+0.02

-0.65 _+0.02

-0.96 + 0.016

-0.41 + 0.003
-0.19 + 0.006

-0.13 + 0.003
w

-0.08 + 0.01

-0.08 + 0.01

-0.08 + 0.01

-0.08 + 0.01
I

In order to acquire this control pressure, the pump speed can be increased causing

a decrease in the applied suction pressure. This was illustrated in Table 5.4 for various

pump speeds. Again, since there exists a pressure drop along the length of the ceramic

tubes when solution is flowed within, then an average suction pressure, P_, can be used

since the plant roots grow over the entire tube surface. Another method that can be used

in conjunction with altering the flow rate is partially closing the Metering Valve located

upstream of the tubes as shown in Figure 7.1. This constriction also causes a decrease in

the applied suction pressure allowing for the desired matric potential to be achieved.

As an example of this operational procedure, the PCT-NDS containing a 0.30

micron tube with a lx strength solution flowing within at near weeping pressures, has an

overall water potential, _F_, which can be calculated from the following contributions.

With a lx solution, the osmotic potential can be calculated (assuming T_ = 27 °C) to be

= -0.078 MPa. For the 0.30 micron tube at near weeping pressure, the matric

potential is negligible in comparison; therefore, P,, - 0 MPa. Therefore, W_ can be

calculated as (I'm - r,_) = -0.078 MPa. In order to examine the effects of a 1/2x solution
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on thegrowth and nutrient uptake kinetics into tomato plants, _ of this solution is first

determined to be, -0.039 MPa. Taking the difference between the _F_ and this new

osmotic potential, results in a pressure difference of-0.039 MPa. In order to determine the

operating pressure required to achieve this compensating matric potential, this value is

entered into Equation (7.2) along with the appropriate weeping and cavitation pressures.

Upon doing so, the applied suction pressure, P_, can be determined to be -0.039 MPa as

well. This average value for the operation of the PCT-NDS can be achieved by measuring

the upstream and downstream pressures, P1 and P2, respectively, while altering the flow

rate, Qz, and/or manipulating the Metering Valve. These pressure and flow rate

measurements will be carried out daily in order to maintain the conditions as constant as

possible.

In order to determine the effects of nutrient concentrations and water potentials on

the nutrient uptake kinetics into tomato plants, several different root-zone environmental

conditions will be examined. A manipulation of these conditions allows for a determination

of whether the uptake of a specific nutrient is controlled by this factor or by some other

(i.e. plant-based) mechanism. The specific experimental conditions are presented in Table

7.2. For the overall water potentials, these range _om relatively dry to relatively moist

eonditiom. Dry root-zone conditions are dictated by a high salt content and a low water

level while a moist condition is indicated by a low salt concentration and a high water

level. In this table and throughout the text, the matric potential level of-0.000 refers to

near weeping conditions where the pressures are on the slightly negative side but

approximately zero for the number of signficant digits.

Table 7.2 Experimental Conditiom of Different Osmotic, Matric, and Root-Zone Water

Potentials (in MPa)

W,a=-0.019 _F_=-0.058 _F_,i1=-0.078 _F=,a=-0.117 W_=-0.137

7r_ i P,, _ 7r_

-0.019! -0.000 i -0.019
t !

i

P,- [ 7r._ I P, i r_oil i P,, r_ i P,,

-0.039!-0.019 -0.0591-0.078 [-0.039 !-0.078 i-0.0591
-0.039 -0.039 ! i t I

, , -0.078 -0.000 i ! i 1
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In order to obtain the various levels of water potentials listed on the top row of

Table 7.2, different combinations of osmotic and matrie potentials will be set in the

system. For the different osmotie levels of-0.078, -0.039, and -0.019 MPa, these are

equivalent to the nutrient solution concentrations of Ix, 1/2x, and 1/4x, respectively. As

for the malric potentials, these levels represent the relative range of applied matric

pressures for which the system is operated. Specifically, the -0.000 MPa level corresponds

to the operation of the system at near weeping eonditiom (i.e. the least amount of applied

suction pressure). In this case, the matrie potential can be calculated using Equation (7.2).

On the other end, the -0.059 MPa level for the matric potential represents the system

operation at high suction pressure. In this ease, the P_, can be approximated as Ps.

7.3 Analytical Methods

This section reviews the methods used in order to monitor the growth and

development of the tomato plants as well as to analyze the tissues and solution samples for

the concentrations of nutrients present. This will include measurements of the masses of

the various tissues, plant height, leaf development, daily solution usage, solution pH

changes, and solution replenishment. During these experiments, solution and tissue

samples are produced and prepared for analysis in an Inductively Coupled Plasma -

Atomic Emissions Spectrometer (ICP-AES). The procedures used for this preparation are

described in this sectioa Furthermore, the results obtained in this research will be analyzed

statistically for growth rates, mmient uptake rates, and rate controlling mechanisms.

One condition to consider is that since the nutrient uptake rates change with the

plant growth stage, then different harvest times will be utilized with these various

conditions. The spoeific times will be based on the diererent stages of leaf development

between the 7th and 15th true leaves (main vegetative growth stage). The last leaf stage

examined is just prior to the development of fruit meaning that the vegetation produced up

to this stage is the critical indicator for the production of adequate photosynthates

required for fi_tit production.
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7.3.1 Growth Measurements

During the experiments of this research, several factors will be measured on a daily

basis. These include the height of the plant, leaf stage development, and the volume of

solution taken up. At the end of the experiment, the wet and dry tissue masses of the

leaves, branches, and roots will be measured as well.

In order to measure the growth rate of the tomato plants, the number of days, tVAE,

required to reach speeilie leaf stages, LS, after the plants have emerged will be counted.

Producing a regression equation for this relationship between tv_ and LS which takes into

account the various test conditions (r_,_ and i,m) allows for the plants to be measured on a

leaf stage basis. This time scale is more desirable than an absolute scale since the

experiments conducted in this research are performed during the various yearly seasons.

Although environmental conditions were relatively stable within a single experiment, the

results from experiments conducted during different seasons produce faster or slower

growing plants based on the terrestrial conditions (mainly temperature). Therefore, the leaf

stage scale consolidates the results onto a scale that is relative to the plant development.

Once this relationship is established, the daily plant heights, l_uffi, corresponding to

the occurrence of the various leaf stages will be regressed as weft. These statistical

analyses will also take into consideration the effects of the osmotic and naatrie potentials

used to produce each plant. Since both the height and dry weight of the plant tissues,

Wtiffi_a, represent physiological characteristics that increase during the development, then

these factors will be statistically regressed for each tissue type as well as the whole plant.

Once adequate correlations are established for the entire plant as well as the individual

tissue types, then the daily height measurements obtained throughout the experiments can

be used to estimate the dry mass of the plant tissues without the actual destructive harvest.

It is expected that the final correlations for the growth equations will attain an exponential

form. Therefore, the mass of the plant tissues at different growth (leaf) stages and times

during the experiments can be estimated at each occurrence instead of only after the final

harvest for the plants produced under the different test conditions.
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This method of measuring growth through the height of the plant is acceptable

since as the plant increases in height, the entire mass of the individual tissues should

increase as well. Specifically, in order to produce the photosynthetic components required

for the main stem, an increased number of leaves will be required for this production. In

order to support the leaves and reduce shading, a more extensive branching system is

required. Finally, as the plant increases in height and leaf surface area, the rooting system

needs to become more extensive in order to provide physical support.

Once the daily growth of the plants in terms of dry weight is estimated using this

procedure, the water status for these plants will be evaluated as well. Initially, the growth

in terms of wet tissue weights, Wa._,w, will be determined using a procedure identical to

the one used to produce the dry weight growth equations. The difference between these

corresponding growth equations for the various tissues will then be used to produce a

model for the plant hydration or water retention in the tissues, _ (in ml). Since the

growth equations are expected to be exponential funetiom of leaf stage, then the plant

hydration is expected to be exponential as well. These absolute measures of the plant

hydration can then be used to determine the rate of solution retention, Q_.

The quantities of water retained in the tissues are included in the total amount of

solution taken up by the plants during the course of the experiments. This rate of solution

uptake, Q, (in ml solution per day) can be calculated from the total sum of the daily

solution uptake measuremems, V,, plotted versus the average leaf stage of development,

LS. Furthermore, the effects of the different osmotic and matric components need to be

shown not to contribute significantly to V. for a constant overall water potential.

However, when the effects of different levels of water potential on the solution uptake are

compared, then this factor, _, needs to be shown to be significant. The combination of

these two provisions produces the evidence for satisfying Objective (1) of controlling the

root-zone environment using the PCT-DNS.

Once the rate of solution uptake and hydration are determined, then the

transpirational rate, Et* (in ml day'S), can be determined. Under normal field conditions,

the uptake of water follows the transpiration occurring mainly during the day [Van
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Ieperen and Madery, 1994]. Since the uptake minus hydration equals the quantity of water

released into the atmosphere through transpiration, then the rate of transpiration can be

determined by taking the derivatives of V, and Hw,_. The difference between these

derivatives produces the relationship for the rate of transpiration from the tomato plants.

This is shown in Equation (7.3).

Et* = dVJdt - dHw,.tm/dt = Q, - Qr (7.3)

7.3.2 Tissue and Solution Concentration Analyses

In addition to the daily measurements for the growth and transpiration of the

tomato plants, daily measurements will also be made of the solution pR This is due to the

solubility of the nutrient being highly dependent upon this factor. In addition to the pH,

the nutrient solution will be analyzed for the concentration of the dissolved inorganic

nutrients on roughly a weekly basis. This will be accomplished using the ICP-AES. The

solution samples are prepared by withdrawing a 19.6 ml sample of the solution from the

reservoir and replacing with an equal volume of fresh Hoagland's solution. This sample is

acidified with nitric acid and sent to the Department of Food Sciences, School of

Agriculture, Purdue University for analysis.

The analytical procedure for this spectroscopic technique involves energizing the

dements in the sample by injecting them, in aerosol form, into an argon plasma [Boss and

Fredeen, 1989]. This plasma is created by stripping electrons offan argon gas stream and

energizing these electrons in a magnetic field. This high temperature plasma, known as

Inductively Coupled Plasma, ranges from 6,000 to 10,000 K depending upon location in

the discharge. Once the sample is introduced into this plasma, the droplets are desolvated

to form microscopic salt particles. Then, the solid particles are vaporized into a gas which

is then atomized. The next two steps are conducted in order to cause the characteristic

radiation emission by the atoms. The first is the ionization of these atoms which leads to a

more general radiation emission while the second step of excitation produces a more

specific release of energy characteristic to the element. The combination of these two
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atomicemissions can be measured spectroscopically (AES). Furthermore, the intensity of

the emissions produces a measure of the concentration of the element in the sample.

In addition to the solution samples, the plant tissues can be analyzed using this

spectrometer. In order to prepare the plants for this analysis, the following procedure is

used. First, the plants are harvested from the system by clipping and collecting the leaves

of the tomato plant leaving only the main stem, branches, and the root mat attached to the

ceramic tube, still connected to the PCT-NDS. These leaves are collected in a weighing

boat of known tare weight and the wet mass is determined. Next, the branches and main

stem are separated from the root mat where the main stem emerges from the hole cut in

the tube cover (see Figure 7.2). All portions of the plant above the tube cover are

considered the terrestrial portion while the root system consists of the bio-material inside.

Again, these tissues are collected in a weighing boat for the measurement of the wet mass.

After the terrestrial portion of the tomato plants are removed, the system is drained of

solution by disconnecting the outlet tube from the reservoir. Then, the ceramic tube

assembly, as shown in Figure 7.2, is removed from the fluid circuit and dismantled. When

the tube cover is removed from the ceramic tube, the root mat covering the entire surface

of the ceramic tube is exposed to the outside air. Due to the delicate nature of the root

system, particularly the root hairs, these tissues tend to dry out fairly rapidly. Root tips

have been seen to dry out within minutes. In order to obtain accurate wet measurements

of these tissues, the root mat is quickly trimmed from the ceramic tube by cutting the mat

down the length of the ceramic tube. Once this cut is made, the root mat simply peels off

of the ceramic tube since the pore sizes are smaller than the root hairs themselves. A

measurement of the root fresh weight is generally made within minutes of the removal of

the tube cover. In order to harvest several plants from a single experiment, this entire

procedure is conducted to completion and started again on the next plant.

After the fresh tissues are weighed, the separate samples are dried in an oven at 70

°C for two days. After this time, the tissue samples are removed, allowed to cool, and then

the dry masses are measured. Once complete, the tissues are ground to pass through a 40-

mesh screen where they are subsequently collected and set for analysis in the ICP-AES. At
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thispoint, anadditionprocedureis required to analyze these samples which begins with an

acid digestion using nitric or perchloric acid. This digestion procedure is generally

complete; although, some samples containing high levels of silicon are only partially

digested. This contamination can be introduced from the glassware used in the digestion

procedure as well as from other sources [personal communication]. At this stage, the

tissue samples are treated the same as soluton samples in terms of the ICP-AES analysis.

The results from these measurements will be used to complete the inorganic nutrient mass

balances as well as to calculate the uptake rates, Ji.

7.3.3 Statistical Analyses

The production of the various models used to describe the development, growth,

solution uptake, and inorganic nutrient uptake processes in the tomato plants will be

conducted using statistical regressions. The methodology used to determine the

statistically adequate regression models begins with the formulation of a possible model

equation such as a linear or exponential equation. These models may contain terms for

each of the possible influences such as leaf stage, osmotic potential, matric potential,

overall water potential, and concentration. In some cases, the data used to formulate these

regressions will be transformed by taking the natural logarithms and determining whether a

significant linearized correlation exists from these results. If this is the ease, then the

linearized regression can be transformed back into the specific non-linear fimctions.

Once the form of a model is decided upon, possibly through some external means

such as the established exponential model for plant growth, the model parameters are

estimated using the method of least squares reduction of the sum of squares of the

residual. In order to determine whether the particular model is at least adequate and

should not contain any additional terms, an analysis of the variances (ANOVA) associated

with model and the left-out terms can be performed. This analysis is based on the null

hypothesis which assumes that the variance in the experimental data is only due to the

random error of the experiment instead of some imposed condition. In order to refute this
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hypothesis,this analysis utilizes the F-statistic which is the ratio of these variances to the

error variance associated with the experimental measurements. A model term is deemed a

significant contribution if the calculated F-statistic is greater than a critical value based on

the risk of wrongly including the model term when, in fact, it does not belong. The risk

used in this analysis is denoted as the ctn_ and is dependent upon the degrees of freedom

of both the model or left-out terms and the residual (or error). If the calculated F-statistic

for this model is greater than this critical value, then the null hypothesis can be safely

rejected and the model terms significantly contribute to describing the results. However, in

order to establish an adequate model, the calculated F-statistic for the left-out terms must

be shown to be less than the critical value. In this case, the null hypothesis cannot be

rejected and the remaining error can be attn'buted to simple random error. Therefore, an

adequate model is formulated when both of these criteria are met.

This type of statistical analysis will be conducted during the formulation of a

general growth equations. The growth rates of higher plants are generally considered as

exponential functions based on the dry weight of the tissues (see Section 7.1.1). These are

empirical or semi-empirical equations based on the growth response of the plants over

time. Therefore, during the fomnflation of the growth rates for these tomato plants, an

exponential function will be developed. This will be obtained from a combination of the

empirical models developed between tv,aa_and LS, _ and LS, and W_,d and hp_t.

Similarly, this general statistical model building procedure will be used during the

development of the solution uptake rates, Q,. These uptake rates will be subsequently

correlated to the root-zone water potentials achieved in this research in order to show that

the environmental conditions are under the degree of control predicted by the conditions

set in the experiments. Once this is achieved, the different nutrient concentrations can be

evaluated for their effects on the nutrient uptake capacity of the tomato plants.

By altering the nutrient concentrations in these experiments, the nutrient mass

transport rates that are based on the environmental manipulation can be examined

separately from the influences of the plant enzyme or protein activities. First, the nutrient

uptake rates, Ji, will be determined from the experimental data for each nutrient, i. These
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rates will be calculated from the tissue concentrations, dry weights, and the number of

days after emergence for each individual plant. These rates will then be modeled based on

the various factors possibly affecting the nutrient uptake rate including the leaf stage,

osmotic potential, matric potential, and solution concentration.

Once these experimental rates are determined, they will be compared to the rates

of convection, J_, calculated using Equation (7.4) below. The concentration terms in

Equation (7.4) attain the values for each individual nutrient present in the particular

solution used to cultivate the plant. As for the solution uptake rates, these will be

determined from the time derivatives of the regression models of Vu as a function of LS.

J_av, i = QuC_,i (7.4)

This comparison will be accomplished by using a statistical t-test where the average

difference between Ji and J.ffiv_will be hypothesized to be equal to zero. The calculated t-

statistic, _ for these comparisons can be determined from Equation (7.5).

D

d-8

t,_ - __ (7.5)
s,,/'4n

In Equation (7.5), d represents the average difference between the experimental and

convective rates, Ji - J,,v,i, while fi is the hypothesized value for this difference of zero.

Furthermore, Sdrepresents the standard deviation calculated for the n number of samples.

At a specific _ level, these differences will either be strongly rejected as being included

or be within a normal distibution around the average of zero. This normal distibution is

based on a critical t-statistic determined from the risk level and the degrees of freedom.

Three possibilities exist for this comparison_ If t,_ is statistically equal to t_, then

this indicates a convective mass transfer limitation_ In other words, the rate at which the

nutrients are absorbed by the root is equal to the rate at which they reach the root surface.

However, if t_c is a positive value greater than positive t_, then this indicates that the

rate of supply is greater than the rate for which convection transport can account for

alone. Furthermore, this indicates that the enzymatic activity at the root surface is greater
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than the convective supply and is, in fact, causing a substantial concentration gradient

leading to an additional diffusion of nutrients. In this case, there exists a diffusion mass

transfer limitation which is also an environmentally based influence. Finally, the last

possibility is if t_ is a negative value less than negative t_t. Under this condition, the

nutrient supply rate to the root surface is greater than the rate of acquisition. This

indicates a limitation caused by the saturation of the active sites on the transport proteins.

The distinction between these three possibilities satisfies Objective (2).

In terms of the mechanistic reaction chain, only two of the three contributing

mechanisms are ac_unted for during this type of analysis. However, for the PCT-NDS,

the occtaTence of nutrient sohbilization by actively released enzymes (see the first

reaction step, [1], in Figure 6.2 is assumed negligible since these usually operate on

organic matter normally present in a soil. This is not present in this case. Alternatively,

these enzymes can be membrane bound and act to sohbilize nutrients that are precipitated

or bound to soil colloids in contact with the root surface. However, for this system, the

inert chemical nature of the ceramic and microporous channels would restrict this contact.

Once the rate limiting step during the uptake of the particular nutrient is

determined, the classical convection/diffusion model and the Michaelis-Menten equation

will be tested to determine whether these adequately descn%e the results. For the mass

transfer limited nutrients, these can be further divided into convection limited or diffusion

limited. For the diffusion limited nutrients, this portion of the mass transfer rate is

described by Fick's Law. As for the convection limited nutrients, the model presented in

Equation (7.4) is the standard convection equation. Incidentally, Equation (7.4) would

have already been shown to be an adequate description of the convection limited nutrients

through the t-test. As for the other possibilities of diffusion limitation or enzyme

saturation, the adequacy of the respective models will be tested by performing an analysis

of variance on the linearized forms of these models. An adequate model will result in each

of the model terms being significant without the requirement for additional (left-out)

terms. The derivation of these linearized models as well as the speciiic statistical analyses

are presented in Chapter 9. These analyses would satisfy Objectives (3) and (4).



172

CHAPTER 8 - EXPERIMENTAL RESULTS

This chapter presents the growth, solution uptake, and mass balances obtained for

tomato plants (Lycopersicon esculentum cv. Cherry Elite) grown on the Porous Ceramic

Tube - Nutrient Delivery System (PCT-NDS). Section 8.1 presents the growth results for

the plants subjected to the various root-zone environments maintained in this research.

Furthermore, included in this section are the results for the overall development of the

tomato plants in terms of leaf stage development as well as the mass accumulation rates

based on daily plant height measurements. This is followed with Section 8.2 on the water

status results for the plants including the plant hydration, solution uptake rates, and

transpirational capacities. Once the solution uptake and water retention rates are

determined, the transpirational rates can be estimated based on the differences between

these rates. Finally, this chapter concludes with Section 8.3 on the development of the

inorganic nutrient mass balances. Initially, the equation for the nutrient content measured

in the plant tissues will be derived followed by the quantifies found in the system. This

includes the solution supplied, the amounts remaining or removed from the systems, and

the quantities precipitated out of the solution_ A comparison of the tissue to solution levels

will provide evidence of complete mass balances for the inorganic nutrients. This includes

a description of the measurement and experimental errors that were encountered during

the various stages of analysis. Finally, this section will conclude with a specific example of

this mass balance closure using the results obtained fi'om a single experiment. It is

assumed that if the mass balances can be shown to be complete for one experiment, then it

will be complete for the remainder.
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Many of the equations developed in this chapter will be subsequently utilized

during the development of the nutrient uptake rates. These include the rates of leaf stage

development, mass accumulation, and solution uptake. Furthermore, by showing that a

complete mass balance can be achieved, the concentrations measured in the tissue samples

can be used to develop the nutrient uptake quantities along with the tissue weights. These

quantifies can further be used to determine the uptake rates. Therefore, this chapter serves

as a prelude and provides justificatiom for the methodologies used during the

development of the nutrient uptake models for this research. The actual development of

these models are provided later in Chapter 9.

8.1. Growth Results

The root-zone conditions which were controlled in this research which may

influence the rate of growth include the nutrient solution concentration, the ceramic tube

pore size, and the applied suction pressure within the system. The specific values for the

concentrations used in this research are a l, 1/2, and a 1/4 times the standard

concentration of nutrients contained in Hoagland's #1 hydroponic solution. These values

represent osmotic potentials of-0.078, -0.038, and -0.019 MPa, respectively. These

different levels of _ were compensated for during the plant growth experiments by

altering the matric potential, I'm. This matric potential is directly dependent upon the pore

sizes of the ceramic tubes, d, as well as the applied suction pressure, Ps. This was detailed

in Equation (7.2). The specific values for the pore diameters are 0.30, 0.70, 1.fi, and 2.2

microns. Since the different solution concentrations were circulated inside each of the

different pore sized tubes, the applied pressure was manipulated as a result of these

combinations. The specific magnitude of this applied pressure was dictated by the desired

matric potential and the overall root-zone water potential, _F_, that were to be

maintained. Therefore, the variables which may affect the growth of the plants produced in

this research are reduced to the osmotic and matric potentials. The affects of these

variables on the growth rates are examined statistically.
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ARhough other conditions such as the atmospheric temperature, lighting, and

ambient CO2 levels have been proven to greatly affect this growth rate (see Sections 2.2.1,

2.2.2, and 2.3.3), these effectors will not be examined in this research. Under the

conditions of the experiments conducted to produce the tomato plants, these variables

were maintained as constant as possible. However, as will be shown in the discussion

below, the growth of the plants resulted in fairly large errors. Therefore, the mean square

of the residual will be used instead of the standard error during the statistical analyses to

determine model significance and adequacy.

From the literature, the typical equations descn'bing the growth of plants generally

acquires an exponential form. This was shown in the discussion of the growth equations

such as the Gompertz equation, the logistics model, Chanter's equation, and Richard's

growth function (see Section 3.1.1). Therefore, it is desired that the growth model

produced in this research will attain this form as well.

8.1.1. Overall Tomato Plant Development Rates

One unavoidable ooem'rence in these experiments was the genetic variations that

are inherent in any biological species. This is more pronounced with higher life forms such

as plants. Some seeds placed on the moist ceramic tube surface germinated immediately

(within 2-3 days) while others required substantially longer times (weeks). Furthermore,

the development of the tomato plants once they produced root and shoot radicles was also

dictated to some degree by the genetics of the seed. Some plantlets produced the initial

few true leaves within a week of germination while others required several weeks.

In order to partially compensate for these differences, the growth of these plants

were measured on a time scale based on the number of days between leaf stages after fvll

emergence. Full emergence was considered as zero time or the zeroth leaf stage. During

the growth of the plants, each number of days required to reach each odd numbered leaf

stage was recorded. The even numbered leaf stages were not recorded due to the inability

to distinguish between the emergence of a new leaf and the small morphology of the
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primordial structures of the odd leaves that just emerged (i.e. before significant expansion

of the pre-existing odd leaf).

This method of measuring time is reasonable when one considers that a seed does

not begin to produce photosynthates until the cotyledons have emerged. Furthermore,

since the available surface area of these cotyledons dictates the imtial rate of

photosynthesis, then the rate of subsequent leaf development is dependent upon this area.

Another factor besides the genetically defined size of the cotyledons based on the

individual seed is the ability to completely shed the aria (seed coat). If partially covered,

this will reduce the initial rate of photosynthesis and subsequent development.

In order to produce a model for tD_, a general equation was developed that was a

linear function of LS, 7r_u, and Pro. This represented a starting point for the model

development. The results of this analysis showed that the only significant contribution to

the number of days after emergence was the leaf stages. Since leaf stage development is

another measure of time to a plant, then this variable should be directly related to the time

after emergence. Furthermore, this equation should be origin bound since, by definition,

the zeroth leaf stage is equivalent to the time of emergence from which the days are

counted afterwards. The final model is presented below as Equation (8.1).

tDAE(days) = 3.605('LS) (8.1)

The actual data used in order to reaeh this final model are presented in Appendix B (see

Tables B.1 to B.7 for the different r_oa and I'm conditions). The values for the model

parameters were determined using the method of least squares regression while the

significance of each term was analyzed at an _ level of 0.05 by performing an analysis of

variance (ANOVA). The ANOVA table for this final model is provided in Table 8.1 while

the ANOVA table for the complete linear model is provided in Appendix B (see Table

B.8). Although the sum of squares of the left-out terms is fairly large indicating a possible

term which may be significant, this was not pursued in order to simplify future ealeulations

involving Equation (8.1). Finally, this model is plotted in Figure 8.1 along with the data.
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Table8.1Analysisof Variance Table for the Model Descnq_ing the Number of Days after

Emergence (Y) as a Linear Function of Leaf Stage (7(1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 408 217377 (x_ = 0.05

Model 1 205283 205283 6908 > 3.867 yes

bl 1 205283 205283 6908 > 3.867 yes

Resid 407 12094 29.72

Error 359 10629 29.61

LOT 48 1465 30.53 1.027 < 1.394 no
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Figure 8.1 Comparison ofthe Model Equation and the Actual Data for the Relationship

between the Number of Days atier Fanergence and the Leaf Stage

Similar to the development of leaf stages is the overall height of the tomato plants.

Again, this characteristic is dependent upon the genetically defined potentials of the initial

seed. Furthermore, the initial rate of photosynthesis affecting the rate of leaf development,

also affects the overall height of the plant. During the experiments of this research, the

plant heights were measured on a daffy basis. Therefore, the heights corresponding to the
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plants at the various leaf stages can be modeled. Furthermore, since LS is related to the

number of days after emergence according to Equation (8.1), then this model describing

the change in plant heights can be converted into an equation relating h_ to tDAE.

When plotting h_ versus leaf stage (or time) for a set concentration and ceramic

tube pore size, a possible relationship that becomes evident is an exponential equation.

This form is desired in order to produce the final exponential growth function as will be

shown later. Therefore, the form of the equation relating the two physiological

characteristics of h_,t and LS will be modeled using an exponential function. In order to

linearize the responses, the natural logarithm of the plant heights will be used in the model

equation. After the final model is produced, the linearized equation can be converted back

into the non-linear exponential form

In addition to leaf stage, the effects of the solution osmolarity and the matric

potential of the ceramic tubes were examined statistically as well. This was conducted in a

manner identical to the previous development of Equation (8.1). In this case, the plant

heights were shown to be significantly dependent on each of these factors. This is shown

in Table 8.2 which provides the analysis of variances for the final model for h_ at an o_

level of 0.05. Furthermore, the F-statistic calculated for the left-out terms proved to be

insignificant. The data used to produce this model are presented in Appendix B in matrix

form (see Tables B.9 to B.15 for the different r_ and P= conditions). The values for the

model parameters were determined using the method of least squares regression and are

shown in linearized form in Equation (8.2). Again, the magnitude of the sum of squares

for the left-out terms does warrant the investigation of additional terms; however, for

simplicity, these were not pursued.

In(t_t_) = 0.918 + 0.231(LS) + 2.310(r_=a) + 3.891(P=)

Transforming Equation (8.2) back into the non-linear, exponential

Equation (8.3) where _t is a function ofLS, 7t_, and P=.

form

(8.2)

results in

l_,t=t = 2.504 exp[0.231(LS) + 2.310(Try,a) + 3.891(P=)] (8.3)
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An example of Equation (8.3)isplottedinFigure 8.2 along with the actualdata for the

experimentalconditiom where _c_ = -0.078and Pm = -0.000MPa (nearweeping).

Table 8.2 Analysis of Variance Table for the Model DescnWmg the Natural Log ofthe

Plant Height (Y) as a Linear Function of Leaf Stage CX1), Osmotic Potential (X2),

and Matric Potential (X3)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 499 1850 o_ = 0.05

Model 4 1771 443 2754.58 > 2.396 yes

b0 1 1392 1392 8662.75 > 3.867 yes

bl 1 374 374 2329.09 > 3.867 yes

b2 1 1.000 1.000 6.224 > 3.867 yes

b3 1 3.254 3.254 20.244 > 3.867 yes

Resid 495 79.56 0.161

Error 371 55.56 0.150

LOT 124 24.00 0.194 1.204 < 1.263 no
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Figure 8.2 Comparison of the Model Equation and the Actual Data for the Relationship

between the Plant Heights and the Leaf Stage for the Experimental Conditions

where 7t_,a -0.078 = and P,,, = -0.000 MPa
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The functional relationship between leaf stage and plant height is fairly straight

forward from a physiological stand point. As the plants increase in the number of leaf

stages, the overall heights increase as well. These are general characteristics of the growth

of plants. As for the effects of the osmotic and matric potentials on the heights, increasing

the applied suction pressure or decreasing the pore size causes the matrie potential to

become more negative which, in turn, causes the plants to become stunted in height.

Similarly, higher solution concentrations cause the osmotic potential to become more

negative as well. In Equation (8.3), r_ and I'm are negative pressure values. This

reduction in height could be due to the restriction in the supply of water; although, the

water potential levels maintained in this research should not cause severe water deficits.

Alternatively, the roots grown in direct contact with the ceramic matrix could have

reduced cell expansion as a results of the larger magnitude (more negative) water

potentials. Therefore, the overall size of the root mat would be reduced. The reduction in

size means that larger, taller plants cannot be supported as well. Furthermore, a

continuation of this root-zone condition could cause the plant to produce more roots,

diverting resources from the production of terrestrial biomass.

8.1.2. Mass Accumulation Rates

Since the mass of the plant tissues produced in this research cannot be measured

during the middle of an experiment but only at the end of the experiment, then a method

for calculating the intermdiate masses was desired. This was accomplished by using the

measured masses of the plant tissues at the end of the experiments and regressing these

values to the final heights of the plants prior to harvest. This method is reasonable since

the plants were produced to various stages of the growth cycle. According to Equation

(8.1), these growth (leaf) stages are related to the number of days after emergence.

Furthermore, the heights were shown to be dependent upon the leaf stage according to

Equation (8.3). Therefore, if a statistically adequate relationship can be developed
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betweenthe final heights and tissue weights, then a measure of the daily growth can be

determined from a combination of this relationship and Equations (8.1) and (8.3).

Since the plants produced in this research were subjected to different root-zone

conditions, then these factors should influence the weight of the tissues. However, since

lavt,,t was already shown to significantly affected by r_,u and Pro, then regressing the dry

weights to heights will inherently incorporate these factors. The basic assumption of this

relationship is that a tomato plant at whatever height will contain approximately the same

mount of dry mass even though the levels of inorganic nutrients may differ. In other

words, the inorganic mmient quantities are small enough not contribute significantly to the

overall dry masses. This assumption is reasonable when considering that the dry mass of

the tomato plants is primarily comprised of the products of photosynthesis (i.e. C, H, and

O) with only small contributions by the inorganic nutrients (see Table 2.1). This

assumption is tested by modeling the plant tissue weights as a function of height and

solution concentration. Speeiiic, ally, the individual tissues of leaves, branches, and roots

were r -. ressedseparately as were the total plant masses determined from the stun of these

portions. If the concentration terms are shown to be insignifieant influences on the tissue

weights, then this will validate the assumption.

In order to determine what form of model should be used for these relationships,

the R 2 correlation coefficients were determined for linear, polynomial, exponential, and

power functions. This was conducted for each of the different tissue types by plotting the

tissue weights versus the plant heights at constant solution concentrations. An example of

this comparison is provided in Figure 8.3 for the leaves of the plants produced using a lx

solution. As shown in this figure, the largest R 2 coet]lcients were obtained for the power

functions. The plots for the all of the tissues and concentration levels are provided in

Appendix B (see Figures B.1 to B.6).

The result of these model building procedures for the individual plant tissues as

well as the entire plant are presented below. In order to produce regression equations for

the allometric relationships, the power functions were first linearized by taking the natural

logarithms of the effects and responses. Unlike the previous analyses for the models
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desen"oing tD_ and _, the relative concentration values of lx and 1/4x were used

instead of the osmotic potential equivalents. It should be noted that the tissues from the

plants produced using the 1/2x sokrtion were not included since these were combined from

several plants. In contrast, all of the data used to formulate these models represent

individual plants. This data is provided in Appendix B (see Tables B.16 and B.I7).

14 .
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R2=0.9562

y = 0.0238x- 0.2537

R2 = 0.9083

y = O.O001X 2"2946

R_=0.9645

Figure 8.3 Comparison of Various Relationships between Leaf Dry Weight and Height for

Tomato Plants Produced using a lx Solution

Beginning with a complete linearized model the significance of each individual

term was determined from an analysis of variance taken at the _r_ level of 0.05. The

results of this showed that the weights were only significantly related to the height while

the concentration of the solution did not conm'bute significantly. Furthermore, the

statistical analyses of the left-out terms showed that additional terms were not required.

The ANOVA tables for the final adequate models for the individual tissues are provided in

Appendix B (see Tables B. 18 to B.21). Therefore, these equations were then transformed

back into the power functions and are provided in Equations (8.4) to (8.7). In these

equations, Wlea_d, Wbt_ch,d, Wroot,d, and Wiflam,d, _pl'_seI_ the dry mass of the particular
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tissuetypesandthe total plant, respectively. An example of Equation (8.7) for the whole

plant is provided in Figure 8.4 along with the actual data.

Wleagd = 1-454xlO'4(hplm) 2"254 (8.4)

W_._h,d = 0.461xl 04_) 25s8 (8.5)

Wroot_d ---- O.712xlO'4(hptm) 2"2°4 (8.6)

Wvl_t,d = 2.402X104_) 236s (8.7)
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Figure 8.4 Comparison of the Model Equation and the Actual Data for the Relationship

between the Dry Weight of the Whole Plant and the Plant Height

The lack of dependezr.e of these relationships to the solution concentration at a

constant water potential level provides an indication that the assumption that a plant at

whatever height will contain approximately the same amount of dry mass is validated.

However, the levels of the inorganic nutrients in these plants may still differ but do not

alter the overall dry masses significantly. Furthermore, the rate at which the dry mass is
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accumulatedas opposed to the absolute values should be subject to the root-zone

conditions. This is shown by combining Equations (8.1) and (8.3) with each of Equations

(8.4) to (8.7) for the different plant tissues. These relationships form the standard

exponential functions which are generally used to describe biological growth. However,

these incorporate the effects of the components of the water potential at the root-zone on

the aexnamulation of mass in the various plant tissues.

Wk:a_d = 1.151x10 -3 exp[0.144(tDAE) + 5.206(Th,a) + 8.769(Pm)]

W_,_d = 4.961X104 exp[0.166(tDAE) + 5.978(r_a) + 10.069(Pro)]

W,_,d = 5.382X10 "4exp[0.141(tDAE) + 5.090(Th,a) + 8.574(Pm)]

Wp_j = 2.112x10 "3exp[0.152(tD_) + 5.471(7r._) + 9.215(P_,)]

(8.8)

(8.9)

(8.10)

(8.11)

8.2. Plant Water Status Results

The water status of the tomato plants grown in this research includes three distinct

phases consistent with the soil-plant-atmosphere continuum Beginning with the plant

itselt_ the quantity of water that is retained in the tissues, or hydration level, Hw,a,_., was

determined from the difference between the wet and dry masses of the tissues at final

harvest. Furthermore, from the models for the dry masses formulated as Equations (8.8) to

(8.11) for the different respective tissues, related models were produced for the wet

weights. Therefore, the differences between the wet and dry mass models for the

individual tissues produced models for the hydration or water retention levels.

Once the hydration of the plants were determined, the mounts of solution

absorbed by the plant roots, V,, were determined as well. These were further shown to

differentiate based on the soil water potential, _F_. These differences provided direct

evidence that the PCT-NDS was capable of controlling the root-zone environment. Using

the difference between the total solution uptake rates and the hydration of the plants

resulted in a ealetdafion method for the daily transpiration, F_a*, from the tomato plants.
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8.2.1. Plant Water Retention

In order to determine the mount of water retained in the tissues of the tomato

plants, the wet masses were regressed to the plant heights in a manner identical to the

procedure used for the dry masses. This produces equations identical in form to Equations

(8.4) to (8.7); although, the values for the parameters differ. This difference is due to the

values of the dry masses used to produce Equations (8.4) to (8.7) as compared to the wet

masses as presented in Appendix C (see Tables C.1 and C.2). Again, the effects of

concentration were shown to be insignificant on these weights as were the left-out terms

for the final model. The statistical results for the final adequate model are shown in the

ANOVA tables presented in Appendix C (see Tables C.3 to C.6). The final regression

equations for the various wet masses of the tissues as well as the whole plant are

presented below as Equations (8.12) to (8.15), respectively. In these equations, W_,

Wb,,_,,_ W,_, and W_,_, represents the wet mass of the particular tissue types and the

total plato, respectively. An example of Equation (8.15) for the whole plant is provided in

Figure 8.5 along with the actual data.

W_ = 2.177x10"3(h_) z°57 (8.12)

Wt_=_,w = 1.402x10"3(tM_) 2z29 (8.13)

Wr_t,_ = 2.795xlo'3c_t) L_7 (8.14)

Wpt_w = 5.834xlO'3(hp_t) zl41 (8.15)

Since the plant heights were shown to be statistically affected by the leaf stage,

osmotic potential, and matric potential according to Equation (8.3), then the wet weights

can be shown to be influenced by these factors as well. Furthermore, since the leaf stage is

directly related to the number of days after emergence according to Equation (8.1), then

the models for the wet weights can be converted to this time scale as well. This

combination of Equations (8.1) and (8.3) with Equations (8.12) to (8.15) produces the

exponential growth equations for the wet weights of the tissues and whole plant. These

are presented in Equations (8.16) to (8.19) below. These equations are identical in form to

the dry mass counterparts presented as Equations (8.8) to (8.11).
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Figure 8.5 Comparison of the Model Equation and the Actual Data for the Relationship
between the Wet Weight of the Whole Plant and the Plant Height

Wm_w = 1.438x10 2 exp[0.132(tDAE) + 4.752(r_oa) + 8.004(Pm)] (8.16)

Wbm_:_w= 1.189x10 "2exp[0.149(tD_) + 5.380(n_) + 9.062(Pm)] (8.17)

W_o_w = 1.654x10 "2exp[0.124(tD_) + 4.4740r_) + 7.537(Pm)] (8.18)

Wp_m_w= 4.163x10 -2 exp[O.137(tD_) + 4.9460r_) + 8.331(Pm)] (8.19)

Since the wet masses includes both the water and the inorganic nutrients contained

in the tissues, then Equations (8.16) to (8.19) represent the portiom of the total solution

taken up that is retained in the tissues. In order to determim the hydration of the tomato

plants, Hw._ (in ml), the differmce between the corresponding wet and dry masses are

calculated.The resulting quantities represem the amounts of water retained in the various

tissues.

H,,,_ = Wti._,,,, - Wa._,d (8.20)
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8.2.2. Water Uptake and Transpiration Rates

The absolute uptake of solution into the tomato plants grown on the PCT-NDS

were determined by taking measurements of the change in volume in the reservoir on a

daily basis. These values, AV_i, were recorded to the nearest ml of solution on each day,

j. In order to determine the rate of uptake, Q, (in ml solution per day), the total quantity of

these daily changes in solution level, Vu = _:j AVe, was modeled as a function of the

estimated leaf stage of development. These leaf stages were determined fi'om Equation

(8.3) using the average daily measurements of the plant heights, h_. Furthermore, by

incorporating the various effects of the osmotic and matric potentials tested in this

research, the capabilities of the PCT-NDS to control the root-zone environment can be

evaluated. This is shown in the analyses below.

One of the capabilities of the ceramic tube system is the ability to compensate for

changes in the osmolarity of the solution with changes in the applied suction pressure in

order to maintain a constant root-zone water potential. In order to test this, the results for

the constant water potential level of _P_ = -0.078 MPa were obtained using the three

solution osmolarities of _,a = -0.019, .0.039, and -0.078 MPa compensated for by the

respective levels of the applied manic potential, Pm= -0.059, -0.039, and .0.000 MPa.

From the initial appearance of the relationship between V, and LS at each individual test

condition, an exponential function is suggested as a possible model. These plots are

provided in Appendix C (see Figures C.3 to C.5). Therefore, these relationships between

V, and LS were linearized by taking the natural logarithm of V,. In order to determine the

significance of the effects of the osmotic and matrie potentials on V,, each of these factors

were included in the linearized model and subsequently analyzed. This was accomplished

by comparing the calculated F-statistics for each of these terms at an _ level of 0.01

with the critical value determined using the average standard deviation fi-om all data sets.

The risk level of 0.01 used in this analysis as compared to previous models which

used an o_ of 0.05 was considered acceptable when considering the sources of errors for

the solution uptake measurements. First of all, the volumetric measurements were taken to

the nearest ml. During the initial stages of growth, this is the same order of magnitude as
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the measurements themselves. Furthermore, at these early stages, the magnitudeof the

evaporation of water from the ceramic surface is relatively large compared to the change

in volumes caused by the plant. This initial evaporation occurs through the hole cut into

the opaque tube cover (see thge description of Figure 7.2) until the plant stem fills this

hole. Next, the transpirational driving force for the uptake of solution through the roots is

highly dependent upon the terrestrial conditions of temperature and humidity. Although

these were maintained as constant as poss_'ole, the results presented in Appendix A

illustrate the degree of variability in T_,_ and RH between the experiments as well as

during a specific experiment. And, finally, since several plants were produced on a single

test bed unit with a single reservoir, then the daily volumetric measurements are the total

quantities of solution taken up by all of the plants. In order to put this on a per plant basis,

the average daily solution uptake quantities were determined and used in the analyses.

The results of this analysis showed that the different osmotic and matric potentials

did not have a significant effect on the uptake of solution. This was based on the values of

F_c versus F,_ as shown in Table 8.3 below. The only significant term in this model is the

effect of the different stages of growth on the solution uptake. Furthermore, the left-out

terms fi'om this model were shown to be insignificant even after elimi-ating the b2(n_)

and ha(P-) terms fi-om the model. This updated ANOVA table is presented in Table 8.4.

Table 8.3 Analysis of Variance Table for the Complete Model Describing the Natural Log

of the Solution Uptake (Y) as Affected by the Leaf Stage (X1), Osmotic Potential (X2),

and Matric Potential (X3) at a Constant Water Potential Level of-0.078 MPa

DOF_ Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 418 5394 _ = 0.01

Model 4 5328 1332 8311 > 3.368 yes

b0 1 4493 4493 28032 > 6.701 yes

bl 1 834.32 834.32 5206 > 6.701 yes

b2 1 0.305 0.305 1.904 < 6.701 no

b3 1 0.808 0.808 5.040 < 6.701 no

Resid 414 66.349 0.160

Error 387 59.664 0.154

LOT 27 6.685 0.248 1.545 < 1.789 no
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Table8.4 Analysis of Variance Table Des_bing the Natural Log of the Solution Uptake

(Y) as Affected by Only the Leaf Stage (Y) at a Constant Water Potential Level of
-0.078 MPa

DOF Sum Sqs. Mean Sqs. Fealc Ferit Signif?

Total 418 5394 aa_ = 0.01

Model 2 5327 2663 16424 > 4.660 yes

b0 1 4493 4493 27703 > 6.701 yes

bl 1 834.32 834.32 5145 > 6.701 yes

Resid 416 67.462 0.162

Error 387 59.665 0.154

LOT 29 7.798 0.269 1.658 < 1.760 no

Since the differences in the osmotic and matric potentials for these test conditions

did not affect the solution uptake significantly, then this is an indication that the water

potential was maintained at a constant level. Therefore, these results are an indication that

the PCT-NDS is capable of maintaining a specific root-zone water potential under

different nutrient solution concentrations by altering the applied matTic potential. This

partially satisfies Objective (1) of this research. Additional proof would need to be shown

that different root-zone water potentials change the quantity of solution taken up.

In addition to testing this system at a constant water potential, different

combinations of 7r_a and P,, were examined in order to maimain different root-zone

environmental conditions. This was desired in order to study the effects of these

conditions on the growth and nutrient uptake into plants as compared to the manipulations

conducted by the plants themselves. The specific levels of _F_ tested were presented in

Table 7.2. Again, linearized exponential equations were determined for these relationships

containing terms for the leaf stage and the overall root-zone water potential. The

individual exponential plots for the different test conditions are provided in Appendix C

(see Figures C. 1 to C.7). The data presented in these appendix figures were used to model

the solution uptake into the plants grown on the PCT-NDS. For these situations, the

different 7r_oa and P,, values should result in significant effects since these dictate the
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overallwaterpotentiallevels.More specifically,the conglomerationof thesetwo factors

into their usual form, (P,, - rr_,u), which is equivalent to W_ according to Equation (2.4),

should result in a signitieant contribution to the solution uptake. This is shown in the

following ANOVA table presented in Table 8.5. The final adequate regression model for

the solution uptake is presented in Equation (8.21).

In(V,) = 1.551 + 0.400(LS) + 8.605(W_) (8.21)

Substituting Equation (2.4) into Equation (8.21) for W_ allows for the solution uptake to

become a function of not only the leaf stage, but the osmotic and matric potentials as well.

In(Vu) = 1.551 + 0.400(LS) + 8.605(P,, - r,_,_) (8.22)

Transforming Equation (8.22) back into the non-linear exponential form results in

Equation (8.23) shown below. Equation (8.23) represents the final model of the solution

uptake which incorporates the time dependence as well as the various root-zone

conditions that were used to produce the plants on the PCT-NDS.

Vo = 4.716 exp[0.400(LS) + 8.605(P,, - r_ou)] (8.23)

Table 8.5 Analysis of Variance Table for the Final Model Describing the Natural Log of

the Solution Uptake (Y) as a Linear Function of the Leaf Stage (X1) at All Water

Potential Levels (X2)

DOF Sum Sqs. Mean Sqs. Feale Ferit

Total 724 9570 _ = 0.01

Model 3 9417 3139 14813 > 3.812 yes

b0 1 7993 7993 37718 > 6.674 yes

bl 1 1383 1383 6528 > 6.674 yes

b2 1 40.700 40.700 192.05 > 6.674 yes

Resid 721 152.79 0.212

Error 654 137.35 0.210

LOT 67 15.445 0.231 1.088 < 1.480 no
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Since the present results provide proof that the root-zone conditions and the

corresponding solution uptake can be controlled using this system, then these results in

conjunction with the previous results for the constant water potential level satisfy

Objective (1). Again, since r,_ and P_, are negative pressure values, then more negative

values decrease the solution uptake. This makes sense conceptually since the water

potential gradient between the root-zone and the root, (xp_ _ _P_,t), which is a positive

value, would be reduced as _P.a is decreased (the root water potential is more negative

than the soil).

Using Equation (8.1) relating the leaf stage to the number of days after emergence,

the model for the solution uptake can be transformed fi'om the leaf stage time scale to the

number of days after emergence. This is shown in Equation (8.24) below.

V= = 4.716 exp[0.111(tDAE) + 8.605(Pm - r_,_)] (8.24)

Since both the plant hydration and solution uptake quantities have been modeled as

a function of tD_, the rate of transpiration from the tomato plants can be determined as

well. This is accomplished by first combining Equations (8.19) and (8.11) describing the

wet and dry plant masses, respectively, with Equation (8.20) for the hydration Taking the

derivative of this resulting equation with respect to tD_ results in an expression for rate of

water retention, Qr = dH_ -ti_/dt. Subtracting this rate from the rate of solution uptake, Q=

= dVd&, results in a model equation for the transpiration rate, Et*. This was presented

earlier in Equation (7.3). Substituting the exponential models for both _ and V_, into

Equation (7.3) leads to a model equation describing the relationships between Et* and the

leaf stage, osmotic potential, and matric potential. This is presented in Equation (8.25).

Et* = dV= / dtDAE- dI-Iw0asm/ dtoAE

Et* = 5.235x10 q exp[0.111(tDAE) + 8.605(P= - rr_a)]

- 5.716x10 "3 exp[0.137(tDAE) + 4.946(r_oa) + 8.331(P=)]

+ 3.210x10 d eXp[0.152(tD_) + 5.471(rqoa) + 9.215(P=)] (8.25)
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8.3. Inorganic Nutrient Mass Balances

In addition to showing that the root-zone water potential can be controlled to

specific levels using the PCT-NDS, it was also required to maintain a constant tp_ while

subjecting the tomato plants to different solution concentrations. This was in order to

obtain the kinetic data independent of the effects of different solution uptake rates. For

this situation, the different osmotic and matric potentials (in MPa) were controlled,

respectively, to the experimental levels of (_ / P_) of (-0.019/-0.059), (-0.039/-0.039),

and (-0.078/-0.000) shown in Table 7.2. The tomato plants produced under these

conditions were harvested and analyzed for the inorganic nutrient contents using the

method described earlier (see Section 7.3.2).

The inorganic nutrients that were examined in this research include the essential

nutrients, P, K, Mg, Ca, Fe, B, Cu, Mo, Mn, and Zn, and the non-essential Na. The

Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES) used to analyze

for these various nutrients was conducted in three distinct phases or passes throush the

spectrometer. During one pass, the spectroscopic emissions from P, Mg, and Ca were

detected while during another, K and Na were analyzed. Finally, for the micronutrients,

these spectral readings were measured during the third pass. The characteristic

wavelengths for each of these elements are presented in Table 8.6 below along with the

background equivalents, detection limits, and interfering elements. The results from this

analytical system were generated as a computer output and presented on a part per million

(ppm) basis. These data were automatically corrected for any dilutions that were required

during sample preparation as well as any changes in background noise (compared to

cah'bration samples). These nutrient concentrations were obtained for both solution and

tissue samples and were used to produce mass balances confirming the analytical

technique used in this research. Once the inorganic balances were dosed, the nutrient

uptake rates into the tomato plants produced on the PCT-NDS could be determined.

These rates are calculated in Chapter 9.
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Table8.6CharacteristicWavelengths,Background Equivalents, Detection Limits, and

Interfering Elements for the Analysis of the Plant Nutrients in the ICP-AES System

Element

P

MS
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

Wavelength

(nm)

214.914

202.582

213.933

589.592

766.491

202.030

213.856

249.678

257.610

259.940

324.754
i

Background

Equivalent (ppm)

2.56

0.01

0.02

0.99

7.10

0.26

0.06

0.16

0.05

0.42
I

' 0.18

Detection Limit 1_Interfering

(ppm) Elements

0.08

0.O2

0.01

0.03

0.50

0.008

0.002

0.006

0.002

0.007

0.006
i

Cu

: Fe

Mn

For the maero-nutriem elemems, the concentrations obtained from both the liquid

and tissue samples are well above the detection limits listed in Table 8.6. Therefore, the

values provided in the computer outputs can be used with reasonable assurance for

quantification purposes. As for the micro-nutrients, some of the elemental eoneentrations

reported are on the same order of magnitude as the detection limits. In order for

reasonable quantifications to be made, the concentrations in the samples should be at least

5 times the detection limit [Boss and Fredeen, 1986]. Below this multiple is only a

qualitative assessment that the nutrient is present in the sample. This is true for the liquid

sample quantities of most of the micro-nutrients including Mo, Zn, B, Mn, and Cu.

Therefore, accurate mass balances cannot be confirmed for these nutrients. However, the

tissue samples resulted in concentratiom for these micro-nutrients that were several orders

of magnitude greater than the detection limit and cart, therefore, be utilized to determine

the mass transport and kinetic models (see Chapter 9).
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8.3.1. Plant Measurements

The mass balances produced for the various inorganic nutrients compared the

amount measured in the plant tissues to the calculated amount depleted from the PCT-

NDS. The quantifies in the plant tissues were determined by multiplying the

concentrations (in ppm or Ilg g-1 dry weight) reported on the ICP-AES output by the

respective dry mass of the tissues analyzed. This included the leaves (ql_,i = Ck_,i x

Wk_;d), branebes (qb,_,i = Cb_a_i x Wb,-,,_a), and roots (q_a,i = _ x W,,_,d) where i

represents a specific element. The sum of these quantities produces one side of the mass

balance, qp_i, as shown in Equation (8.26).

qpt_ = ql,_.i + qb_..h.i + q.,,x,i = E (Ck_,iWl,_d + _Wb,._,,d + _W_,d) (8.26)
plant

Associated with these measurements are several experimen errors including the

collection of the tissues, weighing of the samples, incomplete digestion of the tissues, and

spectroscopic variances. For the first two sources of error, the dry weight measurements

were estimated to have a standard deviation ot_ owtm_,d = +0.001 g, regardless of the

tissue type. The reasons for these sources of error are due to both the experimenter and

the weighing balance. When collecting tissues as desen'bed earlier (see Section 7.3.2), the

harvesting and separation of the leaves from the branches and the main stem from the root

mass is dependent upon the actual location of the cut. Although care was taken to conduct

this procedure in a consistent manner, there are undoubtably differences which ean be

considered during the mass balance calculations. The magnitude of this error was

approximated based on a _+0.05 em difference in the cut location. Comparing this _+0.05

em difference in location to an identical difference in the plant height measurements (i.e.

both vision based) allows for the error associated with the weights to be propagated using

Equations (8.4) to (8.6) relating the tissue dry weights to the plant heights. Assuming a

change in plant height from 2 to 65 em leads to the average error in the weights of_+0.001

g. This analysis is provided in Appendix D. As for the the precision of the balance used,

repeated weight measurements of identical samples lead to an average error of only
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_+0.0005g. Therefore,the errorassociated with the cut location encompasses the error in

weight measurement.

As for the magnitude of the errors associated with analyzing tissues in the ICP

system, these were determined by submitting tissue samples obtained from identical

sources and comparing the results. Unfortunately, this procedure could not be repeated for

each tissue sample collected due to the sample size requirements as compared to total

tissue quantities available as well as the cost of each individual analysis. Multiple samples

of leaves, branches, and roots were analyzed with the resulting estimates of the standard

deviatiom averaged over the different tissues and sample numbers. This analysis,

presented entirely in Appendix D (see Tables D.1 to D.3), resulted in the average standard

deviations listed in Table 8.7 below for the concentrations of the different inorganic

nutrients. These values will be used in the subsequent error propagation calculations of the

mass balances. Included on this table are the average percentages of the ratio of the

standard deviation estimates for the different tissues, Oea,_._, to the average concentration

values, _. These percentages are presented in order to give an idea of the

magnitude of these errors compared to the reported results.

Table 8.7 Standard Deviatiom Associated with the Analysis &Plant Tissues in the

Inductively Coupled Plasma- Atomic Emissiom Spectrometer

Nutrient Element

P + 1159.52

Mg + 2189.82

Ca + 8702.26

Na + 242.59

K + 3571.68

Mo + 0.67

Zn + 14.12

B i + 7.32
Mn ! + 8.21

Fe i + 206.06
Cu i + 1.68

i I i --

%

21.95

11.90

30.06

11.63

8.64

21.42

8.35

10.92

12.31

28.92

13.47
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8.3.2. Solution Measurements

In order to balance the measured plant tissue masses, the amount of each nutrient

depleted from the PCT-NDS over the course of an experiment were determined. This was

accomplished by sampling the hydroponic solution used during an experiment and

submitting these samples for ICP analysis. These remits were also reported on a ppm basis

and it was assumed that the nutrient solution had a density equivalent to water (O = 1.0 g

ml'a). This assumption is validated when considering the isotonic salt levels in the solution.

Again, associated with these measurements are errors similar to the analysis of the

tissues samples. When preparing the 20 ml liquid samples (V,_o_), 19.6 ml of solution

(V_,_) are mixed with 0.4 ml of nitric acid. These volumetric measurements of the solution

were conducted using a 50 ml storage robe graduated to the nearest ml. Therefore, an

estimated standard deviation for these measurements is _v,_,l_ = av_, = _+0.1 ml. As for

the addition of the nitric acid, a 1 ml miero-pipetter was utilized which would not

contribute significantly to any volumetric differences as compared to the solution quantity.

Therefore, when determining the concentration of the nutrients in the sohtion, from

the coneentratiom in the acid mixture, C_,_, these volumetric differences can be

considered through a propagation of errors. The calculation of the actual solution

concentration from the sample concentration measured in the ICP system is presented in

Equation (8.27).

Cg,_,i = (_i Vs=_,) / Vsor. (8.27)

An additional source of error associated with the analysis of the solution samples is

contained within the ICP system itself. In order to determine the magnitude of these

errors, replicates were conducted by meamring the concentrations of the various elements

using samples from identical sources. By using the fresh Hoagland's solution prepared for

each individual experiment, the errors associated with the preparation of the bulk solutions

between the various experiments can be incorporated as well. The individual standard

deviations in the bulk solution samples obtained from each experiment were averaged over

all experiments and average concentrations, C__. The specific data are presented in
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Appendix D (see Tables D.4 to D.9). This resulted in the following average standard

deviations in sample measurements, o_1_., for each of the individual nutrients, i, that

were analyzed. These are presented in the Tables 8.8 to 8.10 for the Ix, 1/2x, and 1/4x

solutions, respectively, along with the average percentage ratios of the standard deviations

over the average sample concentrations for each experiment and concentrations. These

values will be used in the subsequent propagation of errors during the calculations of the

mass balances and nutrient uptake rates. In addition to the inorganic nutrients, the average

standard deviation for the pH of the solutions is presented as well. This value will be used

during the examination into the effects of pH on the solubility of the inorganic ions

described below.

Table 8.8 Concentrations and Standard Deviations Associated with the Analysis of lx

Solution Samples in the Inductively Coupled Plasma - Atomic Emissions Spectrometer

Nutrient

Element

P

Mg
Ca

Na

K

Mo

Zn

B

Mix

Fe

Cu

pH

lx Solution

(gg/ma)

29.13

92.53

203.14

11.22

218.55

0.02

0.05

0.72

0.48

4.73

0.15

5.98
i

lx Solution

_C.m_le.,Ltv,

(vedml)

_+0.380

+ 1.666

_+ 3.725

+0.158

+2.214

_+0.003

_+0.010

+ 0.025

_+0.010

+_0.077

+_0.024

+ 0.086

lx Solution

Percentage Error

o_C_wv,_ x 100%

1.90

2.23

2.29

2.64

1.78

19.62

28.12

4.20

3.09

2.85

18.15

1.52
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Table 8.9 Con_t_om and Standard Deviations Associated with the Analysis of 1/2x

Solution Samples in the Inductively Coupled Plasma - Atomic Emissions Spectrometer

Nutrient

Element

P

Ug
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

pH

1/2x Solution

14.39

44.39

98.78

6.06

111.16

0.01

' 0.02

0.40

0.20

2.14

0.20

6.31

1/2x Solution

ocsmole_ve

+0.141

+0.141

+ 2.828

+ 0.078

+ 0.283

_+0.000

+ 0.000

-+ 0.000

+_0.000

+__o.ooo
+ 0.000

+ 0.325

1/2x Solution

Percentage Error

OCsa_ic,-JCmmplt.,iX 100%

1.00

0.33

2.92

1.31

0.26

0.00

0.00

0.00

0.00

0.00

0.00

5.15

Table 8.10 Coneg_m-ations and Standard Deviations Associated with the Analysis of 1/4x

Solution Samples in the Inductively Coupled Plasma - Atomic Emissions Spectrometer

Nutrient

Element

P

ig
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

pi-i

1/4x Solution

( g/rra)

7.20

24.01

54.00

3.01

55.93

0.01

0.02

0.22

0.12

1.18

0.17

6.04

1/4x Solution

_+ 0.221

+ 0.632

+ 1.111

_+0.161

_+2.151

+ 0.003

+0.015

_+0.011

_+0.004

+_0.045

-+ 0.039

+0.110

1/4x Solution

Percentage Error

o_dC_,,p_ x 100%

3.23

3.00

2.53

5.67

3.94

16.67

38.98

4.41

3.27

3.81

27.26

1.92
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Whencomparingthe standard deviations presented for the solutions inTables 8.8

to 8.10 to the values determined for the plant tissue analyses presented in Table 8.7,

several conclusions can be drawn. For the macro-nutrients, the percentage errors are an

order of magnitude lower in the liquid samples as compared to the tissue counterparts.

This is an indication that the major source of error associated with the tissue samples is

due to the acid digestion process used in preparation. Once in liquid form, the analytical

errors are reduced. As for the micro-nutrients, the standard deviations are generally within

the same range for both analyses. Therefore, the digestion and actual spectroscopic

analyses are relatively equal contn'butors to the error.

In order to determine the amount of each nutrient depleted from the PCT-NDS,

the concentrations of the initial and final solutions of each experiment were analyzed. The

initial concentrations obtained from the ICP analyses, _ were multiplied by the total

volume of fresh solution used during each experiment. In order to determine the total

amount of fresh Hoagland's solution supplied to the system, the total sum of the daily

quantities of solution taken up by the plants were determined. These changes in the

reservoir volume, AV,_i , for each day, j, were replenished using fresh Hoagland's solution

as well. Furthermore, periodic solution samples were withdrawn during the course of each

experiment and replaced with an equal volume of fresh solution. Therefore, these additions

to the systems due to the sampling volumes removed, V_, are considered as well.

Therefore, the total amount supplied is equal to these replenishment volumes added to the

initial volume of the system, V_. This initial volume is dependent upon the specific

ceramic robes attached to the system due to the different porosities and other physical

dimensions. Multiplying this total volume by the concentration of the solution used in the

system allows for the total supply of each nutrient, i, to be determined, q_p,t_. This

calculation is provided in Equation (8.28).

q_t_ = C_,,_t x (V_ + _. AV_ + X V.,_) (8.28)
j k

The concentration term in Equation (8.28) can be combined with Equation (8.27) where

Csola, Liait = Csoln,i and C_ = C-_mpl_imt.
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In addition to the errors associated with the concentration of nutrients in solution,

there exists experimental errors contributed by the measurement of the volumetric changes

in the reservoir as well as the system volume. Since the reservoir used in this research was

a 500 ml cylinder graduated to the nearest 5 nil, then these volumetric based

measurements have an estimated standard deviation of_+0.5 ml. This value applies to both

Ov_ and O,_v_ and will be used in subsequent propagation of error calculations.

In order to determine the amount of each nutrient remaining in solution in the

system after the experiment or removed during the experiment, q,_, a similar procedure

was utilized. Solution samples from the final bulk were withdrawn and submitted to the

ICP analysis. These concentrations, C_,m,a where i represents the individual nutrients,

were first calculated using Equation (8.27) and then multiplied by the final vohune of

solution remaining in the system after the plants were harvested. This volume is

determined as the system volume minus the change in the reservoir volume for that day,

V_ - AV,=,f. In addition to these remaining quantities, q_,,_ also includes the quantities of

nutrients contained in the periodic solution samples. This portion can be determined as the

sum of the individual products of the sampling volume, V_,_, and the measured

concentrations, C_,i.k, for sample, k. Although different notations are used, _ is

equal to C_o_, when k is the final sample taken and AV_f = AV_ when j is the last day.

Therefore, the total quantity of nutrients either remaining in the system at the end or

removed during the experiment can be calculated using Equation (8.29) below.

q,_i = q,wi_i + q,,_,,_t.i = C._.i,_ x (V_ - AV=_,f) + X (C._i.k x V._) (8.29)
k

In addition to the quantifies of nutrients dissolved in the solution, there existed

visible precipitates throughout the systems. These precipitates could be found in the dead

spaces of the reservoir as well as throughout the system_ The formation of these solid

materials were due to the effects ofpH on the concentration of the various inorganic ions.

As the pH changed during the course of an experiment (generally increased from 5.7 to

slightly above neutral), some nutrients would begin to precipitate out of solution. When
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obtainingthe liquid samplesfrom the system,theseprecipitateswere not collected nor

were they accounted for during the calculation of the depletion amount from the system.

In other words, q,m,i would be underestimated if concentrations were larger than

measured due to the precipitates not being included in the sample measurement.

In order to approximate the amounts of each nutrient precipitating out of solution

due to the changes in pH, a side experiment was conducted which altered the pH of a

fresh Hoagland's #1 hydroponic solution (Ix strength) in a stepwise manner. As the pH

was altered from the initial level of 5.7 to a maximum value of 8.0 using 10% NaOH,

precipitates could be visually seen to fall out of solution. Decanting the remainin_ solution

from these mixtures and preparing solution samples allowed for the determination of the

pH dependent concentrations for the individual mm'ientss C_. Statistical regressions of

these relationships between _ and the pH were produced and are presented in

Equations (8.30) to (8.34) below. The corresponding regression figures, ANOVA tables,

parameter significance, and model adequacy calculations are provided in Appendix D (see

Figures D.1 to D.5 and Table D.10 to D.14). The only results presented are those for

which accurate mass balances can be established. These include P, Mg, Ca, K, and Fe.

Furthermore, the concentrations of the other micro-nutrients besides Fe remained constant

during this pH experiment (see Figure D.6). Since the base used to adjust the pH was

NaOH, the concentration changes for Na were not analyzed.

The results of this experiment revealed that the concentration of soluble P, Me, ,

Ca, and Fe decreased with increasing pH while the concentration of K remained constant.

C_oh,p = -4.865(pH) 2 + 54.394(pH)- 122.77

C_h_,s = -3.921(pH) + 114.22

C,,_,c_ = -32.299(pH) + 392.46

C=hx = 212.98

C=h,F= = -0.793(pH) + 9.35

(8.30)

(8.31)

(8.32)

(8.33)

(8.34)

In order to apply these relationships to the experiments conducted with the tomato

plants, the ratios of these concentrations to the standard concentration at the initial pH
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level, C,,m°,were determined for the precipitation experiment. Since the volumes of these

samples are constant in this experiment, then these concentration ratios, f_u, are also

equivalent to the ratios of the quantities remaining soluble at the various pH levels to the

total quantities in the initial mixture. This is shown in Equation (8.35) below.

f_t_ = C_/C_ ° = q_/q_° (8.35)

Therefore, these concentration ratios were subsequently used to determine the levels of

precipitates present in the system, q_, at the end of the plant experiments. This was

achieved by calculating C_.i using the final pH of the solution in Equations (8.30) to

(8.34). Dividing these concentrations by the corresponding C__ ° l_om the pH experiment,

calculated using the same equations but with pH = pH0, resulted in the concentration

ratios according to the first two terms in Equation (8.35). Since this ratio also defines the

ratio of the quantities according to the first and third terms in Equation (8.35), then the

total quantifies of the nutrients present at the end of the plant experiments, q,_m,i °, can be

determined as (q_ / _u) where f_ is dependent upon the results of the pH

experiment. In order to calculate the nutrient quantities present in the final solution,

q_, the measured concentrations of the final solution, C_r_a, are multiplied by the

final volume, (V_ - AV=_f). Since the total quantities are equal to the sum of the soluble

and precipitated quantifies, then the precipitated amount can be determined as the

dJ_b_rellce b_w_aI1 qrm_ain,i ° and q_. Furthermore, substituting the values for the

quantifies gives the result in Equation (8.36) in terms of the final solution concentration. It

should be emphasized that f_Li in this equation is calculated from the results of the pH

experiment while C_ is the concentration from the plant experiment.

1 - f_i

qr_p,_ = q_,_o _ q,_mj - C_o_(V_ - AV_,f) (8.36)

f ou

This method of determining the precipitation quantifies is based on the assumption that

there exists a pH based equilibrium between the quantities in solution and in the solid

phase. This has been similarly reported for ionic solutions contained in various soils
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[Traina, et al., 1986; Reuss, et al., 1990]. For the present purposes, this method is

acceptable although an addition investigation into the effects of pH on the hydroponic

solution is warranted. This is discussed later as future research (see Section 10.2.2).

In addition to the errors associated with the concentration and volumetric

measurements discussed earlier, there exists errors associated with the pH measurements.

These errors affect the soluble concentrations which, in turn, affect the concentration

ratios appearing in Equation (8.36). The values for the standard deviations in the pH

measurements were presented earlier in Tables 8.8 to 8.10 and can be used to propagate

the effects into the precipitation quantities.

The total quantity of nutrients removed during the experiment or remaining in the

system after the tomato plants are harvested, q,m,_, can be calculated as the sum of the

soluble and precipitated quantities. Furthermore, the quantity of nutrients taken up by the

plants can be determined as the difference between the amountsupplied,q_.i, and the

amount remaining or removed, q,_,i. This is shown in Equation (8.37) below.

= q_t_ - q**t_t_ = q_,,t_ - q_ - _ (8.37)

The values of qr_,o determined from Equation (8.37) can then be compared to the

values obtained from Equation (8.26). Equivalent results prove the mass balances for each

nutrient, i. Although the values generally are not exactly equal, an acceptable range of

results can be determined from the errors associated with these values. These are

determined from the propagation of the errors associated with each individual

measurement used. The derivation of the general propagation of these errors are provided

in Appendix D but are discussed sequentially in the example below.

8.3.3. Example of the Completed Mass Balance

In order to illusU_e the complete mass balance accounting for all of the sources of

error, a specific experiment was analyzed completely with the results presented below.

The values for the various error contributions are presented in Table 8.11 below and are
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v

used in conjunction with the values presented earlier in Tables 8.7 to 8.10 for the errors in

the ICP analyses. It was assumed that if it can be shown that the mass balance is complete

for one experimer then it was complete for the remainder.

Table 8.11 Standard Deviations Associated with the Inorganic Mass Balances

Variables

Dry Masses:

Tissue Cones:

Sample Volume:

Sample Cones:

Associated Errors

)

Cleat, i = O_ = OCro_ = _av=

,_Vs_pl© = aVsoln
I

tO_,i = GCsm_le,i,av¢

Reservoir Volume: _vm = ¢av_,j
Solution pH: _

t
! Values
i
L

•_ +0.001 g

_ Table 8.7
i

)see Tables 8.8 to 8.10
t
_ +0.5 mi
! --

_ee Tables 8.8 to 8.10
i

The experiment used to verify the mass balance is denoted as Experiment #10 and

consisted of four test bed units (TBU) each with a dedicated reservoir. The first TBU

(designated la) consisted of three 0.30 micron tubes while the second TBU (designated

1b) eomisted of two similar pore sized tubes. Both of these contained a standard strength

hydroponic solution and were operated at the (-0.078/-0.039) level. The third and fourth

TBU's (designated 2a and 2b) both consisted of 1.5 micron tubes where the third

contained three tubes and the fourth consisted of two tubes. These TBU's were subjected

to a 1/4x and lx solutions, respectively, and were operated at the (-0.019/-0.039) and

(-0.078/-0.039) levels for (rL_ / Pro) in MPa. These conditions were imposed during the

experiment when all of the tomato plants were established in the main vegetative growth

stage. At this time, the tomato plants from a single tube were harvested from System #2a

(Tube # 1).

During this experiment, as with all experiments, the daily change in pH was

measured after the quantity of solution taken up by the plant, AVe4, was determined on

each day, j. The volumes of the reservoirs were reset to their maximum values afterwards

using the respective fresh solution (i.e. lx or 1/4x strength). The total length of this

experiment lasted for 50 days from seed germination to plant harvest, during which time,



204

periodic samples of the solutions were removed, analyzed, and replaced with standard

solution. At the end of this experiment, the tissues were harvested using the general

procedure described earlier (see Section 7.3.2) in order to determine the tissue

compositions. Furthermore, the remaining solutions after the tomato plants were harvested

were sampled and analyzed in the ICP-AES as well.

In order to confirm the mass balances for the four test bed units, the total

quantities of each inorganic nutrient measured in the plants produced on a single TBU

were determined. These were calculated using Equation (8.26) where the quantities for the

individual tissue types were measured as the product of the respective dry weights and

eoneentratiom for each individual plant part. The errors associated with the various

measur_nents used in this _uation can be propagated through in order to determine the

error in qp_,_ for each nutrient, i. The general equation used to calculate these errors is

derived in Appendix D (see Equation DS), These errors can range upto 36% of the

absohrte values defending upon the particular nutrient but average approximately 13.5%

over all nutrients analyzed. The final numerical results for all of the plants produced on

each test bed unit are presented in Table 8.12 below while the individual tissue results are

presented in Appendix D (see Tables D. 15 to D. 18). It should be noted that some of the

tissues were combined prior to ICP analysis.

Table 8.12 The Inorganic Nutrient Masses and Related Error Ranges as Measured in the

Tissues of the Tomato Plants Grown during Experiment #10

Nutrient

P

Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

q_u,_ (_tg) - la q,t_t_ (_tg) - lb

7897 + 1175 847 + 183

16115+2218 3138+ 346

29978 + 8814 5225 + 1374

1172+ 246 211+ 38

71766+3618 13147+ 567

6.50+ 0.681 2.03+ 0.11

143.83 + 14.301 79.58 + 2.34
68.49+ 7.411 18.38+ 1.16

111.43+ 8.32 20.69+ 1.30

812.96 + 208.72 i 146.13 + 32.55

33.02+ 1.70! 8.33 + 0.27

qpl=_.i (lag) - 2a I qpu,_ (_tg) - 2b
1

9259 + 1140 ! 4485 + 943

17106+2154 i 11619+ 1780
34596+8558 I 22552+7074

2043+ 239 i 834+ 197

83852+3518 1 57657+2904
I

9.49+ 0.66 i 4.41+ 0.5. _

430.77+ 13.95] 112.33 + 11.48

105.92+ 7.20i 79.16+ 5.95

78.46+ 8.081 63.32+ 6.68

572.95 + 202.64! 462.64 + 167.50

38.30+ 1.66i 24.58+ 1.37
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In order to determine the quantities of nutrients supplied to each TBU during this

experiment, each of the different volumes appearing in Equation (8.28) were determined.

These volumes are presented in Appendix D for each unit (see Table D. 19) and were

multiplied by the standard nutrient concentrations of the solutions prepared for this

experiment (i.e. either the lx or 1/4x compositions). These concentrations can be found in

Appendix D as well (see Table D.6). Substituting Equation (8.27) into Equation (8.28) for

restrlts in Equation (8.38) describing the total quantity of each nutrient supplied.

Vs_lc

qint_,i = C_s_,k,i,inlt_--(V_ + 5,..AV_ + E V_) (8.38)
V_,,_ _

The error associated with these quantifies were calculated based on the errors associated

with the various measurements as provided in Tables 8.8, 8.10, and 8.11. The general

equation used to calculate the propagated errors is also presented in Appendix D (see

Equation D. 10) as are the final numerical results for each of the test bed units (see Table

D.20).

In order to determine the quantities of nutrients either removed fi'om the system

during the experiment as solution samples or remaining in the system at the end, Equation

(8.27) can be combined with Equation (8.29). This substitution is conducted twice, once

where C,o_ = C_i,a_ and C_l_ = C_l_,f_a and a second time where C_ = C_i_,

and C_,_.,i = C_i_,. This results in Equation (8.39) below.

qnm,i =

Vsoln

(V_- AV_:_,t) + E (C_l_,ia, V_lc) (8.39)
k

Again, the volumetric terms for the system and reservoir can be found in Appendix D (see

Table D.21) as can the solution concentrations (see Tables D.22 to D.25). Furthermore,

11 solution samples were withdrawn during this experiment with the volume of 19.6 ml

each in order for the total sample volume to be 20 ml after acidification. The final results

for these calculations are presented in Appendix D (see Table D.26) along with the values
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for the propagated errors. These errors were determined from the errors assoeiated with

the various measurements provided in Tables 8.8, 8.10, and 8.11. The general equation

used to calculate the propagated errors is also presented in Appendix D (see Equation

D.12)

Finally, in order to determine the quantities of each nutrient present in the system

at the end of this experiment as solid precipitates, Equation (8.36) can be adjusted using

Equation (8.27). This substitution produces the Equation (8.40) in terms of the measured

concentration in the sample of the final solution, _.: _,.

1-
= .)(v,,.- Ave)

f_u v_
(8.40)

The volumetric terms and final solution concentrations are identical to those found in

Appendix D (see Table D.21 to D.25). Similarly, Vmplc and V,,_ attain their usual values

of 20 and 19.6 ml, respectively. As for the values of the concentration ratios, f,*u, these

were determined based on the pH of the final solutions as provided on the same tables as

the eoneentratiom. These values were entered into Equations (8.30) to (8.34) and divided

by the concentration of the lx standard solutionused in this experiment in order to

calculate _u. Substituting each of these values into Equation (8.40) allows for the

quantities of precipitated inorganic nutrients to be calculated. The final restdts for these

calculations are presented in Appendix D (see Table D.27).

The errors corresponding to these precipitation quantities were based on the errors

associated with the various measurements as provided in Tables 8.8, 8.10, and 8.11.

Furthermore, the errors associated with the concentration ratios, crf_, can be calculated

from Equations (8.30) to (8.34), evaluated at pH and pH0 from the pH-eoneentration

experiment. The general equation for f._ used for the propagation of the errors can be

expanded from Equation (8.35) and is provided in Equation (8.41).

[b0.i + ba.i(pH) + bzi(pH) 2]

f-,x,ti = (8.41)
[bo, + b1, @Ho)+ =1
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In this equation, the model parameter terms, bo,i, b_,i, and b_, attain the same values as

those presented in Equations (8.30) to (8.34) for the respective nutrients. The propagation

equation for o_ is derived in Appendix D (see Equation D. 16) as is the general equation

used to calculate o_¢¢igi (see Equation D. 14).

In order to determine the quantifies of nutrients depleted from the systems, the

results from Equations (8.28), (8.29), and (8.36) can be combined according to Equation

(8.37). These are provided in Tables 8.13 to 8.16 below for the different test bed units.

Furthermore, the values for q_ obtained from the tissue samples and presented earlier in

Table 8.12 are provided for comparison. Since the error ranges from these two

measurement methods overlap, then the mass balances for the growth of tomato plants on

the PCT-NDS can be considered complete for this experiment.

Table 8.13 Comparison of the Nutrients Measured in the Plant Tissues and the Calculated

Quantities Depleted from the System Solutions for TBU-la of Experiment #10

Nutrient I

P

Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

(lag) - Tissues

7897 + 1175

16115 _+2218

29978 _+8814

1172+ 246

71766 +_3618

6.50 + 0.68

143.83 + 14.30

68.49 + 7.41

111.43 + 8.32

812.96 _+208.72

33.02 _+ 1.70

(p.g) - Solution

12340 + 3488

18436 + 19782

36376 _+57264

87418 + 12800

929.36 + 624.18
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Table8.14Comparisonof theNutrientsMeasuredin thePlantTissuesandtheCalculated
QuantitiesDepletedfrom theSystemSolutionsfor TBU-lb of Experiment#10

Nutrient

P
Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

qpL,,z,i(lag) - Tissues

847+ 183

3138 + 346

5225 + 1374

211 + 38

13147 + 567

2.03 + 0.11

79.58 + 2.34

18.38+ 1.16

20.69 + 1.30

146.13 + 32.55
8.33 + 0.27

qpu,_ (_g) - Solution

-3548 + 9671

-797 + 18344

-26418 + 60480

15721 ± 11345

-411.81 ± 727.43

Table 8.15 Comparison of the Nutrients Measured in the Plant Tissues and the Calculated

Quantities Depleted from the System Solutions for TBU-2a of Experiment #10

Nutrient

P

Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

qpu_.i (lag) - Tissues

9259 + 1140

17106 ± 2154

34596 ± 8558
2043 + 239

83852 ± 3518

9.49 + 0.66

430.77 ± 13.95
105.92 + 7.20

78.46+ 8.08

572.95 ± 202.64

38.30 + 1.66

qp_i (tag) - Solution

11749 + 2769

9017 ± 16533

5127 ±47115

97726 ± 12116

635.76 ± 515.80
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Table8.16 Comparison of the Nutrients Measured in the Plant Tissues and the Calculated

Quantities Depleted from the System Solutions for TBU-2b of Exporiment #10

Nutrient ! %_,i (llg) - Tissues

P

Mg
Ca

Na

K

Mo

Zn

B

Fe

Cu

4485 + 943

11619 + 1780

22552 + 7O74

834 + 197

57657 + 2904

4.41 + 0.55

112.33 + 11.48

79.16+ 5.95

63.32+ 6.68

462.64 + 167.50

24.58 + 1.37

qp_,i (lag) - Solution

8525 ± 7255

11512 ±20321

28668 ± 63267

55515 ± 12798

623.41 ± 736.15

i

Although some of the absolute values for the nutrient quantities obtained through

the solution samples are negative, the corresponding ranges of error are large enough to

include the values obtained from the tissue samples. This is particularly true for the results

from TBU-lb. The negative results for this TBU may be explained by comparing the

absolute values obtained from the tissues between the different units as well as the

magnitude of the calculated errors associated with the solution sample results. This

comparison shows that the tissue quantifies obtained for TBU-lb are, in general, an order

of magnitude smaller than the other units. However, the values of the corresponding

errors are on the same order of magnitude as the other units. Thus, the aeemaey of the

mass balances are reduced at these lower tissue quantifies. In fact, the magnitude of the

errors associated with the depletion from the solution are considerably larger than the

tissue counterparts. Some are an order of magnitude higher than the absolute value.

Therefore, this is an indication that these results are less reliable as compared to those

obtained from the tissue samples.
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CHAPTER 9 - NLr'I'RIENT UPTAKE CHARACTERISTICS

According to the mechanistic reaction chain presented in Figure 6.2, there exists

three distinct steps for nutrient transport from the soil solution into the plant roots. These

are the solubilization of the nutrients (step 1), the transport of these soluble nutrients in

the transpiration stream (step 2), and the uptake of the nutrients at the root surface (step

3). Since the system used in this research is a hydroponic based system, then the nutrient

solution used contains all of the essential nutrients in soluble form Therefore, step (1) of

this mechanistic chain can be eliminated as a possible rate limiting step leaving steps (2)

and (3) as possibilities. These steps are characteristic of mass transfer through a porous

medium and the enzymatic activity of the root cell wall components, respectively.

This chapter presents the methodology used to determine the rate limiting steps in

the nutrient uptake processes of plants as well as the calculations of the nutrient uptake

parameters. In Section 9.1, the quantities present in the tissues, cbh,_, were modeled based

on the experimental conditions for which they were produced. Differentiation of the

resulting equation for each nutrient with respect to time allows for the determination of Ji.

Once each of these rates are determined, these will be compared to the theoretical rates of

convection, J=_,_, in Section 9.2. The general convection equation will be based on the

standard solution concentrations for the different test conditions and the solution uptake

rate, Qu = dV=/dtD_. Subtracting these convection rates fi'om the overall uptake rates and

statistically determining whether these differences are significant allows for the

determination of which uptake mechanism is limiting the overall rate. For nutrients that

have statistically equal rates for Ji and J==_, these can be considered convection limited

since this transpiration driven rate of supply to the plant root dictates the rate of uptake.
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For the nutrients that have a J_,i that is less than Jr, these can be considered to be

limited by the rate of diffusion since the uptake of the nutrient is greater than the rate of

convective water uptake. This leads to a concentration gradient between the bulk solution

and the surface of the root where the rapid depletion takes place. Therefore, the

di_gl"Ollce$ botwob_l Ji and J,_v3 will be used to model the rate of diffusion, J_. This

transport enhancing diffusion becomes the limiting step in the uptake process and is

modeled in Section 9.3. Combining the equations for Jd_ with J_._,i results in the overall

mass transfer equation for the nutrients limited by the environmentally determined supply.

Alternatively, if J_ is greater than Ji, then this is an indication that the rate of

transport of the nutrient into the plant root is less than the rate of water transport.

Therefore, some sort of resistance to the uptake is impeding the transport through the

convective flow. This impedance is attributable to the saturation of the active sites on the

enzyme or protein present on the root surface which is responsible for the transport

through the root membranes. Therefore, these biologically based limitations on the uptake

of the nutrients will be modeled in Section 9.4.

9.1. Calculation of the Nutrient Uptake Rates

This section presents the calculations of the nutrient uptake rates as determined

from the tissue samples. Although the inorganic nutrients were shown to be balanced

between the amount measured in the tissues as compared to the amount calculated as

being supplied by the system, the results from the solution samples were less reliable than

the tissue samples. This was due to the relative magnitudes of the associated errors

between the two measuring methods. For the tissues, these average around 13.5% while

the solution samples yielded errors upto an order of magitude higher than the absolute

value. Furthermore, the low concentrations obtained for some of the nutrients in solution

were only qualitative in nature. Therefore, the nutrient uptake rates, Ji, for each nutrient, i,

into the tomato plants grown under the various test conditions on the Porous Ceramic

Tube - Nutrient Delivery System (PCT-NDS) were calculated using the tissue results.
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9.1.1. Derivation of the General Rate Equation

In order to determine the rate of nutrient uptake into the plants produced in this

research, the total quantities measured in the tissues, qpumt,i, were calculated using

Equation (9.1) below. These were based on the tissue concentrations, _, measured in

the Inductively Coupled Plasma - Atomic Emissions Spectrometer (ICP-AES) and the

corresponding dry weights, Wa_._d. The data used to derive these values are presented in

Appendix E (see Tables E. 1 to E.6).

cb_ = Ct_W_d + C_W_d + C__W_,a (9.1)

These inorganic nutrient quantities were then modeled as functions of leaf stage,

overall root-zone water potential, and the individual concentration of the nutrient in

solutio_ For the leaf stage, LS, these time values were determined by taking the total

weight of the dry tissues, W_d, as measured in the experiments and calculating the

number of days after emergence, tVAE,USing Equation (8.11). These time values were then

converted to the more general leaf stage scale using Equations (8.1) relating tD,_ to LS.

Since Equation (8.11) is dependent upon the osmotic and matric potentials, _ and pro,

the specific values used during the production of each plant were used in the calculation.

Furthermore, since the concentration of the individual nutrient in the solution can affect

the transport, then these factors were incorporated in the models as well. Each of these

factors are presented in the data tables presented in Appendix E (see Tables E. 1 to E.6).

Therefore, by modeling o,_mi as a function of leaf stage, LS, and differentiating the

resulting equation with respect to LS, results in the equations for Ji which were based on

the developmental stage, root-zone water potential, and concentration.

The form of the model chosen for the nutrient quantities was a form based on the

standard convection equation where the flow rate is multiplied by the concentration. Since

the solution uptake rate in this research was shown to be an exponential fimetion in

Equation (8.23), then CL,u_ was modeled in this form as well. However, in order to

incorporate the solution concentration, C,L, as a pre-exponential terra, this factor was
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adjustedasshownin Equation(9.2) for thegeneralcase.Furthermore,thewaterpotential

is written in termsof theosmoticandmatriccomponentsaccordingto Equation(2.4).

%l_i = exp[co.i+ cl,i(LS) + c2,i(P= - =,,iO + c3,iln(_)] (9.2)

In this equation, the model parameters, eoa, el.i, c_a, and c3a were determined for each

nutrient, i, using statistical regressions. In order to accomplish this, Equation (9.2) was

lineadzed by taking the natural logarithm This resulted in Equation (9.3).

in(_) = e0_ + cl_(LS) + e2a(Pm - n_oa) + c3An(_) (9.3)

By performing an analysis of variance (ANOVA) for each model, the significant terms for

each speeitic mm'ient were determined. This was accomplished by comparing the

calculated F-statistic for each term with the critical value determined at an o_ level of

0.05. This was conducted on the complete linear model containing each term presented in

Equation (9.3) and eliminating the insignificant contributions from the modeL

Furthermore, as these terms were eliminated, the significance of the possible left-out terms

was determined by the F-statistic as well. This procedure was conducted until an adequate

model was produced for each nutrient without the presence of any left-out terms.

Once these exponential equations are developed, the models for the uptake rates

can be determined fi:om the quantities measured in the plants. This is shown in Equation

(9.4) below where eli represents the model parameter for nutrient, i, obtained from the

exponential relationship between oa,_,i and LS.

Ji = d(qpu_) / d(LS) = c1_ ¢L,_.i (9.4)

Combining Equations (9.2) and (9.4) and rearranging leads to the general model for the

rate of nutrient uptake into plants grown on this system. This is shown in Equation (9.5).

Ji = Cl,i (C_tu,i) e3'i exp[c0,i + Cl,i('LS) + c2,i(Pm - 7_soil)] (9.5)

Therefore, using Equation (9.5), the uptake rates for each nutrient m the different stages

of development can be determined based on the conditions for which they were produced.
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9.1.2.c.* on of the Uptake Rates

The results of the model building procedure described in the previous section are

shown in Table 9.1 which presents the values of the model parameters for P, Mg, Ca, Na,

K, Mo, Zn, B, Mn, Fe, and Cu, respectively. In each case, the leaf stage was shown to be

the only consistently significant contribution to the quantities in the tissues, regardless of

the nutrient. Conceptually, this make sense since as the plants become older, more

nutrients would be continually absorbed as long as they were available. As for the effects

of the osmotic potential, matric potential, and solution concentration, the significance of

these contributions were dependent on the particular nutrient. These can be seen in the

final ANOVA tables for each nutrient presented in Appendix E (see Tables E.7 to E. 17).

Table 9.1 Parameters for the Lineafized Model of the Natural Log of the Plant Inorganic

Nutrient Quantifies (Y) as a Function of Leaf Stage (X1), Root-Zone Water Potential

(X2), and Solution Concentration (X3)

Nutrient I (unitless)

P

Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

2.726

3.539

4.401

3.263

5.141

-2.164

1.264

-1.680

-0.615

0.767

-1.796

(unitless) I 0Vmab
i

0.470 [ 13.959

0.423 I 10.240

0.373 ! 11.027

0.315 I
t

0.470 f

0.258 I

0.360 [ 6.003
0.469 [

I
0.384 I

r 0.415 t

0.424 _ 4.622

(unit.less)

0.378

0.355

0.401

0.977

0.053

In order to determine the nutrient uptake rates, the parameters presented in Table

9.1 can be entered into Equation (9.5) defining Ji. However, this equation is a purely

empirieaUy based equation. In order to produce more mechanismtic models of the nutrient

uptake rates into plants, the rates from the experimental data can be determined from the

quantifies measured in the plants. According to Equation (9.4), the uptake rates can also
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be determined by multiplying the quantities calculated in the plant tissues by the

exponential parameter for the leaf stage, cx_. Therefore, the experimental values for Ji

were determined by combining Equations (9.1) and (9.4). This results in Equation (9.6)

shown below.

Ji = e1_ [Ck_,iWleata + Ch-a_W_a_.h,a + C--n_,iWnx_d] (9.6)

These resulting experimentally determined uptake rates were then used to model the

nutrient kinetics limited by either the environmental mass transfer or the plant based

absorption mechanisms.

9.2. Modeling Convection Limitations

This section presents the methodology used to determine the rate limiting step in

the nutrient uptake process into plants. Using a statistical approach, the experimental

nutrient uptake rates, Ji, can be compared to the convective rate of supply, J_, based on

the solution uptake rate, Qu, and the concentration of the bulk standard solution, C_.

The method of comparison that is used in this research is the t-test which determines

whether a particular sample belongs to the normal distribution of a specific set of data. If

the egk'pea'inlental Ji Call be shown to be statistically within the normal distribution of the

convection rate, then eonvection can be considered the rate limiting step. In other words,

the rate of nutrient transport to the root surface is limiting the rate at which the nutrients

are taken up by the plant. If this convection rate is decreased such as caused by a smaller

water potential gradient, then the uptake rate should decrease acc, ordingly. If the

experimental uptake rates are shown to be statistically different from the convective

supply rate, then this indicates that a different mechanism is limiting the transport of the

nutrients.

Two additional possibilities exist from this statistical analysis. The second

possibility is that the J_,v,i is less than Ji. In this ease, in addition to convective transport,

there must exist a substantial diffusive flux since the rate of uptake is faster than the
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convective supply. This occurs when the transport of the nutrient through the plant root

membrane is faster than the rate of water uptake. This possibility exists when the

membrane proteins or enzymes remain active while water uptake is not favored. The

nutrients which are limited by this type of mechanism will be modeled in Section 9.3.

The third possibility is when J_,va is greater than the actual Ji. This o¢.,ctl_enee

indicates a saturation of the ac_ve _tes on the protein or enzyme used by the plant to

cause the transfer of the nutrient from the surrounding solution into the root itself. This is

due to a high supply of nutrients to a limited number of active sites causing the

experimental uptake rates to be lower than the convective supply. The nutrients which

undergo this type of nutriem uptake limitation will be modeled in Section 9.4.

9.2.1. Derivation of the General Convection Equation

In order to determine the rate limiting step in the uptake of inorganic nutrients into

plants, a general equation describing the rate of convection of the nutrients was derived. In

order to calculate the convective component, J_v_, the solution uptake rate, Qo, is

multiplied by the solution concentration, C,o_. This was shown in Equation (7.4). This

flow rate can be determined by differentiating V, defined in Equation (8.23) with respect

to LS. The results of this derivation are shown in Equation (9.7).

Q. = dV,/d(LS) = 1.886 exp[0.400(LS) + 8.605(Pm - 7r_a)] (9.7)

Multiplying this rate by the concentration of each nutrient present in the solution leads to

Equation (9.8) defirfing the convective supply rate, J_,v,i.

J,_a = 1.886(C_,i) exp[0.400(LS) + 8.605(P,, - r_l)] (9.8)

Using the data presented in Appendix E (Tables E. 1 to E.6) for the conditions used to

produce the plants (i.e. LS, r,_, and Pro) and the solution concentrations presented in

Tables 8.8 to 8.10, the convection rates corresponding to eaeh experimental uptake rate,

Ji, were determined.
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9.2.2. Determining the Rate Limiting Steps

In order to determine the rate limiting step in the nutrient uptake process for each

individual nutrient, the convective rate of supply, J_o_v_ was subtracted from the overall

nutrient uptake rate determined from the experimental data, li. Since each of these are

determined for specific values of leaf stage and overall root-zone water potential, then it is

hypothesized that if the convective supply is the rate limiting step, then Ji - J,_v_ should be

equal to zero (8 = 0). Using the t-test at an tx_k level of 0.05 (n = 61), the average ofthe

differences between Ji and J_v_ can be examined as to whether they are statistically equal

to the hypothesized zero value. Rejection of this hypothesis is achieved when the

calculated t-statistic is greater in magnitude than the critical value. For this two-sided test,

the values of the differences can be either positive or negative. Therefore, the value of the

critical t-statistic should be the same sign as the calculated value.

The results of this analysis for the different nutrients are presented in Table 9.2. In

this table, it can be seen that none of the actual experimental nutrient uptake rates are

statistically equal to the convection rates. This would have occurred if the values for t_c

were between -2.000 and +2.000 (t_it,0.0s,60). Therefore, none of the nutrient were limited

by the convective supply. However, K and Zn were shown to be mass transfer limited by

the rate of diffusion while the remainder of the nutrients were shown to be limited by the

saturation of the active sites on the proteins or enzymes present on the root cell walls.

These were indicated by the positive and negative values for t_, respectively.

Table 9.2 Comparison of the Calculated t-Statistics for the Differences between the

Experimental Uptake Rates and the Convective Supply Rates

and the Critical Value, t_0.os,6o =_+2.000

Macro-Nutrients

P

Mg
Ca

Na

K

I i Micro-Nutrients
1
!

-81.41!
-374.131

1

-639.03 i

-165.00!

+317.12 i

1

MO

Zn

B

Mn

Fe

Cu

t¢_1¢

-7.76

+61.11

-44.31

-41.33

-112.08

-24.83
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9.3. Modeling Diffusion Limitations

According to the results of the previous section, only two nutrients were limited by

the rate of diffusion. These were K and Zn. In order to model the kinetics for these

nutrients, the rates of diffusion, J,_._, were determined as the difference between the total

rate, Ji, and the convective component, J_. Since this rate is independent of the

conditions of the plants but dependent on the root-zone environmental conditions (i.e.

r,_, I'm, and C_,i), then these differences were divided by the exponent of the leaf stage

used to evaluate the rate of convection, e ul°'s). The parameter for this exponent, ul, can be

found in Equation (9.8) to be equal to 0.400. This eliminated the effects of the different

convection rates caused by the variations in the developmental stage of the plants. This

procedure basically assumes that the rate of formation of the concentration gradient

between the bulk solution and the root surface increases with the growth of the plant.

These resulting diffusion rates, Jam, were modeled according to the classical equation

contairdng an effective diffusion coefficient, D,_i, and a concenlyation gradient, AC/Ar.

9.3.1. Derivation of the General Diffusion Equation

In order to determine the magnitude of the diffasional contribution to the mass

transfer of nutrients to the plant roots, the convection rate, J,_._, is subtracted from the

oveTall r"dt_, Ji. This is shown in Equation (9.9) below which includes the parameter, cl,i,

for the exponential term in Equation (9.2) relating _ to the leaf Rage.

Jdiff,i = Ji - Jemv,i = Cl,i ql,lant,i - QuC_i (9.9)

For the nutrients that were shown to be limited by diffusion, the values for Cl,i can be

found in Table 9.1. Again, _n,i is determined from Equation (9.1) while Q. is calculated

as the derivative of Equation (8.24) with respect to time.

After these diffusion rates are determined, they were entered into Equation (9.10)

shown below which defines the rate of diffusion independent of the developmental stage of

the plant since these exponential terms also appear in ch,_t,_ and Qu, respectively. In this
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equatioll_ Ul represents the parameter for the exponential relationship between Q, and LS

and is found in Equation (9.8) to have a value of 0.400.

Jditr.i = (Cl,i qph.O - Q,C_a,.i) / e*l°'s) (9.10)

These resulting rates are then entered into Equation (9.11) defining the _sion between

the bulk solution flowing through the interior of the ceramic tubes and the exterior surface

where the plant roots are in direct contact. The respective concentrations at these points

are designated as hi and _i while the distance between these points is measured as

('Do - Di)/2 where Do and Di are the external and internal diameters, respectively.

- C_._

Jdi_i = -Dati (9.11)

(Do - Di)/2

Assuming that the diameters of the ceramic tubes are relatively consistent between the

different tubes, then Equation (9.11) can be modeled as a linear equation relating Jam to

C_m. This equation is rewritten in Equation (9.12) below in a statistical model form

where d0,i and d_ represent the model parameters for the diffusion equation for nutrient, i.

-D_C_r,_.._ Dar_

Jditti = do,i + dl,i C_ = + C_a,,i (9.12)

(Do - Di)/2 (Do - Di)/2

Since values for d0_ and dLi Call be determined from regression, then Delt;i Call be

determined from dLi and the average tube diameters. Furthermore, C_r_,i can be

estimated from the value of do_, the diameters, and the resulting D_i.

This procedure assumes that the analysis of variance of this linear model results in

significant model terms without any significant left-out terms. These will be examined at

an _ level of 0.05. If significant left-out terms do exist, then this would indicate that the

standard diffusion model is inadequate to describe the results of the diffusion limited

nutrients in this research. In these cases, the general empirical model presented as

Equation (9.5) remains the best model of the rate of uptake of these specific nutrients.



22O

9.3.2. Estimating the Diffusion Parameters

The two nutrients that were shown in Table 9.2 to be diffusion limited were K and

Zn. Each of these were modeled according to the procedure descn'bed above. In the case

of K, the terms of the diffusion models were shown to be significant without any required

additional terms. As for zinc, the model term, dog, was shown to be the only significant

contribution. The ANOVA tables corresponding to these statistical results are provided in

Appendix E (see Tables E. 18 to E. 19, respectively for K and Zn). As for the values and

95% confidence limits (CI) of the significant model parameters, these were determined

from the linear regressions and are presented below in Table 9.3. Furthermore, the

effective diffusion coefficients for these nutrients, D_r._, and surface concentration, _,

were ealeulated using Equation (9.12) and are presented on Table 9.3 as well along with

the propagated errors for these parameters. The average tube diameters were taken to be

1.62 and 1.16 em according to Table 5.1. Unfortunately, the Michaelis-Menten kinetics

for these nutrients cannot be developed from the data acquired in this research since the

biological mechanisms of these nutrient uptake processes were shown not to be limiting

under the present test conditions.

Table 9.3 Model Parameters for the Linear Regressions and the Diffusion Equations for
the Diffusion Limited Nutrients

Nutrient

K

Zn

d0,i (Bg/LS) i dl.i (ml/LS)

t
-34.885 + 18.509 i 0.608 + 0.102

-0.827+ 0.082 i
D_e.,i (mlcm/LS) i_iC_._ (p.g/ml) [

0.140 + 0.023 i 57.377 + 31.928

Since these rates of diffusion are in addition to the rates of convection, then the

final model equations describing the mass transfer linfitations for the nutrient uptake rates

of these nutrients can be written as sum of Equations (9.8) and (9.12) with the parametric

values presented in Table 9.3. For K this is written in Equation (9.13) in terms of the

experimental conditions, _,_, P=, C_o_,i, Do, and Di and the leaf'stage of the plants.
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C_o_ - 57.377

JK = 1.886(_) exp[0.400(LS) + 8.605(P= - r_,_)] + 0.140. (9.13)

(Do - Di)/2

Since the concentration term in the model for Zn was shown to be an insignificant

contribution to describing the rate of diffusion to the root surface, then the diffusion

parameters, Dar and _, for this nutrient cannot be determined individually.

However, the lumped value of (D_C_f_..,z_) can be determined from the regression

parameter, d0_, and the average diameters of the ceramic tubes. The value of this quantity

is shown in the final model presented in Equation (9.14) describing the rate of zinc

transport to the root surface. This rate of transport is equivalent to the subsequent uptake.

Jz, = 1.886(_) exp[0.400(LS) + 8.605(Pm - 7r,_)] +

0.213

(Do - Di)/2

(9.14)

This discrepancy between the classical diffusion model described by Fiek's Law and

Equation (9.14) is possibly due to the magnitude of the error associated with the solution

sample measurements. According to Tables 8.8 to 8.10, the percentage ratio of the errors

to the actual concentrations, (oc._,.2.,/C_p_2., x 100%), were between 30 and 40%. In

comparison, this ratio for the macro-nutrient, K, was at a maximum of 4%. Therefore, the

average concentrations used in the analysis of the Zn diffusion equation were rather

inaeoarate and may have resulted in the concentration term being insignificant.

9.4. Modeling Biological Limitations

In order to model the nutrient uptake rates limited by the activity of the enzymatic

carriers at the root surface, L,i, the experimental uptake rates, Ji, were divided by the

exponents of the leaf stage, ec_°'s). These exponential terms appear in Equation (9.2)

describing the nutrient quantities, _, which is subsequently used to determine Ji in

Equation (9.4). This was conducted in order to place all of the rates on the same time

scale since the actual catalytic rates of the individual proteins or enzymes would be
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independent of the whole plant development. In others words, the overall rates may

increase with the leaf stage due to the increased number of roots but the individual

proteins or enzymes conduct the transport at the same rate.

Once these rates were determined, the kinetic parameters describing these rates

were determined as well. This was accomplished by modeling these rates according to the

Lineweaver-Burke equation of 1/J_,i versus 1/C_o_,i. Furthermore, since the PCT-NDS was

capable of separating the effects of concentration from the water uptake effects, only the

results at a constant water potential were used. This water potential level was maintained

at _',,a = -0.078 MPa and was coded for the individual levels of (_,u / P_,) as

(-0.019/-0.059), (-0.039/-0.039), and (-0.078/-0.000). The nutrients that were determined

to be limited by the enzymatic actions at the root eel membranes according to the t-test

included P, Mg, Ca, Na, Mo, B, Mn, Fe, and Cu. Each of these are described below in

order.

9.4.1. Derivation of the General Enzymatic Equation

In order to determine the nutrient uptake rates limited by the enzymatic activity at

the root surface, the experimental uptake rates, Ji are converted to a form independent of

the leaf stage of development. This is accomplished by using Equation (9.15) which

eliminates this dependency by dividing Ji by the exponent of the leaf stage using the

parameter determined from the model of _u,_,i.

J_,i= Ji /ec1"_Ls)= ci:_,i /ec_'i_) (9.15)

Afterthese ratesare converted,they can be modeled according to the Michaelis-Menten

equation shown as Equation (9.16).

J_m_,i Csol_,i

J¢,i = (9.16)

Km,i + Csoln,i
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This equation relates the rate of nutrient uptake, J_, to the concm_tration present in

solution, C,,_, based on a maximum rate of uptake, J_._. Furthermore, the constant,

K_, represents the conemltration of nutrient, i, required for 1/2 J_,_. In order to model

this equation, the inverse is taken resulting in Equation (9.17). Furthermore, this equation

is also written in statistical form where e0_ and e_,i represents the regression parameters.

Since both kinetic parameters are positive values, then the regression parameters should be

positive as well.

1 1 1 K_ 1

= eo.i + el,i - + _ _ (9.17)

J_,i C-_ia,i Jc_.i Jc.omx,i Csola,i

Since values for e0_ and et,i can be determined from regression, then J_.i can be

determined from e0_ and K_ can be estimated fi'om the values of el_ and the resulting

This procedure assumes that the analysis of variance of this linear model results in

significant model terms without any significant left-out terms. These will be examined at

an _ level of 0.05. If significant left-out terms do exist, then this would indicate that the

standard Michaelis-Menten model is inadequate to descnl_e the results of the enzyme

limited nutrients in this research. In these cases, the general empirical model presented as

Equation (9.5) remains the best model of the rate of uptake of these specific nutrients.

9.4.2. Estimating the Michaelis-Menten Constants

All of the nutrients except K and Zn were shown in Table 9.2 to be limited by the

biological apparatus at the root surface. Each of these were modeled according to the

procedure described above. In the cases of P, Mg, Ca, Na, Fe, and Cu, the terms of the

Michaelis-Menten model were shown to be significant without any required additional

terms. As for Mo, B, and Mn, the model terms for these nutrients, e0_, were shown to be

the only significant contributions. The ANOVA tables corresponding to these statistical

results are provided in Appendix E (see Tables E.20 and E.28, respectively). As for the
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valueof the modelparameters,theseweredeterminedfrom the linearregressionsandare

presentedbelow in Table 9.4 along with the 95% CI on the regressionparameters.

Furthermore,thevaluesfor themaximumrateof nutrientuptake,L,=_, and the constant,

K_, were ealeulated using Equation (9.17) and are presented on Table 9.4 as well.

Table 9.4 Model Parameters for the Linear Regressions and the Michaelis-Menten

Equations for the Enzyme Limited Nutrients

Nutrient

P

Mg
Ca

Na

Mo

B

Mn

Fe

Cu

(LS/ g)

0.098 + 0.032
w

0.028 + 0.007

0.0079 + 0.0025

0.091 + 0.024

40.322 + 13.023

12.387 + 1.165

2.805 + 0.368

0.702 + 0.150

-1.441 +21.281

el,i (LS/ml)

0.895 + 0.558

0.449 + 0.396

0.426 + 0.306

0.187 + 0.169

0.560 + 0.416

3.694 + 3.335

Je,ma_ (p.g/LS) I I_ (l_ml)

10.204 + 3.332

35.714 + 8.929

126.58 + 40.058

10.989 + 2.898

0.025 + 0.008

0.081 + 0.008

0.357 + 0.047

1.425 + 0.304

f f

9.133 + 6.428

16.036 + 14.700

53.924 + 42.327

2.055 + 1.935

0.798 + 0.617

From the results presented in Table 9.4, several conclusions can be drawn. For the

macro-nutrients, P, Mg, Ca, and Na, and the micro-nutrient, Fe, the concentrations tested

in this research at the constant water potential level were, in some eases, sufficient to

cause the saturation of the active sites while lower concentrations were not adequate. This

can be seen by comparing the concentrations of these nutrients in solution presented in

Tables 8.8 to 8.10 to the concentrations required for half of the maximum rate, K_i,

presented in Table 9.4. In terms of producing models describing the enzyme kinetics, these

situations for the concentrations are desired. This is unlike the situations for the micro-

nutrients, Mo, B, and Mrk In these eases, the concentrations used in this research were all

higher than the saturation concentration since the concentration terms in the models were

shown to be insignificant contributions. In other words, the levels of nutrients required to

saturate the active sites on the enzymes or proteins responsible for the acquisition of these

nutrients are below the levels present in the 1/4x solution used in this research. Therefore,

the K_ parameters for the Miehaelis-Menten equation for these nutrients cannot be
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determined; although, it can be said that they are below the concentrations present in the

1/4x solution.

One peculiar situation arose for copper. In this case, the analysis of variance

showed that both of the linear model terms were significant contributions. However, the

value of the e0,c_ term resulted in a negative value as shown in Table 9.4. This is an

impossible situation since the maximum uptake rate which is the inverse of this regression

parameter cannot be a negative value. Therefore, this model is inadequate in describing the

uptake of copper by the plants produced on the PCT-NDS.

This discrepancy for copper as well as the lack of significance of the concentration

term for molybdenum may be due to the inaccuracies of the solution sample

measurements. As seen in Tables 8.8 to 8.10, the percentage ratios of the errors to the

actual concentrations for these nutrients are between 15 and 30*,6 which indicates that the

concentration terms in the respective models may be suspect. Furthermore, the levels of

these nutrients present in the different test solutions were two of the three nutrients which

did not follow the trend of lx, 1/2x, and 1/4x. Incidentally, the other nutrient which does

not follow this trend is Zn (see discussion in Section 9.3.2 concerning the uptake of this

element). Therefore, another possible explanation for these results could be due to an

unforeseen interaction between the concentrations of these particular nutrients and the

osmotic potential of the overall solution. This may be due to electrochemical gradients

across the root membranes which would be dependent upon both the concentrations and

the osmotic potentials (as a contributor to the water potential gradient).

Since the rates of supply of these nutrients to the root surface through convection

are greater than the actual biological uptake, then there should exist substantial rates of

back diffusion due to the build-up of nutrients restricted from entering the roots. This rate

of back diffusion can be determined using the same procedure used to develop the

diffusion limited nutrients presented earlier (see Section 9.3). The results of the

calculations of the regression parameters as well as the coeffieients for the general

diffusion model presented in Equation (9.12) are presented in Table 9.5. This also includes

the 95% confidence limits on these parameters. Furthermore, the ANOVA tables for these
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enzyme limited nutrients are presented in Appendix E (see Tables E.29 to E.37). For P,

Mg, Ca, B, Fe, and Cu, both of the model terms were shown to be significant. However,

the values for the parameters for copper resulted in an impossible situation where the

concentration at the root surface would attain a negative value. The reasons behind this

peculiarity were discussed earlier and are based on the errors assooiated with the

measurements of the solution concentrations. Furthermore, for Na and Mn, the imercept

terms, do,i, resulted in insignificant contributions to the models. However, these were not

removed from the final linear models since the concentration term proved to be significant.

Finally, for Mo, the concentration term resulted in a lower calculated F-statistic as

compared to the critical value. Therefore, this model of the back diffusion of Mo is similar

to the diffusion limitations of Zn discussed earlier. Furthermore, the explanation of large

measurement errors used to describe this discrepancy in Zn may be used in this case for

Mo as well.

Table 9.5 Model Parameters for the Linear Regressions and the Diffusion Equations for

the Enzyme Limited Nutrients

Nutrient

P

Mg
Ca

Na

Mo

B

Mn

Fe

Cu

d0,i ([Ag/LS)

3.025 + 2.968

18.719 + 11.983

55.180 + 56.416

6.178 + 3.429

0.017 + 0.005

0.065 + 0.037

0.327 + 0.153

0.777 + 0.366

-0.008 + 0.045
I

(ml/LS)

-0.763 + 0.113

-0.801 + 0.144

-0.674 + 0.309

-0.611 + 0.339

-0.928 + 0.056

-0.780 + 0.358

-0.850 + 0.086

-0.607 + 0.279

D_r_i (mlcrn/LS)

-0.175 + 0.026

-0.184 + 0.042

-0.155 _+0.036

-0.141 + 0.032

-0.213 + 0.049

-0.179 + 0.041

-0.196 + 0.045

i I

3.965 + 3.934

23.370 + 15.539

81.869 + 91.733
10.111+ 7.935

0.070 + 0.040

0.419 + 0.275

0.914 + 0.440

In order to produce the final models for the uptake rates of the enzyme limited

nutrients, the convective supply rate, J,_, minus the back diffusion of the nutrients from

the root surface, Jdi_i, _ be considered equivalent to the uptake by the biological

apparatus in the root membranes, J_. Therefore, the Miehaelis-Menten model presented in
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Equation (9.16) can be combined with the convection and di_sion models presemed in

Equations (9.8) and (9.12), respectively. This combination is shown in a general form in

Equation (9.18) below where the parameters for the diffusion model, D_r_ and _ are

found in Table 9.5 and the Michaelis-Menten constants, J_,i and I:_, are found in Table

9.4. This final model describing the biologically limited nutrient uptake is directly

applicable to the macro-nutrients, P, Mg, Ca, and Na, as well as the micro-nutrient, Fe.

+ =

C1ole,.i - C-_effaee,i

1.886(_) exp[0.400(LS) + 8.605(P_, - r_,a)] + D_i.

(0o - Di)/2

(9.18)

Je.,max, i Csola,i

K_ + Csola.i

It should be noted that the concentrations at the root surface, _, presented in

Table 9.5 are the levels that build up due to the restriction by the limited number of

available active sites on the proteins or enzymes responsible for the uptake of the

biologically limited nutrients. These levels are in addition to the continuous supply by the

convective flow. This is in contrast to the nutrients that are diffusion limited where the

levels of the nutrients at the root surface presented in Table 9.3 are the result of the

increase in the supply rate by diffusion from the bulk solution.
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CHAPTER10- CONCLUSIONS AND RECOMMENDATIONS

From the results of the previous two chapters concerning the modeling of the

development, growth, solution uptake, and inorganic nutrient uptake into the plants

produced on the Porous Ceramic Tube - Nutrient Delivery System (PCT-NDS), several

conclusions and recommendations for further research can be made. Furthermore, the

techniques and analytical methods described in this research provide advancements to the

current state of the field of research in plant physiology, growth, and nutrient uptake.

Finally, evidence from the analysis of the mass balances shows that several alterations to

the procedures and methods used in this research could be made in order to improve upon

the results and models. These conclusions and suggestions are presented in this chapter.

In Section 10.1, a discussion of the results is provided emphasizing the high points

of this research. This will include an overview of the uses of the PCT-NDS for conducting

research on the effects of water potential and nutrient concentrations on the growth,

development, and nutrient uptake characteristics in plants. Furthermore, several

conclusions concerning both the methodology as well as the actual models produced to

describe the nutrient uptake into plants will be provided. This is followed in Section 10.2

which provides several recommendations for future research including alterations to the

current methods as well as brief descriptions of other possible research applications for the

system and modeling techniques.
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10.1 Contributions to Current Field of Research

There are two main points of this thesis which provide considerable advancements

to the current state of the field of research conducted in the area of plant physiology,

growth, and nutrient uptake. The first of these is the development of a system which is

capable of providing a high degree of control of the root-zone environment. In particular,

the PCT-NDS provides a method of separating the effects of differing water potentials due

to changes in the osmotic component fi'om the effects of the nutrient concentrations

themselves. This separation has, up until now, not been achieved to the same degree of

control with current research methods as compared to the use of the system of this

research. In addition to this conm'bution, this research provides a method of diseximinafing

the rate limiting steps in the inorganic nutrient uptake processes utilized by plants. The

resulting models produced to describe these critical steps are geared towards explaining

the growth, development, and nutrient uptake for the whole plant as well as over the

entire growth cycle. Furthermore, the effects of water potential and nutrient

concentrations are contained within each of the models produced providing several

practical applications of these results. These developments are different fi-om previous

nutrient uptake models as will be discussed below.

10.1.1 System Exploitation

One problem with the current methods of research into the effects of water

potentials, nutrient concentrations, or both on the growth, development, and nutrient

uptake characteristics in plants is the inability to separate the differences in water potential

caused by alterations in the nutrient solution composition. According to Equation (2.2)

which is a general equation relating the overall water potential, _P, to the osmotic

component, % and the hydrostatic component, P, changing the concentration of the

solutes, C_, in the nutrient solution automatically changes 7r. This change in rc alters _P

unless P is controlled as a compensation. The current methods used to make these

changes, if at all, include using softs with different water holding characteristics, the



23O

additionof supposedlynon-penetrating solutes, and the use of different salt compositions

[Cox and Barber, 1992; Yaniv and Werker, 1983; Hohl and Schopfer, 1991; Qasem and

I-fill, 1993]. The particular problems with each of these methods are provided in some

detail in Sections 4.1.2, 6.1.1, and 6.1.2.

From the development of the PCT-NDS provided in this research, substantial

evidence was provided which showed that a constant water potential level could be

maintained while simultaneously altering the concentration of the nutrients in solution.

This was shown during the development of the solution uptake model presented in

Equation (8.23). Specifically, using the applied suction pressure in the system, the matric

potential could be changed to a level which compensated for the changes in the solution

concentrations. By increasing or decreasing the suction based on the differences in the

osmotic potential, a constant water potential was shown to be maintained. The evidence

for this was provided statistically in the analysis of the effects of the individual osmotic

and matric potentials on the solution uptake rates. The analysis of variances presented in

Table 8.3 showed that the contributions to the solution uptake by the osmotic and matrie

potentials were insignificant at the constant water potential level of-0.078 MPa.

Furthermore, different water potential levels obtained through various combinations of

and P,, did result in different solution uptake rates. This indicated that the system was

capable of being controlled at distinct levels of W_.

There are also other additional advantages to the use of the PCT-NDS for these

types of plant studies. This includes the uniformity of the root-zone water potential to the

roots grown in direct contact. Under current methods of using different softs or variations

in irrigations [Wraith and Baker, 1991; Vetterlein, et al., 1993], there exists the problem

of vertical stratification of the soil moisture. This leads to roots closer to the top surface of

the soil experiencing drier conditions as compared to the roots nearer to the settled soft

water. Another advantage involves the ease at which the roots can be removed from the

system as compared to entwined within a soil matrix. Since the pore sizes of the ceramic

tubes are smaller than the diameters of the root hairs, then the removal of the roots can be

accomplished within minutes as opposed to the hours required to separate them from soil.
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10.1.2Modelingof Plant Nutrient Uptake

In addition to the problems of maintaining a constant water potential under

variable solution concentrations, the typical methods used in nutrient uptake experiments

are usually only applicable to specific time flames. This includes the split root method, the

use of radioactive tracers, and depletion experiments [Barber and Cushman, 1981;

Johnson, et al., 1991; Warncke and Barber, 1972; Wrona and Epstein., 1985; Petersen and

Jensen, 1988; Tremblay, et al., 1988; Bowen, 1987; Heuwinkel, et al., 1992]. During eaeh

of these methods of studying the nutrient uptake kinetics into plants, the plants are grown

to a specific stage of development and then transferred into a test solution which contains

a different solution composition. Therefore, the resulting kinetics are only conditional for

the particular stage of growth and the imposed root-zone conditions. Furthermore, the

time frame for which these methods can be implemented are relatively short within that

specific growth stage. For example, as the nutrients are depleted from a test solution, the

change in osmotic potential becomes more significant over time unless this solution is

replenished frequently. As the osmotic potential changes, so does the rate at which the

nutrient solution reaches the root surface. For the depletion experiments, this

replenishment is a contradiction to the methodology. For the split root method, these

types of changes in the root-zone environment are only measurable in the roots since the

terrestrial portion would be supplied through both sections of roots. As for the radioactive

tracers, their continued use is expensive and requires special handling of the materials.

The nutrient uptake models that have been development such as the Nye and

Tinker model, the Barber-Cushman model, and the France and Thornley model are also

based on these short time frames. Specifically, contained in the 13 assumptions used in the

development of the Barber-Cushman model presented in Equations (3.61) to (3.66) is that

the characteristics of the root are not changed with time [Barber and Cushman, 1981 ]. In

other words, this assumption basically states that the root growth is independent of time.

When applied to a specific developmental stage, this pseudo steady state assumption is

fairly reasonable since the plant tissues do grow relatively slowly. However, the results of

the experiments conducted in this researeh showed that the characteristics of the roots are
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ehangedbetween leaf stages. This was shown in the models of the dry and wet masses as a

function of leaf stage and root-zone conditions provided in Equations (8.10) and (8.18),

respectively. This is not addressed in the Barber-Cushman model.

Similarly, the Nye and Tinker style models presented as Equation (3.50) and the

France and Thornley model presented as Equation (3.59) utilize mass transfer terms which

are not explicitly altered by time. Specifically, the eonveetive mass transport term, v,

leading to the dit_sional gradients is considered constant with time [Wheeler, et al., 1994;

France and Thomley, 1984]. In terms of this research, the rate of solution uptake which is

directly related to the mass flux term was shown in be dependent on the leaf stage of

development as well. This was shown during the development of the model for the

solution uptake, Equation (8.23). Therefore, the Nye and Tinker and France and Thomley

models are limited to speeitic time frames as well.

An additional problem with the Nye and Tinker model is that it fails to take into

account the influences of the biological mechanisms responsible for the actual acquisition

of the inorganic nutrients. Although some adjustments to the standard form of this model

do account for root growth and developmental characteristics [Nye and Tinker, 1969;

W'dlits, et al., 1992; Bhat, et al., 1979ag Bhat, et al., 1979b], they do not address the

specific rate limiting steps in the nutrient uptake processes making these models highly

empirical. A similar model to these improved Nye and Tinker models is the W'flliam's

Equation presented in Equation (3.52) [Silberbush and Gbur, 1994]. However, this

equation is subject to the same criticisms as the Nye and Tinker models.

Since the rate of nutrient uptake should be dependent upon both the biological

growth rate and the environmental supply rate and both of these rates are dependent on

development, then these inorganic nutrient uptake models should contain this dependency

as well. However, they are only applicable to a single growth stage. Therefore, in order to

acquire a complete description of the nutrient uptake characteristics using these models,

their application at several discrete times throughout the growth cycle would be required

[De Willigen and Van Noordwijk, 1994b].
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One of the advantages of the models that are produced in this research is that the

leaf stage of development is included in the statistical analyses. This includes the models

for the growth, solution uptake, and individual nutrient uptake rates. Furthermore, this

factor was shown to be consistently significant for each of the nutrients analyzed. This was

shown in Table 9.1 and Appendix E (see Tables E.7 to E. 17 for the ANOVA tables for the

various nutrients). Therefore, these models can be applied to the entire growth of the plant

instead of individual growth stages as with previous models.

In addition to the incorporation of a more applicable time scale to the various

models, the models produced in this research explicitly describe the effects of the root-

zone conditions on the growth, solution uptake, and inorganic uptake. Although the Nye

and Tinker, France and Thornley, and Barber-Cushman models do contain these

environmentally based terms, they are not explicit but only implicit. Since the bulk flow

term, v, leading to the convective mass transport of nutrients to the root surface is based

on the rate of transport caused by the transpirational stream and this process is driven by

the waterpotenti gradientsin the soil-plant-atmosphere confimmm, then these models

would be more applicable to real world situations with this inclusion. In fact, another one

of the assumptions used in the Barber-Cushman model is that the root-zone conditions are

in a steady state [Barber and Cushmart, 1981]. In other words, the soil moisture level or

soft water potential remains constant. This assumption does not take into account the

effects of rainfall or applied irrigations. Furthermore, the bulk flow term, v, used in this

and the Nye and Tinker and France and Thomley models are empirically derived fi'om

water flow rates, not on the conditions driving the flow. These conditions are the moisture

level and the solute concentrations or, in other words, the matric and osmotic potentials.

One of the objectives in this research was to develop inorganic nutrient uptake

models which were based on the environmental influences of the root-zone. This included

both the osmotic and matric components of the root-zone water potential. By

incorporating terms for r_i_ and Pm into the models developed in this research, the effects

of these factors are explicitly described. This is an advantage over the current models.

Furthermore, the models developed in this research also incorporate the leaf stage
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developmental rate, LS. Therefore, the present model does not refute the Barber-

Cushman, Nye and Tinker, and France and Thomley models, but incorporates each of

them into a single model and expands their applicability to different leaf stages and root-

zone environmental conditions.

In addition to these advantages of the models over predecessors, the methodology

developed in this research for discdmimting the rate limiting step in the various nutrient

uptake processes used by plants allows for the determination of the critical environmental

or biological factor. In terms of the applicability of these models to real world situations,

the det_tion of the rate limiting step is an important step in the formulation of a

scheme to produce crops optimally. For example, if using this method reveals that the

uptake of a particular nutrient into a specific plant species leads to diffusion limitations,

then fertilization may be a key determinant to the success of the crop. Furthermore, the

timing of the fertilizer application can be determined from the visually based

measuremenets such as the plant heights and the leaf stage of development.

10.2 Future Recommendations

There are several recommendations for future research which include changes to

the methods used in this current research as well as the development of additional

experiments for the further investigation into the nutrient uptake kinetics into plants. The

two major problems that arose during the experiments of this research were based on the

environmental factors of the growth chamber and the nutrient solution. Specific changes in

these conditions are proposed with a discussion of the effects that these changes would

have on the current results obtained in this research. Furthermore, in order to produce

better models for the growth, development, and nutrient uptake characteristics of plants,

several additional experiments are proposed. These include the use of different overall

solution concentrations as well as individualnutrient concentrations. These can be applied

to other tomato cultivars as well as other plant species. This would produce more

generalized models of the nutrient uptake processes conducted by all plants.
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10.2.1 Temperature and Relative Humidity Effects

During the experiments of this research, the terrestrial environmental conditions of

temperature, Ta, and relative humidity, RH, were only under the control of the building

that housed the growth chamber. This lead to uncontrolled variations in these factors that

were dependent upon the season (winter versus summer) as well as the daily fluctuations.

The specific values for these factors are presented in Appendix A (see Tables A_I to A.8)

along with the averages values obtained during each of the experiments conducted in this

research (see Table A.1). These variations lead to several effects which should be

eliminated in order to obtain more conclusive results.

Although the effects that the changes in temperature have on the osmotic

potentials of the solutions are relatively small (_+0.001 MPa), the effect on the overall rate

of growth of the plants could be substantial. This is due to the effect of temperature on the

production of organic biomass from the photosynthetic machinery [Gent, 1986]. The

effects of temperature on the specific growth rate was shown in Equation (3.3) while the

effects on photosynthesis, Pa, were shown in Equations (3.20) to (3.23). Furthermore,

both temperature and relative humidity are significant factors affecting the rate of

transpiration, Ft. This is due to the rate of transpiration being dependent upon the water

potential gradients throughout the soft-plant-atmosphere continuum and the water

potential of the air being dependent upon Ta and RH according to Equation (2.7). Since

the relative humidity varied by +7% on average (see Table A. 1), then this can translate

into changes in the air water potential of approximately +25 MPa (assuming a constant T,

= 293 K). This change in the water potential or humidity of the air directly affects the rate

of transpiration. This is exemplified in several transpiration models such as the Stanghellini

model, the Penman-Monteith equation, and the model developed by Sammis and Jemigan

[Stanghellini, 1987; Johnson, et al., 1991; Jollier, 1994; Sammis and Jernigarg 1992].

These were presented as Equations (3.42), (3.44), and (3.45), respectively.

As the temperature and relative humdities changed during the course of the

experiments in this research, the rates of development, growth, and solution uptake were

significantly subjected to these changes. This is evident from the large range in results



236

obtainedfor the number of days after emergence, tDAE, in order for each plant to reach

specific leaf stages, LS. The specific data used to derive the model, presented in Equation

(8.1), describing tDAEas a fimetion of LS, are provided in Appendix B for the different test

conditions (see Tables B. 1 to B.7). Similarly, the corresponding plant heights, I_, also

resulted in wide ranging values as shown in the data tables of Appendix B (see Tables B.9

to B. 15). Finally, the measurements of the quantities of solution taken up, V,, also resulted

in highly variable results. These are shown in Appendix C for the different test conditions

(see Figures C.1 to C.7). Although these data sets are presented as a single collection in

these Appendieies, these were derived from individual experiments conducted under

different average temperatures and humidities. The variations experienced between plants

for the individual experiments are less than the results for all of the experiments taken as a

whole. This is shown in Figures 10.1 to 10.3 which present samples of the averages for

tDal_, hl_l_t, and Vo, respectively, for two experiments differentiated by the symbols in these

figures. Specifically, the closed circles represent a set of data obtained during the summer

months while the open triangles represent a set of data from the winter. These results were

all obtained when the test conditions of (rt_a / P,,) were maintained at (-0.078/-0.000). The

differences between the sets of symbols can be atm'buted to the effects of temperature and

humidity while the differences within a set of symbols can be attributed to the inherent

genetic differences between plants.

As can be seen in Figure 10.1, the number of days required to reach each leaf stage

for the plants produced in the summer is less than those in the winter. Therefore, the

developmental rates of the summer plants are faster. Similarly, the overall heights of the

summer plants are larger than the winter counterparts as shown in Figure 10.2. These

results are indications that the growth of the tomato plants is faster during the warmer

temperatures of the sunnner as compared to the colder winter. As for the solution uptake,

the summer months proved to be more humid as listed in Table A. 1 leading to a slower

rate of solution uptake as shown in Figure 10.3.
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In order to correct for these effects of Ta and RH on the growth, development,

solution uptake, and subsequent inorganic nutrient uptake, a better control of these

enviro_ conditions would be desirable. This can be accomplished in several ways.

For the growth chamber used in this research, since the warmer t_s resulted in

faster growing plants which developed more rapidly, then a small space heater could have

been installed for the winter months. As for the upper levels, the temperature never

reached above 32.5 °C which is approximately at the upper threshold for the optimum

temperatm'e range for tomato plants [IPM Manual Group, 1982]. Therefore, an air

cooling system should not be required. In order to control the humidity, a humidifier and a

de-humidifier could be placed into the growth chamber. One problem with this solution is

that the area available for the production of plants is already limited meaning that the

addition of a heater, humidifier, and de-humidifier would severely restrict this area.

One alternative method is to conduct the plant experiments at approximately the

same time over several years. However, this severely restricts the number of experiments
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that canbe conductedas well as subject these experiments to the daily differences in

temperature and humidity that occur even during the particular season. Optimally, a

controlled environment growth chamber specific for the production of plants could be

utilized. These chambers are available and have been designed such that the environmental

conditions are within +1% of the set values [Averner, et al., 1987; Edeen and Henninger,

1991]. However, the set-up and operation of these advanced growth chambers are

expensive and in high demand.

Whatever methods are utilized to control the temperature and relative humidity,

the probable effects that this would have would be to reduce the variations in the results of

these experiments. In terms of the models for the growth and development of the plants,

this would change the values of the regression parameters for the models oftD_s,, l_u_t, and

Wam_. Furthermore, this could lead to additional terms being required, particularly, for

the number of days after emergence which was shown in Equation (8.1) not to be

dependent upon the root-zone conditions. However, from the analysis of variances

presented in Table 8.1, the sum of squares for the left-out terms was a fairly large value

indicating a possible significant term.

A substantial effect that a more constant humidity would have on the results of this

research is in the water status of the plants. In particular, the solution uptake model,

presented in Equation (8.23) was shown in Table 8.5 to be dependent upon the leaf stage

and the root-zone water potential. Although the calculated F-statistic for the left-out terms

is dose to a value of one indicating the remaining sum of squares is probably due to the

measurement errors, the reduction of these errors due to the higher control of T, and RH

could lead to an increase in F_,c for the left-out terms. One possible term which may

contribute significantly under these optimized terrestrial environments would be the effects

of the malxic potential on the solution uptake. This is particularly true since the differem

pore sized ceramic tubes used in the production of the plants directly a.fleet the matric

potential according to Equation (7.2). Furthermore the applied suction pressure itself was

based on an average between the ceramic tube ends. Therefore, an additional dependency

on Pm may become evident if the experimental errors for T, and RH are reduced.
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10.2.2 Solubilities, pH, and Precipitates

During the calculation of the desired suction pressure used in the PCT-NDS, the

osmotic potential of the solution was used as a basis. This was conducted since it was

desired to compensate for the changes in r_oa using the matric potential of the ceramic

tubes. Theoretically, the lx, 1/2x, and 1/4x concentrations should yield osmolarities of

31.1, 15.6, and 7.8 mmol/kg, respectively. However, in reality, these values can vary

depending upon several factors. First, the level of contaminants in the water used to

produce the solutions can be significant. Furthermore, other impurities can also be

introduced into the solution from the salts originally used to make-up the stock solutions

[Resh, 1978; Schwarz, 1995]. Finally, the acidity of the water which dictates the amount

of NaOH added to obtain the desired pH level for the solution can also lead to significant

Na concentrations. Similarly, since the number of protons present in the solution

represents an additional solute contributing to the osmolarity, then this factor also

conm'butes to the osmotic potential (pH = -log10[H]). However, this contribution is at a

relatively low level of approximately 0.002 mmol/kg for the applicable range.

During the calculations of the required applied suction pressure dictating the

matric potential according to Equation (7.2), all solutes were assumed to remain as ionic

species throughout the course of an experiment. Therefore, the values for the osmotic

potential were assumed to be equivalent to the standard solution. However, these

solutions contain a mixture a dissociated ions which can reassociated into various

compounds. For example, Ca 2÷, initially formed from the dissolution of Ca(NO_)24H20,

can produce CaS04, Ca(HzP04)2, and CaC12 from the other constituents in the solution

depending upon the equilibrium constants for these reactions. Furthermore, some of these

compounds can form precipitates, depending upon the degree of hydration and the

solution pH, leaving these nutrients unavailable to the plant. Therefore, the effects of

solution pH on the nutrient solubilities should have been taken into consideration as well.

To some degree, this was accomplished during the analysis of the mass balances

presented for P, Mg, Ca, Na, and Fe (see Section 8.3). Using a side experiment where the

pH of the standard solution was altered incrementally from 5.7 to 8.0 using the addition of
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NaOR, the solubleconcentrationsof the analyzed nutriems were shown to be dependent

upon the pH level Specifically, these dependencies were shown in Equation (8.30) to

(8.34), respectively (also see Figures D. I to D.S).

In terms of the results obtained in this research for the inorganic nutrient uptake

rates, the solution pH, which was shown to continually increase from the _ level of 5.8

to near neutral conditions, caused several of the nutrients to precipitate out of the

ex_ solutions. An example of this trend in the pH levels is presented in Figure

10.4 below. According to the pH experiment, the major precipitated nutrients were

phosphorus, calcium, and iron with a slight decrease occurring in magnesium In other

studies, both P and Fe have been shown to be highly dependent on the solution pH

[Hoagland and Amon, 1950; Resh, 1978]. Furthem_re, since P, Mg, and Ca are present

in relatively large quantities in the hydroponic solution, then the majority of the probable

precipitates formed include calcium phosphates and magnesium phosphates.
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Since most of the nutrients that precipitate out are the maero-nutriems, then this

loss of total solutes would have effectively reduced the osmotic potential of the solution as

well as the individual nutrient concentrations. Therefore, the levels of the osmotic, 7r,o_, or
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overall water potentials, used in the development of the growth, development,

solution uptake, and inorganic nutrient uptake models were, in reality, incorrect. Since

these potentials are negative values and a reduction in the soluble concentration would

have decreased their magnitudes, then the regression parameters for the various models

showing a significant contribution by these factors would have been larger in value. This is

also true for the values of the constants in the diffusion and enzyme kinetic models which

utilize the solution concentration, C_,_.

In addition to these changes in the results of this research, the effects that the pH

has on the concentrations would alter the determination of the rate limiting steps in the

nutrient uptake processes. Specifically, the experimental uptake rates, Ji, were compared

to the convection model, J,_v_, using the t-test. This comparison resulted in the three

possib'dities where Ji = J_,_, Ji < J,_ or Ji > J_. However, the solution concentrations,

_, utilized in the convection model, presented in Equation (9.8), were based on the

standard concentrations of the initial solutions. These concentrations were presented in

Tables 8.8 to 8.10 for the lx, 1/2x, and 1/4x solutions, respectively. If these

concentrations were, in reality, smaller than those listed in these tables due to the

precipitation at higher pH levels, then the nutrients found to be biologically limited (i.e. Ji

< J_,i) may actually be shifted towards a result leading to convection limitations (i.e. Ji =

J,_). This shi_ may be an outright shill fi'om the onset since the pH continually increases

or it could be a gradual transition between the rate limiting mechanisms as the pH levels

changed slowly during the experiments. Without a further examination into the effects of

pH on the nutrient uptake characteristics, this possibility will remain unknown.

In order to control the pH levels to the standard level or to other speeifie values in

order to examine these effects, several possible changes to the solution could be made.

One method is to simply change the entire solution on a periodic basis. The problem with

this method is that the solution would have to be changed fairly often since the pH levels

changed almost immediately (see Figure 10.4). Another method of maintaining the pH

during the course of an experiment is the addition of an acid using a pH controller. In

using this method, it is important to determine a form of acid which is neither toxic to
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plants nor contains an essential nutrient since this could lead to a change in the uptake

characteristics. One possible solution to this is the use of plant derived organic acids such

as citric or oxalic acid [Goldstein, et al., 1988a]. Finally, buffering the hydroponic solution

with a commercially available agent provides an economical means of compensating for

the changes in the solution during the growth of the plants on the PCT-NDS.

Since the pH does have such a large impact on the concentration of the nutrients,

then this factor can be specifically examined. Using the buffered or pH adjusted solutions,

the plants grown can be subjected to a range in pH levels with the concentrations of the

nutrient analyzed as a result. This would allow for equations similar to Equations (8.30) to

(8.34) describing the pH dependencies of the nutrients to be derived. However, these

results would be obtained from the actual plant experiments instead of as a side

experiment without the biological influences as performed in this research. This would not

only provide stronger support for the nutrient uptake models but reduce the discrepancies

in the inorganic mass balances.

10.2.3 Additional Experiments

Using the PCT-NDS, several experiments could be conducted which would not

only strengthen the nutrient uptake models produced during this researek, but increase the

applicability of the models to a more general description of plant nutrition. These

experiments include producing the tomato plants used in this research (Lycopersicon

esculentum ev. Cherry Elite) under the revised methods (i.e. T,, RH, and pH controlled),

testing the effects of maintained levels of pH on the nutrient uptake, and examining

diiferem concentration levels for various nutrients. Furthermore, the experimental and

analytical methods developed to discriminate the rate limiting step in the nutrient uptake

processes can be applied to other tomato eultivars as well as other plant species. This

would allow the development of more generalized nutrient uptake models.

Using the revised methodology discussed previously (see Section 10.2.1 and

10.2.2), the nutrient uptake models produced in this research can be improved and
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expanded.Specifically,the diffusionlimited nutrients,K and Zrg can be tested at higher

concentrations in order to determine the levels at which these specific enzymes become

saturated. This would allow for the production of the general nutrient uptake models for

these elements which would be similar in form to Equation (9.18). However, in order to

test these increased concentrations while maintaining a constant water potential, two

possible directions can be taken. First, the individual concentrations of these nutrients can

be increased in the base solutions. However, since these nutrients are added as the salts,

KNCh and ZnS04.7I-I20, respectively, then the anionic counterpms for these nutrients

would be increased in concentration as well. The effects that these increases would have

on the nutrient uptake characteristics would not be separable fi-om the effects of the

increased K or Zn levels. Although this method may be reasonable for Zn since this

nutrient is present in micro-quantities and the increase in sulfate would be relatively small

compared to the total sulfate concentration, the results would still be a little suspect.

Alternatively, the entire solution concentration can be increased to greater than the lx

levds used in this research. However, since the osmotic potential of the lx solution is

equal to -0.078 MPa and increasing the overall concentration would decrease this value,

then the constant water potential results presented in this thesis could not be used as a

comparison. This is due to the matric potential also being a negative pressure. However,

the results at the water potential levels of-0.117 and -0.137 MPa can be used as long as

the osmtotie potentials do not exceed these limits.

In addition to these experiments, the models for the micro-nutrients, Mo, B, and

Mn, ean be improved since the concentrations tested in this research all resulted in

saturated active sites on the biological transporter responsible for the uptake. This lead to

an inability to determine the Michaelis-Menten constant, K_, which is the concentration

required for half of the maximal uptake rate. This was shown during the development of

the results presented in Table 9.4. In order for the concentrations of these individual

nutrients to be lowered to non-saturating levels, the individual salts can be decreased or

the entire solution concentration can be lowered to below the 1/4x solution levels used in

this research. This is similar to the discussion above concerning the increases in nutrient
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concentrations.Since each of these are micro-nutrients, then changing the individual salts

may not cause substantial changes in the remaining nutrients. In fact, Mo and B are

introduced as molybdic and boric acids which, in a buffered solution, would not alter the

concentration of the other nutrients or the pH level substantially. As for the Mn, the

ehioride present in the salt that is used can be replaced using NaC1. Since sodium is

present in macro-quantifies, then the slight increase in Na may not represent a major

change in the concentration as compared to the absolute levels.

One issue which should be addressed for these and the other micro-nutrients is that

the method of analysis of using the Inductively Coupled Plasma - Atomic Emission

Spectrometer (ICP-AES) provided results which contained large errors. These errors need

to be reduced in order for more conclusive nutrient uptake models to be produced. A

possible solution to this problem is to evaporate the water solvent from the solution

samples, thus, increasing the concentration of all of the nutrients in the sample. This would

require larger quantifies of solution since a minimum volume is required in the ICP system.

In addition to conducting these complementary experiments on the tomato eultivar

used in this research, all of the (revised) experiments desen'bed in this research can be

applied to other tomatoes as wen as different plant species. This would provide evidence

of whether the mechanisms involved in the uptake of the nutrients is standard for all higher

plants or simply the individual results of the evolution of the species or eultivar. For

example, if other tomato cultivars provided results which were s'tmilar to the present

eultivar under the same conditions as the experiments in this research, then this would be

an indication that the mechanisms of uptake in tomatoes were similar as well. Expanding

this to other plant species, generalizations of the mechanisms can be made depending upon

whether the same nutrients were enzyme limited or mass transfer limited and at what root-

zone conditions these occurred. These generalizations would be particularly true if the

Michaelis-Menten kinetic constants were statistically equal indicating the possibility of an

identical enzyme or protein in the root membranes. The formulation of these

generalizations are possible using the experimental and analytical techniques developed in

this research.
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APPENDIX A - TEMPERATUREAND RELATIVE HUMIDITIES

The t_ture and relative humidities were only measured after the initial four

experimems. Therefore, the results from these four preliminary experiments are not

presented in this Appendix. Furthermore, Experiments #6 and #7 were prematurely ended

due to a mold contaminating the growth chamber.

35

30

25

20

.o

0

I I I I I I I I I I I

I I I k t I I I I I I

I I I I I I I i I I I

---J .... I.... I .... I--- 7--- T---T---_---_ .... f.... z---

_
I I I [ I I I I I I

q i i ._-I S t "_I I t I i

-_ - - -,- - -_- - -y_- -t- _ - - - • - -_-'_ - +- _ - -_- _ _ _,_ _ _ ___ _ _
I I I I I

I I 1 I I 1

1 I I I I

I-- [ .... I-- -- -- --[ -[ T "I" I-- F- .....

I I I I l I i I I I

I } I I I I I I I I

I I r

_, _Aj _lt I t I I I I I l

_-- II I I I I _ I I 1

+ lCdrl ! _ I I i R _ l
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(Dates: 817196 to 10128196)

Table ._1 Summary of Temperature and Relative Humidities during the Experiments

Expt. Months T_ (°c) o-_.,(oc) Rn_ (%) o_ (%) i
E

5 Sept.-Dec. 26.28 _+ 1.13 45.57 +_ 8.11

8 May-June 29.15 _+ 1.28 46.99 _+ 7.37 i

9 July-Aug. 28.77 +_0.81 58.33 _+ 4.95

10 Sept.-Oct. 25.62 +_ 1.41 54.38 _+ 8.49 !

11 Nov.-Dec. 20.30 _+ 2.78 46.13 _+ 5.91 i
12 Mar.-Apr. 24.65 _+ 2.16 44.20 _+ 7.49 i

13 May-June 28.77 _+ 1.87 50.25 _+ 8.18 i

14 Aug.-Oct. 27.63 _+ 1.85 50.82 _+ 7.91 i

Ave 26.40 _+ 1.66 49.58 +_ 7.30 i
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APPENDIX B - STATISTICAL ANALYSES - GROWTH RESULTS

The statistical analyses of the growth related functions are presented in this

appendix. This includes the data for the factors, X, and the responses, Y, used to produce

the various models. In addition, the analysis of variances (ANOVA) tables produced for

the various steps in the development of the growth models are provi0e0as wen. These

tables were generated on a Microsoft Excel v.5.0 Spreadsheet.

Initially, the statistical analyses conducted for modeling the number of days after

emergence are presented. The data matricies are presented in seven groups, one for each

of the different test conditions examined in this research. These correspond to the

experimental levels presented in Table 7.2 as (-0.019/-0.000), (-0.019/-0.039),

(-0.019/-0.059), (-0.039/-0.039), (-0.078/-0.000), (-0.078/-0.039), and (-0.078/-0.059).

These are coded where the initial number represents the concentration level or osmotic

potential while the second number describes the applied suction pressure or matric

potential. Furthermore, the matric potentials listed as -0.000 represent near weeping

conditions where the matric potentail is slightly negative but equal to zero at the number

of significantdigits.

Table B. 1 Data for the Days After Emergence (Y) versus leaf Stage (X1) for the

Experimental Conditions where r_ = -0.019 MPa (X2) and P,, = -0.000 MPa 0(3)

LSl
1

11
3

5

7

13!

Number of Days after Emergence

11 2i 1i
6I 16! 8i

181 41 i ,

24i i35i29! 43

35i i i
144 _ 1

1 21 2i 1

12 S1 61 19

25 161 15 31

39 241 23 I

311 311

371 391

45! i

26t
381
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Table B.2 Data for the Days After Emergence (Y) versus Leaf Stage (X 1) for the

Experimental Conditions where _ = -0.019 MPa (X2) and P,, = -0.039 MPa (X3)

LS

1

3

5

7

9

11

13 i
15i

Number of Days aiter Emergence

4i 21 4i

181 11i 141

32i 221 24 i

1351 34!

2[ li
10! 91

211 18i

321 271

! 353
t

i

2i ]i
! ,7 4!

131 91
191 171
27! 21!

' t321 i
361

Table B.3 Data for the Days After Emergence (Y) versus Leaf Stage (7(1) for the

Experimental Conditions where r_u = -0.019 MPa (X2) and Pm = -0.059 MPa (X3)

LSI!
I

1 !

5

7

9

11

13

15

Number of Days after Emergence

11 11
7i 9!

11 i 201

16i 32i

23! I
1

29 !

I '35.

Table B.4 Data for the Days After Emergence (Y) versus Leaf Stage (X1) for the

Experimental Conditions where _ = -0.039 MPa (X2) and Pm= -0.039 MPa (X3)

LS!
!

i

3 _

5!
71
91

131

151

Number of Days aiter Emergence

'21 3110!
161 281 191 25 i

25i !27! 361

32 _ !

37 i ,!

' ! i
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Table B.5 Data for the Days After Emergence (Y) versus Leaf Stage CX1) for the

Experimental Conditions where _oa = -0.078 MPa (X2) and P,_ = -0.000 MPa CX3)
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15
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' 3! 21 31 21 2i 1[ If
2i 111 11 _ Xlj 8i 5i 8 ! 7
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28 t 34! 381 35 i 28 i 30 i 221

311 40' 41i 34j 24 i 36i 291

I ! 11 i " '
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11 11 4! 21 6 6
51 16 17j 8i 13i
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21 30i

2913sI
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3! 110 41 71
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I

' 31 5T 3
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T

i
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2ot
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I
I

I
I
i
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Table B.6 Data for the Days ARer Emergence (Y) versus Leaf Stage (X1) for the

Experimental Conditions where 7r_o_= -0.078 MPa (X2) and Pm = -0.039 MPa (X3)

LSi •

1
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9
13

15

LS

13 142!
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7 I
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11 ]

13ii i
15t! i
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131 12t
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34i 1,
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f
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39 421
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40 23 32

3oi
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t
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r

11 11 4 i
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_i 11 3
9] 1215! 18 21
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Table B.7 Data for the Days ARer Emergence (Y) versus Leaf Stage (X1) for the

Experimental Conditions where 7r_,_ = -0.078 MPa (X2) and Pm= -0.059 MPa (X3)
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The initial equation tested as a possible adequate model for the days after

emergence (Y) was a linear equation containing terms for each of the possible significant

factors. The ANOVA table for this model is presented in Table B. 8 which shows that the

model terms for the osmotic and matric potentials, b2X2 and b3X3, respectively, were not

significant. This left only the leaf stage (X1) as a significant factor. With the removal of

osmotic and matric potential terms from the mode[, the intercept term, b0, should be

removed as wall. This is due to the definition of zeroth leaf stage being equivalent to the

time that the plant emerges, or when tDAE= 0. Therefore, an analysis of variance for the

simple model of a proportional relationship between LS and tD_ was conducted. This

resulted in Equation (8.1) as the final adequate model with Table 8.1 as the corresponding

ANOVA table.

Table B.8 Analysis of Variance Table for the Complete Linear Modd for the Number of

Days after Emergence (Y) as a Function of Leaf Stage (X1),

Osmotic Potential (X2), and Matric Potential (X3)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 408 217377 g_L_k= 0.05

Model 4 205360 51340 1726 > 2.397 yes

b0 1 143100 143100 4811 > 3.867 yes

bl 1 62206 62206 2091 > 3.867 yes

b2 1 49.003 49.003 1.647 < 3.867 no

b3 1 4.558 4.558 0.153 < 3.867 no

Resid 404 12017 29.745

Error 359 10629 29.608

LOT 45 1388 30.843 1.037 < 1.405 no

In addition to the number of days after emergence, the plant heights (Y) were

modeled using the leaf stage of development (X1). The data used to produce the final

linearized model presented as Equation (8.2) are presented below in Tables B.9 to B,15

for the different test conditions involving various combinations of the three osmotic (X2)
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and three matric (X3) potentials. The combinations tested in this research correspond to

the experimental levels presented in Table 7.2. Since the complete linear model proved to

be adequate in describing this relationship without any significant left-out terms, no further

modeling was conducted.

Table B.9 Data for the Plant Heights (Y) versus Leaf Stage (X1) for the Experimental

Conditions where _ = -.0.019 MPa (X2) and Pm= -0.000 MPa (X3)

5

7

9

11

13

15

Plant HeighI's' I I

2.81 3.01 2.11 4.1] 1.6 3.4]

3.4! 4.3 2.5i 4.3[ 2.4 4.51
5.41 7.8] 3.91 5.81 3.6 7.41

lO.3J 10.2i 9.51 9.3! 7.7 10.9 i

16.8 17.0 18.21 16.3! 15.3 16.1f

23.01 i24 71 27.2

30.2! 36.4 i i 34.51[ 41"8i i i 48.5!

I I i s I, 57.21 I :

1
IMtmm

1.7[ 3.3
2.5' 3.4

3.3] 5.2

9.41 6.9
18.5!

23.91

36-1 i
t
I
i

Table B. 10 Data for the Plant Heights (Y) versus Leaf Stage (X1) for the Experimental

Conditions where rt_ = -0.019 MPa (X2) and P. = -0.039 MPa (X3)

_5
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1

3

5

7

13

15

Plant Height_ ' j ' i

__!_1 ..... i-m

1.4 f 2.7i 0.9] 2.5_ 2.5t 1.8 i 2.4.
I I I t _ i1.91 2.71 2.8_ 3.1 2.8 i 2.2 2.6

2.4 3.7] 4.7 5.0[ 5.7 2.4! 3.0_
! t ' , 4i

3.9_ 6.8, 8.7 10.2 t 12.0 2.6 i .5.
12.3 i 12.9 16.0 i 20.6! 4.3_ 7.3

I 29.5i 8.3, lO.3j

i i [11.7! !

! _ t 15.6i i
, I l i1 , I i i
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Table B. 11 Data for the Plant Heights (50 versus Leaf Stage (X1) for the Experimental

Conditions where _ = -0.019 MPa (X2) and P,, = -0.059 MPa (X3)

rsi

0

1

3

5

7

91
13

15_

Plant Heights

..... J.... I....

3.0! 4.0!

3.0i 4.0
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1
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!
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Table B. 12 Data for the Plant Heights (Y) versus Leaf Stage (X1) for the Experimental

Conditions where 7r_ = -0.039 MPa (X2) and P,, = -0.039 MPa (X3)

Lsi
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5.8 7.21j
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i

i i i



275

Table B. 13 Data for the Plant Heights (Y) versus Leaf Stage (X1) for the Experimental

Conditions where 7qoa = -0.078 MPa (X2) and P= = -0.000 MPa (X3)
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i
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[ i . , ,
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Table B. 14 Data for the Plant Heights (Y) versus Leaf Stage (X1) for the Experimental

Conditions where _ = -0.078 MPa (X2) and Pm = -0.039 MPa (X3)
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Table B.15 Data for the Plant Heights (30 versus Leaf Stage (X1) for the Experimental

Conditions where _r_ = -0.078 MPa (X2) and P= = -0.059 MPa (X3)
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During the formulation of the models relating the tissue dry weights (Y) to the

height of the plants (X1), a comparison of various forms of equations was conducted. This

was ac_mplished by plotting the dry weights vcrs_ the corresponding heights obtained

from tissues produced under identical concentrations (X2). The plots of these data are

provided in Figures B.1 to B.6 for the different tissues. It should be noted that Figure B.1

is identical to Figure 8.3 presented earlier in Chapter 8 as an example of these

comtxafisom. In these cases, the concentrations examined were the lx and 1/4x solutiom.

The intertnediate level was not included in this analysis since these tissues were combined

whereas the other levels comisted of individual plants. The various models in this analysis

including polynomials, exponential, linear and power ¢quatiom were compared using the

R 2 correlation coefficient. These coefficients and corresponding equations are presented

on each figure. The specific data used in this analysis arc provided in Tables B.16 to B.17

for the various tissues produced using either a lx or 1/4x solution, respectively. In each

case, except for the roots at 1/4x solution, the best fit equations were the power functiom.

Therefore, for consistency, the power functions were used throughout.

1.4 o Leaves_ lx //.2

1.2 _"-- Poly. ,r-- 1- ft_ 2

- - Expo- L__L//"L _-_1

__ -/: ....
0"8 -'-'-Power ' _ .......

o.6 .......... --ff ...................

0 _ ,

0 20 40 60

Plant Height (era)

y = 0.0004x 2 - 0.0006x

R2 =0.9562

y = 0.0238x- 0.2537

R2 = 0.9083

Y = 0"0001x22_ l
R 2 =0.9645 ,

J

Figure B.1 Comparison of Various Relationships between Leaf Dry Weight and Height for

Tomato Plants Produced using a lx Solution
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_m

L_
t_

,d

1.4

1.2

1

0.8

0.6

0.4

0.2

0

. I.eaves-1/4x [
/

_ Poly. /

__ 2 ..........

------ Power _/

0 20 40 60

Plant Height (cm)

y = 0.0003x 2 - 0.0001x

R 2 = 0.9231

y = 0.0201e °-°741x

R 2 =0.9226

y-- 0.021x- 0.2776

R2 =0.9073

y = O.O002x 2-m6

R2 = 0.9505

Figure B.2 Comparison of Various Relationships between Leaf Dry Weight and Height for

Tomato Plants Produced using a 1/4x Solution
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iIm
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t_

m

2

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

t . Bramhes- lx i

Poly. I /

----Expo- .......... _zl//_

_Power ........ -I- ._-_-_-'-!""

0 20 40 60

Plant Eteight (era)

y = 0.0005x 2 - 0.0032x

R2 = 0.9597

y = 0.0258x- 0.2967

R2 =0.8951

y = 5E.05x 2-5952

R2 =0.9727

Figure B.3 Comparison of Various Relationships between Branch Dry Weight and Height

for Tomato Plants Produced using a lx Solution
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2_1, I°  1,4x ..............
-_ 1.6_-t_P°lY--" .............. f_j_:

_4_/----_" //0
1._I--_a' _;_,_

g 0.8+..................... -_;/ .......

= 0.4-_........... _._t* .......... :,
o.2t _"

0 __..._ "¢4¢ar''-

0 20 40 60

Plant Height (cm)

y = 0.0005x 2 - 0.0052x

R 2 =0.9722

y = 0.0129e o.°9olx

R 2 =0.9535

y = 0.0302x- 0.4494

R2 = 0.9304

Figure B.4 Comparison of Various Relationships between Branch Dry Weight and Height

for Tomato Plants Produced using a 1/4x Solution

06 //
o_ __P* j o/,

F_o_ I
0.4 ___ II/_.;..

I o n/ /_'
------Power V_

.3 p-. .Z _
0.2 <-"_,_

0.1 _/

,,_ a@"

o_ o._ j

0 ,

0 20 40 60

Plant Height (era)

y = 0.0001x 2 + 0.0008x

R2 = 0.9109

y = 0.0041e o.lo32_

R2 = 0.7815

y = 0.0086x- 0.0803

R2 =0.8816

y = 6E.05x 2.2917

R 2 = 0.9328

Figure B.5 Comparison of Various Relationships between Root Dry Weight and Height

for Tomato Plants Produced using a lx Solution
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" 0.4dg
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y = 0.0076x- 0.0982

R2 = 0.8528

y = 0.0002X 1'$178
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Figure B.6 Comparison of Various Relationships between Root Dry Weight and Height

for Tomato Plants Produced using a 1/4x Solution

Table B.16 Tissue Dry Weights CY) and Height (X1) Data for Tomato Plants

Produced using a lx Solution (X2)

Plant

3.7

5.5

5.6

6.1

6.9
8.3

8.3

8.6

12.0

12.3

13.4

14.3

15.3

16.2

17.1

19.3

19.9

20.4
22.4

l.eaf Branch Root Plant I _af Branch

DryWgt DrvWgt DmWgt _ DryWgt DrvWgt
0.0018 0.0011 0.0007 24.2 0.1535 0.1422

0.008 0.0049 0.0024 25.4 0.1794 0.1859

0.0095 0.0049 0.0043 25.5 0.2137 0.1962
0.0048 0.0024 0.001 26.4 0.2858 0.2531

0.0132 0.0073 0.006 26.8 0.3409 0.3041

0.0203 0.0119 0.0125 27.5 0.3 0.3

0.0083 0.0048 0.0033 33.1 0.5606 0.4877

0.0282 0.0184 0.0128 35.2 0.3956 0.44

0.1058 0.0614 0.0513 37.3 0.4551 0.4744

0.0462 0.0391 0.0238 36.6 0.483 0.463

0.0357 0.0335 0.0194 40.6 0.8058 0.8959

0.0957 0.0824 0.0391 40.6 0.7 1

0.0711 0.0572 0.0322 42.3 0.8149 0.7942

0.1375 0.0895 0.0578 43.8 0.85 0.95

0.0872 0.0907 0.0444 49.6 1.2529 1.1728

0.0701 0.0557 0.0263 52.3 1.081 1.1619
0.1069 0.084 0.0407 52.3 1.1528 1.0064

0.147 0.1155 0.0935 52.6 1.0843 1.0697

0.1282 0.1067 _M 57.9 1.1 1.5

Root

Drywgt !
0.1022 _

0.0934 i

0.0737 i
0.1055 _

0.2122

0.1

0.1825 i
0.158 i

0.1961 _

0.3525(
0.25

0.2951

0.3

0.5047

0.4063

0.4
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Table B. 17 Tissue Dry Weights (Y) and Height (X1) Data for Tomato Plants

Produced using a 1/4x Solution (X2)

Plant i i t_f

10.3 i i 0.0262

15.4 [ i 0.0958

17.0 i ! 0.0579
17.0 i 10.0759

17.6 ! i 0.0813

17.9 ! i 0.0691
38.81 1 0.25

t

38.9 [ ' 0.55

39.9 ! 10.5797
48.5! ! 0.9

s9.2i ! 1
I

Rr_n_h

DryW_t
0.0187

0.0573
0.0612

0.0542

0.0763

0.0674
0.4

0.65

0.7084

1.15

1.5

Rnot

DryWgt
0.0113

0.0583

0.031

0.0354

0.0376
0.1

0.15

0.25

0.45

Since the greatest R _ correlation coefficients were obtained for the power

equatiom, then the weights were modeled using this form. This was accomplished by first

linearizing these equations by taking the natural logarithms of the dry weights (Y), heights

(X1), and overall concentrations (X2) listed as the fraction of the standard Hoagland's

solution (1 and 0.25 times). In each case, the effect of the solution concentration on the

weight of the plant tissues were shown to be insigrtfieant contributions. These were

determined from the analysis of variances of the terms in the lineadzed model. Removing

these terms from the linearized models produced adequate equations describing the

allometric relationship between the tissue dry weights and plant heights. The resulting

ANOVA tables are provided for the final adequate models below in Tables B.18 to B.21

for the leaves, branches, roots, and the entire plant, respectively.
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Table B. 18 Analysis of Variance Table for the Final Adequate Model for the Natural Log

ofthe LeafDry Weights (Y) as a Linear Function ofthe Natural Log ofthe Height (X1)

DOF Sum Sqs. Mean Sqs. Fealc Ferit

Total 49 316.26 _ = 0.05

Model 2 310.97 155.483 1381 > 6.944 yes

b0 1 187.69 187.689 1667 > 7.709 yes

bl 1 123.28 123.277 1095 > 7.709 yes
Resid 47 5.292 0.113

Error 4 0.449 0.112

LOT 43 4.843 0.113 1.000 < 5.711 no

Table B. 19 Analysis of Variance Table for the Final Adequate Model for the Natural Log

of the Branch Dry Weights (Y) as a Linear Ftmetion of Natural Log of the Height (X1)

DOF Sum Sqs. Mean Sqs. Feale Ferit

Total 49 379.86 tx,_k = 0.05

Model 2 375.61 187.8075 2081 > 6.944 yes

b0 1 213.07 213.0747 2361 > 7.709 yes

bl 1 162.54 162.5403 1801 > 7.709 yes

Resid 47 4.241 0.090

Error 4 0.436 0.109

LOT 43 3.805 0.088 0.981 < 5.711 no

Table B.20 Analysis of Variance Table for the Final Adequate Model for the Natural Log

of the Root Dry Weights (Y) as a Linear Function of Natural Log of the Height (X1)

DOF Sum Sqs. Mean Sqs. Feale Ferit

Total 43 492.20 ot_k = 0.05

Model 2 483.52 241.7587 1141 > 19.000 yes

b0 1 377.59 377.5931 1783 > 18.513 yes

bl I 105.92 105.9243 500.1 > 18.513 yes

Resid 41 8.685 0.212

Error 2 0.946 0.473

LOT 39 7.739 0.198 0.937 < 19.470 no



283

TableB.21 Analysis of Variance Table for the Final Adequate Model for the Natural Log

of the Total Plant Dry Weights (Y) as a Linear Function of Natural Log of the Height

(Xl)

DOF Sum Sqs. Mean Sqs. Fealc Fcrit

Total 43 194.74 _ = 0.05

Model 2 190.07 95.0342 833.5 > 19.000 yes

b0 1 67.73 67.7325 594.1 > 18.513 yes

bl 1 122.34 122.336 1073 > 18.513 yes
Resid 41 4.674 0.114

Error 2 0.504 0.252

LOT 39 4.170 0.107 0.938 < 19.470 no
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APPENDIXC - STATISTICAL ANALYSES - WATER STATUS RESULTS

The statistical analyses of the functions describing the plant water status are

presented in this appendix. This includes the data for the factors, X, and the responses, Y,

used to produce the various models. In addition, the analysis of variances (ANOVA)

tables produced for the various steps in the development of the water uptake models are

provided as well. These tables were generated on a Microsoft Excel v.5.0 Spreadsheet.

Initially, the wet weights (Y) of the tissues and whole plant modeled as power

functions of the plant heights (X1) and solution concentrations (X2) are presented. These

models were produced using the same procedure as used for the dry weights presented in

Appendix B except for the data used. These data are presented in Tables C. 1 and C.2 for

the various tissue types grown with either a lx and 1/4x solution, respectively.

Table C. 1 Tissue Wet Weights 00 and Height Oil) Data for Tomato Plants

Produced using a lx Solution (X2)

3.7

5.5

5.6
6.1

6.9

8.3

8.3

8.6

12.0

12.3

13.4

14.3

15.3

16.2

17.1

19.3
19.9

20.4

22.4

Leaf

WetWgt

0.027

0.0718
0.0797

O.069

0.1187

0.1598

0.1075

0.2641

0.82161

0.4559 i
!0.26381

i 1.1085 1
0.6294!

1.1404 [

0.7229 1

[ 0.6309 i

!0.9493 1
1.0818 i

i i 1.0381 i

•! Branch

I wetwgt
0.0248

i 0.0915

i 0.0711
i 0.0619

0.0947

t0.1644
i 0.111

0.3577

0.7813

0.6665

0.5441

1.5766

0.8492
1.2836

1.1781
1.0074

1.5629

1.4511

!1.6473

Root

WetWgt

0.0117

0.0622

10.0725
0.0437

0.133

0.2083

0.0858

0.2526

0.7724

0.7541

0.2623

0.9675

0.626
0.6531

0.7354

0.5034

0.6559

1.0896

PLa t i

24.2

25.4

25.5

26.4

26.8

27.5

33.1

35.2

37.3

36.6

40.6
40.6

42.3

43.8

49.6

52.3

52.3

Leaf

WetWgt

1.1696

11.4717
4

1.8866

2.3156

2.2741

2.45

4.064

2.8992

3.6368

4.3792

5.1082

4.4
6.311

5.2

9.2554

7.4636

i 7.7382

52.6i 8.0502 i
i il 57.9 ] i 6.9 I

i Branch

WetWgt

1.9571
2.4063

3.1905

3.7579

3.5679

4.65

6.3304

5.3533

6.9828

7.5916
9.6393

8.55

8.7869

8.85

14.4642

11.9621

10.7449

12.0208
1 13.7

Root

WetWgt

1.6394

1.5996

1.3944

1.6856

2.567

1.55

2.4094

2.2545

3.0785

3.6829
2.85

3.7179

4

6.6721
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TableC.2TissueWetWeights(Y) andHeight (X1) Datafor TomatoPlants
Producedusinga 1/4xSolution(X2)

Plant

10.3

15.4
17.0

17.0

17.6

17.9

38.8

38.9

39.9

48.5

59.2

Tx=af

WetWgt
0.2392

0.8239

0.482

0.682
0.6619

0.5772

2.6

4.5

3.6709

5.65

6.75

R_nch

WetWgt
0.2858

1.0473

0.7453

0.8541

0.9743
0.8313

6.25

7.95

7.5043

11.1
13

I

Rnot

WetWgt

0.4212
1.3701

0.8625
o_

1.0199

0.9876

1.95

3.4

4.2
5.2

In order to produce the models for the wet weights, the power equatiom were

linearized by taking the natural logarithms of the weights (Y), heights (X1), and overall

concentrations (X2) listed as the fraction of the standard Hoagland's solution (1 and 0.25

times). In each ease, the contributions of the solution concentration on the wet weights of

the plant tissues were shown to be insignifieam. These were determined from the analysis

of variances of the terms in the linearized model. Removing these terms produced

adequate equations describing the allometrie relationship between the tissue wet weights

and plant heights. The resulting A_NOVA tables are provided for the final adequate models

in Tables C.3 to C.6 for the leaves, branches, roots, and the entire plant, respectively.

Table C.3 Analysis of Variance Table for the Final Adequate Model for the Natural Log of

the Leaf Wet Weights (Y) as a Linear Function of the Natural Log of the Height (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcri__..._!t Simaif?.

Total 49 107.86 txe_ = 0.05

Model 2 103.80 51.8985 599.8 > 6.944 yes

b0 1 1.10 1.09767 12.69 > 7.709 yes

bl 1 102.70 102.699 1187 > 7.709 yes

Resid 47 4.067 0.087

Error 4 0.151 0.038

LOT 43 3.916 0.091 1.053 < 5.711 no
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Table C.4 Analysis of Variance Table for the Final Adequate Model for the Natural Log of

the Branch Wet Weights (30 as a Linear Function of the Natural Log of the Height (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 49 149.73 _ = 0.05

Model 2 146.17 73.0842 965.5 > 6.944 yes

b0 1 14.47 14.4665 191.1 > 7.709 yes

bl 1 131.70 131.702 1740 > 7.709 yes

Resid 47 3.558 0.076

Error 4 0.099 0.025

LOT 43 3.458 0.080 1.062 < 5.711 no

Table C.5 Analysis of Variance Table for the Final Adequate Model for the Natural LOg of

the Root Wet Weights (Y) as a Linear Ftmetion ofthe Natural Log ofthe Height (X1)

DOF Sum Sqs. Mean Sqs. Feale Ferit

Total 43 89.46 _ = 0.05

Model 2 82.22 41.1083 232.8 > 19.000 yes

b0 1 0.37 0.368177 2.085 < 18.513 no

bl 1 81.85 81.84842 463.5 > 18.513 yes

Resid 41 7.240 0.177

Error 2 0.426 0.213

LOT 39 6.814 0.175 0.989 < 19.470 no

Table C.6 Analysis of Variance Table for the Final Adequate Model for the Natural LOg of

the Total Plant Wet Weights (Y) as a Linear Function of the Natural Log of the Height

(x1)

DOF Sum Sqs. Mean Sqs. Feale Ferit

Total 43 171.21 _ = 0.05

Model 2 167.81 83.9042 1013 > 19.000 yes

b0 1 67.81 67.8106 818.4 > 18.513 yes

bl 1 100.00 99.9978 1207 > 18.513 yes

Resid 41 3.397 0.083

Error 2 0.168 O.084

LOT 39 3.229 0.083 0.999 < 19.470 no
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In additionto the models for the wet weights of the plant, the total solution uptake

(g) was modeled as a function of leaf stage (X1), osmotic potential (X2), and matric

potential (X3). This was conducted in two phases. First, the constant root-zone water

potential level of _F_ = -0.078, obtained using the experimental conditions of (-0.019/-

0.059), (-0.039/-0.039), and (-0.078/-0.000), were tested to determine whether these

different osmotic and the matric potentials affected the solution uptake. These are coded

according to Table 7.2 where the _ number represents the concentration level or

osmotic potential while the second n_ descn'bes the applied suction pressure or

matric potentiaL The second phase examined the effects of these levels on the solution

uptake at different water potential levels. Specifically, the experimental levels examined

were listed in Table 7.2 as -0.019, -0.058, -0.078, -0.117, and -0.137 MPa. An

exponential equation was chosen as the form of this model based on the plots of the data

shown in Figures C.1 to C.7 for the different conditions. It should be noted that these

plots are not on the same scale allowing the data to be differentiated better visually.
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Figure C.1 Plot of the Total Solution Uptake versus the Leaf Stage for the Plants Grown

at an Osmotic Potential, n_o_ = -0.019 MPa, and a Matric Potential, P,, = -0.000 MPa.

(W_ = -0.019 MPa)
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Figure C.2 Plot of the Total Solution Uptake versus the Leaf Stage for the Plants Grown

at an Osmotic Potential, rc_ = -0.019 MPa, and a Matrie Potential, Pm= -0.039 MPa.
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Figure C.3 Plot of the Total Solution Uptake versus the Leaf Stage for the Plants Grown

at an Osmotic Potential, n,o_ = -0.019 MPa, and a Matric Potential, P,, = -0.059 MPa.

(W_ = -0.078 MPa)
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Figure C.5 Plot ofthe Total Solution Uptake versus the LeafStage for the Plants Grown

at an Osmotic Potential, n_,7 = -0.078 MPa, and a Matric Potential,Pm = =0.000 MPa.

(W_ = -0.078 MPa)
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Figure C.6 Plot of the Total Solution Uptake versus the Leaf Stage for the Plants Grown

at an Osmotic Potential, n_ = -0.078 MPa, and a Matric Potential, Pm= -0.039 MPa.

(W_ = -0.117 MPa)
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Figure C.7 Plot of the Total Solution Uptake versus the Leaf Stage for the Plants Grown

at an Osmotic Potential, n_ = -0.078 MPa, and a Matric Potential, Pm= -0.059 MPa.

(W_ = -0.137 MPa)
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This appendix presents the error propagation calculations concerning the inorganic

mass balances. This will begin with the calculations of the errors associated with the dry

weights of the plant tissues as affected by the measurement in plant heights. This error is

used as an analogy to the experimental error associated with the separation of the various

tissues prior to the nutrient analyses. Furthermore, the errorsgenerated during the analysis

of the tissues as well as the solution samples in the ICP-AES are presented as well. These

are determined from replicate measurements of samples obtained from identical sources.

Next, the analysis of variances (ANOVA) tables produced for the correlations

involving the concentrations of P, Mg, Ca, IL and Fe as a function of the solution pH are

presented. These solubility experiments were conducted independently of the plant growth

experiments conducted for this research. Initially, linear regression equations were

examined followed by the standard model building procedure to find an adequate model

with significant model parameters. These resulted in various models depending on the

specific nutrient element.

With the various measurement errors determined, the errors associated with the

mass balances can be propagated. The derivations of the general propagation equations

are provided in this Appendix. This begins with the quantifies of nutrients in the plants

followed by the amounts of nutrients supplied, removed during the experiment, and

precipitated from solution Furthermore, these general equations will be applied to a

specific experiment in order to show the complete mass balance for the PCT-NDS. As

with all of the results in this Appendix, the tables and figures provided were generated on

a Microsoft Excel v.5.0 Spreadsheet.
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The propagated errors for the dry mass of the various plant tissues begins with the

differentiation of Equations (8.4), (8.5), and (8.6) for the leaves, branches, and roots,

respectively. These equations, reprinted below, relate the tissue weights to the overall

height of the plants where the measurement error is on the order of magnitude of o_=t =

+0.05 era. This visually based measurement is used as an analogy to describe the error

associated with the visually based process to separate the various tissues for the dry

weight measurements.

Wl,_d;a = 1.454X10"4(hph_t) zz_4

W_h,J = 0.46 lX 10"4(hptffit)zSss

W_a,a = 0.712x10"4_) z2°4

(8.4)

(8.5)

(8.6)

The error in the height measurements is propagated into the weights of the tissues using

the Equation (D. 1) presented below.

aw = [(tW/_lapL_)2(O_tffit)2] 1_ = (dW/dhp_Xo@uffi) (D. 1)

Therefore, differentiating Equations (8.4) to (8.6) with respect to hpuffi gives the following

results presented in Equations (D.2) to (D.4).

gw_a = [(2.254)(1.454X10"4)(hpLffit)Lz_4][0.05 era] (D.2)

Ow_,_ = [(2.588)(0.461x10"4)(hp_t)L_ss][0.05 crn] (19.3)

Ow_,a = [(2.204)(0.712xl 0"4)(hpL_)l_'°4] [0.05 era] (D.4)

Assuming a range of plant heights fi'om 2 to 65 era, these errors range from +_2x10 -5 to

_+0.004 g with an average vMue of_+0.001 g. This average error in the dry masses was then

used as an estimate of the error in the weight measurements as affected by the separation

of the tissues in subsequent calculations for the inorganic nutrient mass balances.

The errors generated during the analysis of the plant tissues are presented here.

These were determined by submitting duplicate samples for analysis and determining the

average standard deviation for all samples and tissue types. The individual estimates of the
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standarddeviations for each nutrient, i, and for the various tissue types, Oct_,i, for the

ntt_ identical trials were calculated using Equation (D.5) where _ and _ are

the plant tissue concentrations of sample, k, and the average concentration, respectively.

-
= [. (D.5)

For the leaves and branches, three separate samples of these tissues were obtained from a

single source containing a thorough mixture of the ground tissues from four plants (nl_ =

= 3 each). For the root tissues, two sets of identical samples were obtained from

two different plants (n_t = 2 each). The average standard deviation, a_, for these

individual data sets was determined using Equation (1).6) where v_ = _ - 1.

sca_vti_

Sctm_ = (19.6)

_V_

The values calculated for the individual standard deviations are presented in Tables D.1 to

D.3 for the different tissues while Ocn_,_ is presented in Chapter 8 (see Table 8.7).

Table D. 1 Standard Deviation for the Inorganic Concentrations in the Tomato Leaves

Measured using the ICP-AES System

I.,_ves

P

Mg
Ca

Na

K

Mo

Zn

B

Ivln

Fe

Cu

2307.5ff 3105.83t 5603.331

17512.50 16770.00 i 15036.67!
46232.501 32516.67f 23660.83

1731.67! 1662.501 1228.331

35395.00i 38840.831 40818.33.

2.50 3.33 i 2.50 i

70.00 i 67.501 46.671

178.33i 180.00 i 149.17
95.83! 91.67 84.17[

400.00[ 527.60! 514.17!

9.171 8.33 i 9.171

q

3672.22 i 1719.37 i 46.82

16439.72 i 1270.531 7.73

34136.671 11372.70 33.32
1540.83i 272.84 17.71

38351.391 2744.59] 7.16

2.78 i 0.481 17.26

61.391 12.81! 20.87

169.17 _ 17.341 10.25
90.56t 5.91} 6.53

480.59! 70.12 14.59
8.891 0.48 
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Table D.2 Standard Deviation for the Inorganic Concentrations in the Tomato Branches

Measured using the ICP-AES System

Branches

P

Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

Ch-,,w_i.i

3198.33

21865.83

15295.00

2366.67

43284.17

1.67 i
12.50_

25.001

19.171

128.33 i
3.33!

i C__,aa_,i,3 i i 'C_i,2 , i _ C_au,_ i ac_,,_,i ! %
" 4964.16i 1530.58i 30.835910.831

17556.67i
i

8941.671

2612.50

49502.50

2.50!
i

12.50 i
28.331

25.00
383.331

5.00i

5783.331
13050 i

6883.331
2087.501

52454.17!

3.331

12.50 i

28.33i

31.671
1100.001

7.501

! 17490.83i

! 10373.331 i

2355.56 i
48413.611

2.5oi
12.50

27.22!
25.281

537.22[

5.28!

4408.28 i 25.213

4384.78 i 42.27

262.681 11.15

4680.971 9.67

0.83! 33.20

o.ooj o.oo
1.92 i 7.06

6.25! 24.74
503.78i 93.78

2.101 39.77

Table D.3 Standard Deviation for the Inorganic Concentrations in the Tomato Roots

Measured using the ICP-AES System

Roots

P

Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

5454 i

8582!

5543i

3223[

337961
5_

7351

22i
4oi

456!

47 i

3096 i

60861
104831

3163!

32581!

3!
690 i

16 i
371

463i
461

Roots I
1

P 4078i

Mg 12908!
Ca 64865!

Na 1855!
K 336811

Mo 3 i

Zn i 354i

B i 38i
1741Mn i

Fe I 1290i
' 561Cu i ,

4605!
14883!

.1

358961
I

2339i

41770i
1

3i
316i

I

391
2061

1408[

621
I

i_! oc,,_i iW
i 4274.86!

7334.08

8013.11

3192.94

33188.57 i

3.98
712.51

19.12

38.221
459.791

l

46.90

C_ _l
4341.50t

I

13895.50!
50380.50!

2097.00.

37725.50 i
3.001

335.00i

38.50[

190.00!
1349.00i

59.001

1667.051

1764.47[
3492.741

42.28

859.19

1.44

32.22

4.68

2.35
5.171

o.65i

ac.r,_ l

372.65
1396.54

20484.18

342.24

5719.79

0.00

26.87

0.71

22.631

83.44i
4.24[

%

39.00

24.06

43.59

1.32

2.59

36.11

4.52

24.48

6.14

1.12

1.39

%

8.58

10.05

40.66

16.32

15.16

0.00

8.02

1.84

11.91

6.19

7.19
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• j

The errors generated during the analysis of the solution samples are similar to

those derived for the tissues. Specifically, equations similar to Equations 03.5) and 03.6)

are used to generate the individual as well as the average standard deviation for the

nutrient concentrations in the liquid samples. The individual deviations, o_,i_,, for each

nutrient, i, were determined from the standard solutions generated for each experiment, k.

This included the lx, 1/2x, and 1/4x solutions from Experiments #8 to #13. This was

conducted by calculating the average concentrations, C_i_., from the various number

of trial samples. The values calculated for the individual standard deviation estimates are

presented in Tables D.4 to D.9 below. Each were averaged in order to obtain the overall

standard deviation for the liquid samples, o_,t,_ as presented in Tables 8.8 to 8.10.

Table D.4 Standard Deviation for the Inorganic Concentrations in the Standard Solutions

(lx and 1/4x) Prepared for Experiment #8 Measured using the ICP-AES System

Samples

Ix #1 #2 #:3 #4 #5 #6 #7

P 28.44 28.74 27.74 27.47 27.91 28.22 28.35
90.86 90.97 89.15 88.56 90.60 90.34 93.67

Ca 207.46 207.88 202.62 204.09 205.01 205.88 207.98

Na 12.06 11.56 11.56 11.53 11.38 11.26 11.91

K 211.32 212.65 213.90 212.91 209.96207.31 213.41

Mo 0.03 0.02 0.02 0.02 0.02 0.02 0.0_

Zn 0.10 0.05 0.07 0.07 0.11 0.08 0.0_

B 0.86 0.84 0.81 0.82 0.82 0.83 0.Sz
Mn 0.52 0.52 0.52 0.53 0.53 0.54 0.5__

Fe 4.83 5.12 5.06 5.04 5.22 5.31 4.8.:

Cu 0.17 0.07 0.07 0.10 0.18 0.14 0.0 c.

pH 5.80 5.93 5.96 6.11 5.99 5.86 5.8_

l/4.._..xx #1 #2 #3 #4 #5 #6 #7

P 6.87 6.76 6.91 7.52

M_ 24.67 24.29 24.10 25.82
Ca 57.96 57.61 57.20 59.56

Na 3.17 3.18 3.21 3.19

K 52.82 53.37 55.54 54.29

Mo 0.01 0.01 0.01 0.03

Zn 0.02 0.02 0.05 0.03

B 0.37 0.37 0.39 0.38

Mn 0.14 0.14 0.14 0.13
Fe 1.31 1.31 1.36 1.36

Cu 0.10 0.10 0.16 0.11

oH 6.28 6.04 6.21 5.93

28.12 0.440
90.59 1.631

205.85 2.061

11.61 0.283

211.64 2.329

0.02 0.004

0.08 0.020

0.83 0.017

0.53 0.012
5.06 0.182

0.12 0.046

5.93 0.102

C-_mat_._w t_C._mal_

7.02 0.343

24.72 0.771

58.08 1.033

3.19 0.017

54.01 1.190

0.02 0.010
0.03 0.014

0.38 0.010

0.14 0.005

1.34 0.029

0.12 0.029

6.12 0.159

%

1.56

1.80
1.00

2.43

1.10

17.64

25.00

2.O2

2.18

3.59
39.34

1.72

%

4.88
3.12

1.78

0.54

2.20

66.67

47.14

2.54

3.64

2.16
24.44

2.60
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TableD.5 Standard Deviation for the Inorganic Concentratiom in the Standard Solutions

(Ix and 1/4x) Prepared for Experiment #9 Measured using the ICP-AES System

Samples

1..._x #1 #2 #3 #4 #5 #6 #7

P 29.47 29.66 29.49 29.27 28.89

Mg 96.33 95.68 95.77 95.99 95.36

Ca 218.67216.80218.89217.80218.11
Na 10.93 10.97 11.08 11.25 11.22

K 218.09217.21 220.41 216.16220.32

Mo 0.03 0.02 0.02 0.02 0.01
Zn 0.05 0.07 0.07 0.09 0.07

B 0.85 0.84 0.83 0.81 0.80

Mn 0.51 0.50 0.50 0.50 0.49

Fe 4.60 4.60 4.62 4.46 4.53

Cu 0.11 0.11 0.11 0.14 0.11

pH 5.71 5.83 5.82 5.88 5.93

1/4.._.xx #1 #2 #3 #4 #5 #6 #7

P 7.23 7.18 7.28

Mg 26.01 26.39 26.03
Ca 60.69 61.67 61.21

Na 2.85 2.94 2.84

K 54.39 55.49 54.60

Mo 0.01 0.01 0.01

Zn 0.03 0.02 0.01

B 0.24 0.23 0.22

Mn 0.13 0.13 0.12

Fe 1.22 1.00 1.09
Cu 0.21 0.27 0.15

pH 5.92 6.06 5.85

Csaw_._i.a_ oc=ml_

29.36 0.295
95.83 0.361

218.05 0.824

11.09 O. 144

218.44 1.887

0.02 0.007

O.O7 0.014

0.83 0.021

0.50 0.007

4.56 0.066

0.12 0.013

5.83 0.082

Csml_ aoam_4

7.23 0.050

26.14 0.214
61.19 0.490

2.88 0.055

54.83 0.584

0.01 0.000

0.02 0.010

0.23 0.010

0.13 0.006
1.10 0.Ill

0.21 0.060

5.94 0.107

%

1.00
0.38

0.38

1.30

0.86

35.36

20.20

2.51

1.41

1.46
11.57

1.41

%

0.69
0.82

0.80

1.91

1.07

0.00
50.00

4.35

4.56

10.02

28.57

1.80
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TableD.6 Standard Deviation for the Inorganic Concentrations in the Standard Solutions

(Ix and 1/4x) Prepared for Experiment #10 Measured using the ICP-AES System

Samples

lx #1 #2 #3 #4 #5

P 28.48 28.55 29.26 26.93 26.87
Mg 94.04 94.28 96.35 78.71 78.35

Ca 208.47 210.03 214.04 186.13 158.54

Na 11.15 11.09 11.27 11.18 11.33

K 216.03 212.06 218.69 203.13 213.74

Mo 0.02 0.02 0.02 0.03 0.04

Zn 0.07 0.06 0.07 0.04 0.05

B 0.80 0.80 0.80 0.49 0.52

Mn 0.48 0.48 0.49 0.37 0.37

Fe 4.39 4.34 4.83 4.40 4.30

Cu 0.11 0.10 0.11 0.21 0.22

IoH 5.92 5.92 5.93 5.99

l/4_._.xx #1 #2 #3 #4 #5

P 6.95 6.98 6.75 6.64
Mg 20.99 21.86 20.76 20.99

Ca 44.14 44.43 42.94 42.79

Na 2.83 3.35 2.56 2.68

K 54.01 60.67 53.01 52.33
Mo 0.02 0.02 0.02 0.02

Zn 0.07 0.06 0.01 0.04

B 0.19 0.18 0.16 0.15
Mn 0.10 0.11 0.10 0.10

Fe 1.20 1.13 1.20 1.15

Cu 0.18 0.22 0.19 0.19

oH 5.91 5.96 5.89 5.89

#6 #7 C_,m_.._,_ ac._,,p_i

#6 #7

28.02 1.065
88.35 9.007

195.44 23.329

11.20 0.096

212.73 5.917

0.03 0.009
0.06 0.0]3
0.68 0.162

0.44 0.062
4.45 0.215

0.15 0.060

5.94 0.034

6.83 0.163
21.15 0.486
43.58 0.831

2.86 0.348

55.01 3.839

0.02 0.000

0.05 0.026

0.17 0.018

0.10 0.O05

1.17 0.036

0.20 0.017

5.91 0.033

%

3.80
10.19

11.94

0.86

2.78

34.40

22.48

23.74

14.20

4.83

39.72

0.57

%

2.38
2.30

1.91

12.19

6.98

0.O0

58.79

10.74
4.88

3.04

8.88

0.56
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TableD.7 StandardDeviation for the Inorganic Concentrations in the Standard Solutions

(lx, 1/2x, and 1/4x) Prepared for Experiment #11 Measured using the ICP-AES System

Samples

lx #1 #2 '#3 #4 #5 #6 #7

P 29.00 29.10 28.60

Mg 85.30 87.00 87.10
Ca 192.80 191.70 191.00
Na 11.73 11.81 12.06

K 223.84 219.80 221.62

Mo 0.00 0.00 0.00
Zn 0.00 0.00 0.00

B 0.50 0.50 0.50

Mn 0.40 0.40 0.40

Fe 4.60 4.30 4.50

Cu 0.20 0.20 0.20

pH 5.97 6.16 6.19

l/2._._x #1 #2 #3 #4 #5 #6 #7

P 14.00 14.20

Mg 43.40 43.60
Ca 94.80 98.80

Na 5.99 5.88

K 109.14 108.74
Mo 0.01 0.01

Zn 0.02 0.02

B 0.40 0.40

Mn 0.20 0.20

Fe 2.10 2.10

Cu 0.20 0.20

pH 6.08 6.54

l/4x #1 #2 #3 #4 #'5 #6 #7

P 6.90 7.40

Mg 21.20 23.00
Ca 46.90 50.80

Na 2.73 3.06

K 53.24 57.55

Mo 0.00 0.00

Zn 0.00 0.00

B 0.10 0.10

Mn 0.10 0.10
Fe 1.00 1.00

Cu 0.10 0.20

oH 6.08 6.32

Cra_ _.,i,m,e aCra_l_i

28.90 0.265
86.47 1.012

191.83 0.907

11.87 0.172

221.75 2.023

0.00 0.000
0.00 0.000

0.50 0.000

0.40 0.000

4.47 0.153

0.20 0.000

6.11 0.119

Cm_i,_ o_!_

14.10 0.141
43.5O 0.141

96.80 2.828

5.94 0.078
108.94 0.283

0.01 0.000

0.02 0.000

0.40 0.000

0.20 0.000

2.10 0.000

0.20 0.000

6.31 0.325

7.15 0.354
22.10 1.273

48.85 2.758

2.90 0.233

55.40 3.048

0.00 0.000

0.00 0.000

0.10 0.000

0.10 0.000
1.00 0.000

0.15 0.071

6.20 0.170

%

0.92

1.17
0.47

1.45

0.91

0.00

0.00

0.00

0.00

3.42

0.00

1.95

%

1.00
0.33

2.92

1.31

0.26

0.00

0.00
0.00

0.00

0.00

0.00

5.15

%

4.94
5.76

5.65

8.06

5.50

0.00

0.00

0.00

0.00
0.00

47.14

2.74
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TableD.8 StandardDeviationfor theInorganicConcentrationsin theStandardSolutions
(Ix MacrooNutrientsOnly)Preparedfor Experiment#12 Measured

using the ICP-AES System

Samples

Ix #1 #2 #3 #4 #5

P 27.90 27.50 27.40 28.10 28.00
M_ 90.20 89.30 90.00 90.50 90.50

Ca 184.80 189.30 185.20 187.40 189.60

Na 10.10 9.90 9.70 9.80 9.80

K 209.50 209.10 209.70 208.80 208.80

pH 5.91 5.99 6.04 6.08 6.16

#6 #7 _=,,__.i,,,,, t_Cmpt 0

27.78 0.311
90.10 0.495

187.26 2.233

9.86 0.152
209.18 0.409

6.04 0.094

%

1.12
0.55

1.19

1.54

0.20
1.56

Table D.9 Standard Deviation for the Inorganic Concentrations in the Standard Solutions

(lx and 1/4x Macro-Nutrients Only) Prepared for Experiment #13 Measured

using the ICP-AES System

Samples

Ix #1 #2 #3 #4 #5

P 29.00 28.70 28.60 29.70 29.50

MI_ 92.90 92.40 93.20 90.70 94.40
Ca 197.20 193.30 196.30 198.70 194.70

Na 10.50 10.20 10.30 10.50 10.30

K 214.40 210.40 213.20 211.00 207.60

pH 5.97 6.01 6.03 6.08 6.07

l/4_._x #1 #2 #3 #4 #5

P 6.80 6.70 7.00 6.90 7.00

M_; 23.50 23.30 24.00 23.70 23.60
Ca 50.40 50.10 50.10 50.10 50.80
Na 2.60 2.70 2.80 2.80 2.70

K 53.00 52.00 53.90 52.30 52.20

pH 5.94 5.97 6.02 5.98 6.01

#6 #7

29.10 0.485
92.72 1.348

196.04 2.109

10.36 0.134

211.32 2.637

6.03 0.045

Ctm_i, ave _Cuml_4

6.88 0.130
23.62 0.259

50.30 0.308

2.72 0.084

52.68 0.779

5.98 0.032

%

1.67

1.45

1.08
1.30

1.25

0.75

%

1.90
1.10

0.61

3.08

1.48

0.54

In order to determine the levels of nutrient precipitating out of solution due to the

changes in pH, a side experiment which altered the pH of the standard solution from 5.7 to

8.0 was conducted. By measuring the concentration of the nutrients remaining in solution

as a function of pH, the relationship between C_ and pH could be developed. This

involved initially testing the model adequacy of a linear equation between these two

factors by performing an analysis of variance of the model and left-out terms at an o_
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levelof 0.05. From these initial restms, the respective models were adjusted accordingly

by either adding or removing terms. The final results of these statistical analyses for P,

Mg, Ca, K, and Fe are presented below in Tables D.10 to D.14 for the ANOVA tables and

Figures D.1 to D.5 for the plots of the regression equations.
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Figure D.1 Quadratic Regression of the ConeentrmJon of Soluble Phosphorus

as a Function of Solution pH

Table D.10 Analysis of Variance Table for the Adequate Relationship Between the

Soluble Phosphorus Coxr.enWafion (Y) versus Solution pH (X1)

DOF Sum Sqs. Mean Sqs. Fealc

Total 42 28651

Model 3 28516 9505 2753

b0 1 26520 26520 7680

bl 1 1903 1903 551.19

b2 1 93.222 93.222 26.996

Resid 39 134.67 3.453

Error 15 21.529 1.435

LOT 24 113.14 4.714 1.365

Ferit
= 0.05

> 3.287 yes

> 4.543 yes

> 4.543 yes

> 4.543 yes

< 2.288 no
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Figure D.2 Linear Regression of the Concentration of Soluble Magnesium

as a Function of Solution pH

Table D.11 Analysis of Variance Table for the Adequate Relationship Between the

Soluble Magnesium ConeeaWafion (Y) versus Solution pH (X1)

DOF Sum Sqs. Mean Sqs. Fealc Fcrit Sianif?.

Total 42 337487 o,_ = 0.05

Model 2 336953 168476 12625 > 3.682 yes

b0 1 336724 336724.1 25234 > 4.543 yes

bl 1 228.78 228.78 17.145 > 4.543 yes

Resid 40 533.77 13.344

Error 15 243.27 16.218

LOT 25 290.50 11.620 0.871 < 2.280 no
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Figure D.3 Linear Regression of the Concentration of Soluble Calcium

as a Function of Solution pH

Table D.12 Analysis of Variance Table for the Adequate Relationship Between the

Soluble Calcium Concentration (Y) versus Sokrdon pH (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 42 1522114 o._ = 0.05

Model 2 1517831 758915 7088 > 3.682 yes

b0 1 1502309 1502309 14031 > 4.543 yes

bl 1 15522 15522.21 145 > 4.543 yes

Resid 40 4283 107.07

Error 15 1656 110.41

LOT 25 2627 105.07 0.981 < 2.280 no
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Figure D.4 Average Regression of the Concentration of Soluble Potassium

as a Function of Solution pH

Table D.13 Analysis of Variance Table for the Adequate Relationship Between the

Soluble Potassium Concentration (Y) versus Solution pH (X1)

DOF Sum Sqs. Mean Sqs. Fealc Ferit

Total 42 1905951 O_k = 0.05

Model 1 1905144 1905144 96785 > 4.543 yes

b0 1 1905144 1905144 96785 > 4.543 yes

Resid 41 807.06 19.684

Error 15 322.57 21.504

LOT 26 484.49 18.634 0.947 < 2.272 no
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Figure D.5 Linear Regression of the Concentration of Soluble Iron

as a Function of Solution pH

Table D.14 Analysis of Vadanee Table for the Adequate Relationship Between the

Soluble Iron Concentration (30 versus Solution pH (X1)

DOF Sum Sqs. Mean Sqs. Fealc Ferit

Total 27 548.88 Ctr_ = 0.05

Model 2 546.55 273.28 2938.1 > 3.806 yes

b0 1 544.28 544.28 5851.7 > 4.667 yes

bl 1 2.277 2.277 24.476 > 4.667 yes

Resid 25 2.325 0.093

Error 13 1.757 0.135

LOT 12 0.568 0.047 0.509 < 2.604 no
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Figure D.6 Concentrations of the Other Micro-Nutrients (except Iron)

as a Function of Solution pH

The mass balance for the growth of tomato plants on the PCT-NDS is divided into

two portions. For the first portion, the total mass of inorganic nutrients taken up in the

plants as determined _om the tissue samples were calculated using the following equation

qp_ = Z (C_=a W_, + C_h._ W_.d + _o_ W,o_d)
plm

(8.26)

The error associated with these quantities, OqpLffi_,were calculated using Equation (D.7).

_qplam,i _--" { Z [( ....... )2((_Clecf, i)2 + (, )2(OCbr_ch,i)2 + ( .... }_'2"_1,Crcx_}X2

pl_ _Ciea_i _Cbr_zb.i

+ (....... )2(o_,_d)2+ ( )_(cWbffi,_d)_+ (....... )_(Ow_)_]}_
_Wleaf, d _Wbmnch,d _Wroot,d

(D.7)

The errors associated with the tissue dry weights, OW_,d, were approximated as being

equal for each of the different tissue types. Similarly, the nutrient concentrations measured
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usingtheICP-AEScontainageneralerror for eachnutrient,__, as listedin Table

8.7. Therefore, Equation (1).7) can be simplified using these general errors. Furthermore,

each of the partial differential terms are easily solved as shown in Equation (D.8) below.

-- 2 G 2a_._ - { Z [fWl_d)2+ (W_._d) 2+ (W_d) 1[ C_]
plam

+ [(CieaKi)2 + (Cbramh,i)2 + (Croot,i)2][l_Wfissuc,d]2} 1/'2 (I).8)

The individual tissue concentrations and dry weight values used to determine these errors

for each of the different test bed units are provided in Tables D. 15 to D. 18 below.

Table D. 15 Plant Tissue Concentrations and Dry Weight Measurements Obtained for the

Tomato Plants Produced on TBU-la during Experiment #10 (0.30 jam @ lx Cone.)

DryWgt(g)

P
M_,
Ca
Na
K

Mo
Zn
B

Mn
Fe

Cu

la-L E

0.7348 _

5628.301

12595.00!
27142.50i

443.33 i
24895.00

4.20
90.80i

61.70 i
60.801

266.70i
20.001

la-B l la-R
I

0.614210.3298
2740.801 6302.00
5946.70[ 9726.50

10390.00i 11076.70
t

916.67i 859.66
61560.00! 47493.35

3.30! 4.20
10.80 213.70
22.50 28.30
22.50 160.50

435.80i 1059.20
7 50} 41.60

Table D. 16 Plant Tissue Concentrations and Dry Weight Measurements Obtained for the

Tomato Plants Produced on TBU-lb during Experiment #10 (0.30 lain @ lx Cone.)

(r_/g)
OryWgt(g)

P
MR
Ca
Na
K

Mo
Zn
B

Mn
Fe
Cu

lb-L

0.1172

3419.60i
13734.701

27429.40 i
437.44_

29007.531
7.10!

129.40i
108 20t

" t
119.90_

552.7oi
i 37.60_

lb-B

0.0637

1566.00
10966.50
13633.80

1956.32
83159.85

9.301
69.701
46.50
32.50

627.30

13.90i

lb-R

0.0845

4103.00
9816.30

13515.90
414.27

52662.10
7.20

709.70
32.40
54.00

489.90
36.00
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Table D. 17 Plant Tissue Concentrations and Dry Weight Measurements Obtained for the

Tomato Plants Produced on TBU-2a during Experiment #10 (1.5 gm @ 1/4x Cone.)

(lag/g)

DryWgt(g)
P

MR
Ca
Na
K

Mo
Zn
B

1Van
Fe
Cu

DryW ( )
P

MR
Ca
Na
K

Mo
Zn
B

Mn
Fe

Cu i

2a-l-L

0.0831

6671.69
11030.12
31057.23

463.86
31686.75

15.06
93.37
69.28
84.34

358.43
15.06

2a-3-L

0.0759

3870.74
10987.22
31949.57

422.59
21452.41

7.1
88.78
88.78
53.27

372.87
21.31

2a-l-B

0.0711

4333.33
6872.34
15379.43
1393.62

108482.3
7.09

106.38
49.65
21.28

301.42
7.09

2a-3-B

0.0542

3750
9203.59
18428.27
1191.98

66861.81
10.55
79.11
36.92
26.37

458.86
15.82

J 2a-l-Rl

0.0346

10647.84
9692.69
17666.11
1154.49

52574.75
16.61

456.81
66.45

282.39
539.87
16.61

2a-3-R

0.0864

5453.64

8581.75
5543.37
3222.83

33796.11
4.99

735.29
22.43
39.88

456.13
47.36

2a-2-L i 2a-2-B

0.5797 I 0.7084
3742.9313096.07

8338.04 i 6086.41 123375.46 i 10482.85
157.96 1490.34.

21073.33 43484.85
2.49 1.67

69.84 54.11
86.46 25.81
35.75 13.32

1141.34 170.66

13.3 6.66

2a-4-L 2a-4-B

0.0958 0.0573

6334.29 4041.67
10260 8037.97

27317.14 16903.85
285.71 1292.8

28877.14 87672.04
8.57 8.82
60 92.75

68.57 43.29
57.14 23.83

245.71 380.14
17.14 11.46

2a-2-R

0.2898

5333.99
8037.55
5240. I2
3163.04

32581.03
2.96

689.72
15.81
36.56

463.44
46.44

2a-4-R

0.0583

5369.08
6406.69
5605.85
564.07

55954.04
13.93

605.85
27.86
62.67
480.5
20.89

Table D.18 Plant Tissue Concentrations and Dry Weight Measurements Obtained for the

Tomato Plants Produced on TBU-2b during Experiment #10 (1.5 gm@ lx Cone.)

0 g/g)
DryWgt(g)

P
MR
Ca
Na
K

Mo
Zn
B

Ma
Fe
Cu

2b-L i

0.5534 1

2883.20 i
11068.00
19209.40

327.39

2b-B

0.4723

1261.60
6022.50
6681.00

797.49

20664.78 i 65659.331
4.201 2.50

67.501 16.60

109.10 23.201
59.20, 18.201

207 401 206.80t
" I

19.20i 6.6@

2b-R

0.3625

6328.10
7308.10

24182.70
761.63

41958.47
2.50

185.20
21.60
60.60

690.20
29.90
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For the second portion of the mass balance, the quantities of standard solution

added to the systems were compared to the soluble and precipitated quantifies remaining

after the plants were removed. In order to determine the total quantities of each nutrient

supplied to each of the systems, Equation (8.38) was used.

q_,J = C_,umt---

Ws_mple

Vsola

(Vm + Y-.AV_i + X V_) (8.38)
j k

The system volumes, V_ and supply quantifies due to the depletion by the tomato plants,

_AV,_, and for sampling replenishment, EkV=_, are provided in Table D. 19 below for the

experiment used to prove the mass balances. The first number in each column on this table

represents the volumes prior to the imposition of the test conditions of (+1/0) and (-1/0).

As for the standard solution concentrations, these were presented in Table D.6.

Table D.19 Vottmaes (in ml) of Standard Solutions Supplied during Experiment #10

Test Bed Unit i Vm

I
i

#1a (0.30) i 578 + 578

#1b(0.30) ! 558+ 558

#2a (1.5) [ 590 + 568
#2b (1.5) + 569 + 569

Zk V_ ! Zj AV,_i (lx)
!
I

156.8 + 58.8 I 83 + 312
+

156.8 + 58.8 I 32 + 84

156.8+58.8 i 198+ 0

156.8+58.8 ! 131+285

Zj AV,_ (1/4x)

0+ 0

0+ 0

0 + 473

0+ 0

The errors associated with the various measured quantities in this equation were

propagated through as shown in Equation (I).9) below in order to determine the error

associated with q_t,i. This was conducted by taking the partial derivative of q_,t_ with

respect to each of the terms appearing in Equation (8.38).

5qi.p.t,i 5qialaa,i

o_.,_ = {(. .):(oc._x¢_):+ (
_O-_.+,i 8Vm_,lo

)_(aw.+_):+ (------)_(av.,,0:
8v, o,.

+(--
5q_m,t._

c3V_

)_(ov_):+ x [(--):(o_):]} "_
J _AV_

(D.9)

v
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Since the error assoziated with the preparation of a liquid ICP sample is _uivalent

to the error associated with the measurement of the solution for the sample, then Ov_c =

Ov,,_ Furthermore, the error associated with the measurement of the system volume and

the error associated with measuring the daily changes in the reservoir volume are

equivalent as well. Therefore, ov_ = av,_. Substituting these simplifications into

Equation (D.9) as well as performing the simple partial differentiations leads to Equation

(D.10) used to calculate the error assoziated with the quantifies of inorganic nutrients

supplied to each unit, o_. These errors are presented along with the absolute values for

q_,,u in Table D.20 below for the differcm test bed units.

=
W_lc

V_la

•)2W_ s "I" _ AV_r,.j -I- _ V.ha)2(O'_le..i) 2
j k

Vsoln

-V,,,_ac

)2[(%, + _. aV_ + Z V_) 2 + (--_)2(V,, + :Z:av_)a](ov,,_,,) =
j k V_ k

W_le

+ (j + l)(Csample.,i,init_)2(Ovsya)2} 1/2

Vseln

(D.10)

Table D.20 The Total Quantifies of Inorganic Nutrients and the Rdated Error Ranges as

Measured in the Supply to the Tomato Plants Grown during Experiment #10

Nutrient

P

Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

q_._a (lag) - la i q_=ta (_g) - lb

50507 +

159257 +

352314 +

20197 +

383478 +

46.87 +

104.55 +

1229.41 +_
789.56 +

8025.41 +

270.40 +

1387 41387

11541 130500

29874 288696

161 16550

7819 314233

11.43f 38.41

16.67! 85.67

207.0711007.41 ±169.30 i
79.62! 646.99+ 65.10i

278.06 6576.24 +_

76.17i 221 57+

qm_,i (p.g) - 2a

+ 1135

_+ 9437

+ 24427

+ 133

+ 6402!
- i

+ 9.35 i 47.51+

+ 13.631 106.42 +
848.29 +

537.30 +

227.46 5606.12 +

62.281 363.45 +_

34677

108908

237324

14006

266818 +

q=_,_ (lag) - 2b

50593 + 1386

159528 + 11535

352912 + 29857

20231 + 161

384130+ 7814

46.95 + 11.43

104.73 _ 16.66!

1231.50_206.951

± 79.581

277.91

+ 76.13

± 1063

± 8724

± 22554

± 410

7316
I

8.63

32.25

157.53

60.32 790.90

213.69! 8039.04
60.671 270.86

I
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For the quantities of nutrients either removed or remaining in the system, q_,i,

Equation (8.39) was used to determine these values.

qrm,i =

Vsola

(V_- AV_,f) + E (C_,l_.i_V_,lc) (8.39)
k

The system volumes, V_, and final solution uptake quantifies, Ova, are provided in Table

D.21 below for the experiment used to prove the mass balances. The first number in each

eoltann on this table represents the volumes prior to the imposition of the test conditiom

of (+1/0) and (-1/0). As for the nutrient concentrations in the periodic samples taken

before and after the change to the test solutions, these are presented in Tables D.22 to

D.29.

Table D.21 Volumes (in ml) of Solutions Remaining an the end of Experiment #10

Test Bed Unit

#1a (0.30)

#1b (0.30)

#2a (1.5)

#2b (1.5)

Vs$s

578 + 578

558 + 558

590 + 568

I 569 + 569

AVn_f (lx)

10 + 30

2+8

21+ 0

15 + 18

AV,_,f (1/4x)

O+ 0

O+ 0

0+44

O+ 0
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Table D.22 Concentrations of the Periodic Solution Samples for TBU-la Taken During

Experiment #10 (k = sample designation)

Before Solution Change:

k=ll

P i 27.50

Mg i 104.20

c_12o5.2o_
Nal 12.44
K 226.3,_

Moioo_
znl 1.30
B I o.8d
._,'Lrt' 0.5d

Fe } 4.3q

Cu I 0.2q

pH! 5.94

k=2 k=31

27.0_

103.3(3

204.6t3

12.38

219.59
i

0.1q

1.4(_
o.8_
0.4q

4.20

0.2q
1

6.04

26.74

103.94

203.64

12.44

217.9_

0.1(_
1.50

0.70

0.40

4.10,

0.20
]

6.19,

k=4 i k=5 ! k=6 i k=71 k=8 i, k=f
26.00 25.60 24.6a 22.9(i 21.9(1 20.4(

103.9(i 104.7q 107.10` 109.00 111.80` 102.5(

203.6q 206.3(I 207.80 211.70 214.00 218.0(

12.441, 13.0(_ 13.7_ 14.0_ 14.5d 14.73

217.9_ 224.2_ 226.14 229.3d 231.8_ 218.15

0.10 0.1_ o.oq 0.0_ 0.1d 0.0C

1.5(_ 1.7q 1.8Q 1.80 1.9d 1.8C

0.7q 0.7 i 0.70 0.7q 0.80 1.0C

0._ 0.4 0.4_ 0.40 0.4(_ 0.4C4. 3.90 3.8q 3.8d 4.00 4.1c

o,1 o_ o_ o_ o_q o=
6.2 6.31i 6.44 6.5_ 6.62_ 6.7'7

After Solution Change:

!k=l!k=21

P i 26.70 25.5q

Mg i 88.9_ 95.70

Cat 185.20, 203.3_
Na i 12.41_ 13.5_

_ i:196,__1_1_
Mol 0.0 i 0.013f

Znl 0_ o41&i 0.4q 0.40`
4.2'Fe I 4.30,

Ca 0_I 0_q
pHi 6.0_ 6.3_

k=3i

24.7(_

104.80

217.8q
16.08

226.6_

o.o0

0.6_
0.60

0-4 i4.9

0.30

6.4_

k=f I
24.1q

95.4q
178.8q

17.14

215.4_

O.Oq

o.7q
0.9
0.4

6.7,_
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Table D.23 Concentrations of the Periodic Solution Samples for TBU-lb Taken During

Experiment #10 (k = sample designation)

Before Solution Change:

P

Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

pn

k=l

26.50! 25.70!

101.50i 102.50[

202.90i 204.80 i

11.99 11.80

219.83! 215.05

0.10i 0.00I

1.20 1.401

0.70 o.7ot
0.40 0.401

4.20 {

4.00

0.10 0.10

6.15 6.28 i

i k=2 i k=3 !
r , I

25.201
102.30i

200.70

12.20

218.39 i

0.00

1.50

0.701

0.401

3.901

0.10{
{

6.421
i

k=4i

23.601

101.90i

200.60 i

12.01 i

214.43

o.io{

1.801
0.70

0.40

3.70

0.10

6.50
,

k=5 ! k=6 k=7 i k=8 [ k=f

19.60 i 16.I0
101.30[ 103.60

197.401 191.10

12.70 12.91i

220.981 220.851

0.001 0.10

2.001 2.1G

o.7o! 0.701
0.40[ 0.40[

3.501 3.40[

0.I0! 0.I0{

6.79} 6.93

14.601 11.60[ 9.40
105.10{ 105.50! 94.50

198.00i 193.10i 191.10

13.16[ 13.30} 13.37

225.581 224.17 i 215.90

o.Ioi o.oo{ o.oo
2.10i 2.20{ 2.10

0.70 0.70{ 0.90

0.40[ 0.40} 0.40
3.30[ 3.20{ 3.10

0.I0 0.I0{ 0.I0

7.12 7.39! 7.63

After Solution Change:

P

Mg
Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

pH

k=l Ik=2 ik=3

26.501 22.501

87.20 92.20 i

188.20 190.50 i

12.16 12.25 i
225.77 224.28i

0.00 0.00

0.40 0.70
0.40 0.50i

0.40 0 401

3.40! 3.601

0.20!_ 0.20 i

6.691 7.051
1

k=f{

12.20 7.20 t

91.90 82.60]

176.30 140.60 i
13.10 13.661

233.341 226.59

o.ooi o.ooi
0.90} 1.10{

0.50{o.5o!
0.40 0.40[
3.80 4.20[

i o2o{
} ,
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Table D.24 Concentrations of the Periodic Solution Samples for TBU-2a Taken During

Experiment #10 (k = sample designation)

Before Solution Change:

P i 26.70 25.80

Mg il 102.80. 101.60i

Ca! 204.501 201.801

Na I 11.78 11.63 i

K f 220.16i 216.741
I ! '

MO i 0.00 0.00 i

Zn i 1.10 1.20 i
B i 0.801 0.70

M_i o.5oi 0.50
re I 4.30[ 4.10'

Cui_ 0.10 0.10

phi 594i 605i

k=l i k=2 k=3 i k=4 i k=5

27.501 28.501
106.70! 113.001

T

217.401 229.901
11.53i 11.34

21Z781 207.66

26.101

113.40]
I

228.60!

11.561

208.901

0.00

1.20

0.70

0.50

4.10

0.10t

6.18!

o.ooi o.ooi
I

1.30 1.502
0.70 0.80

0.50[ 0.50
3.901 3.90i
0.10 0.10!

6.33 6.481
;

k=6 ! k=7 i k=8 i k=f

25.10 23.901 21.90 20.0C

120.10i 121.40] 129.40! 110.6C

240.80 238.801 249.40i 227.8C

12.301 13.101 14.16' 15.05

212.62 217.55 i 215.73 215.77

0.00' 0.00] 0.00 0.0t3

1.50 1.50 _ 1.601 1.50

0.80 0.80 0.90! 1.00

o.5oi o.5o o.5oi o.5ot
3.80 _ 4.00 i 4.30 4.50

0.101 0.101 0.20 i 0.20

!6.63 6.69 6.78! 6.78

After Solution Change:

k=lik= 2

P 7.801 7.00
Mgi 28.301 28.50

Ca !64.00[ 65.10

Na ! 3.21 3.74

K 52.70! 36.68

Mo o.ooi o.ooI
Zn 0.40[ 0.501

B 0.10[

Mnl 0.10!

Fe 1.001Cu 0.20

pH '_ 6.14!

0.101

0.10

1.10'

0.201
I
i

6.67 i

k=3i k=f '

4 40! 3.30

" 122.3024.701
55.10 47.40[

4.43 3.791

0.00

0.70! 0.70

0.20! 0.201

o.oo!o.ooi
t

1.30 i 1.501

o.2oi o.3o!
7.2i 7.26
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Table D.25 Concentrations of the Periodic Solution Samples for TBU-2b Taken During

Experiment # 10 (k = sample designation)

Before Solution Change:

k=l!
I

V 26.40i

Mg 100.701
Ca 204.90i

Na 14.10i

K I 222.38[

Mo 0.00

Zn 1.10

B 0.70
I

Mn 0.50!

Fe 4.30

Cu 0.10

I

pH i 6.31

k=2 }k=3 !
i I

22.40i18.801
98.80 100.00!

192.80 193.50

13.82 t 13.72

215.61 i 216.21

o.ooi o.oo
1.101 1.10

0.80] 0.70[
0.40 0.40

4.10 i 3.90

0.10] 0.10

6.87! 7.17

k=4 i k=5 i k=7 t k=8 !
i

15.30i 13.201

101.10 102.70 i

181.20 177.001

13.62] 14.31i
218.11i 223.98!

o.ooi o.oo!
1.10t 1.101

0.701 0.70I

0.40! 0.401

3.60 3.501

0.10 0.10

7.43! 7.46

k=6i
11.50[

100.901

173.401
14.791

229.25!

0.001

1.20 i
0.80i

0.50]
3.50i

0-10 I

7.531

11.20i II.00i

100.801 116.00!

171.10 i 195.501

14.531 15.39 i

225.33f 237.371

o.ool o.oo!
1.20 1.10]

0.80 0.80 i

0.50 0.501

3.60 3.60 i
0.10 O.lOJ

I

7.55 7.74!

k=f

10.80

105.90

197.50

16.03

236.72

0.00

1.10

1.00

0.50

3.90

0.10

7.73

After Solution Change:

ik=l i

vl

Ca !
Na I

KI

Mo i

Znl
BI

Fe i

Cu]

23.30

90.70

193.60
12.75i

218.92
I

0.00!
0.201
0.50

0.40i
4.10

0.20,

6.42!

k=2

2o.5o!
104.50

202.00!
14.76

247.651

0.101

o.3o!

0.60 l

o.5oi
4.301
0.30i

I
6.881

k=3 k=fi i
17.30 14.701 !

109.30 100.50i I

197.90 168.30I i

256.731 257.121 I

o.ooi o.ooi ,
0.30 0.40! i

0.601 , 0.601 I
o.5o! o.5o!, i
4.50i 4.50i I
o.3o o.3oi [
6.99] 7.05i

J

!

i
' i I

i

, !
i ! '

f l I

i ! ', i

i !
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The errors associated with the various measured quantifies in this equation were

propagated through as shown in Equation (I). 11) below in order to determine the error

associated with qrm,i. This was conducted by taking the partial derivative of qrm, i with

respect to each of the terms appearing in Equation (8.39).

aq_ 6q_,i

a_i = {( )_(o_._,_)2+ (----)2(ova) 2+ (
aC__ 8V, o_

_lmn_

&t_ &t_ fiq_
+(_)_(ov_) 2+ ( ):(o_v.J + z [(.

(D.11)

Again, OW_p_, = ov_ and Ov_ = Ov,,_i. Therefore, substituting these simplificatiom into

Equation (D. 11) as well as performing the simple partial differentiations leads to Equation

(D.12) used to calculate the error associated with the quantities of inorganic nutrients

either removed or remaining in each unit, o,,_. These errors are presented along with the

absolute values for q,,_s in Table D.26 below for the different test bed units.

Vsampk

Oq,_ = {{[-----(v_ - A%_,f)]2 + k[V_,_j_]2}{oc,_} 2
Vsoln

+ {[, (v_- av,_)] 2
V.d

+ {2[.

(D.12)

+ [ (Vsys - AVtts, f) + _Csamptc.i,k] 2} {OVsample} 2

Vso_ k

]_}{ov_}_}'_
V_ln



316

TableD.26TheTotalQuantifiesof InorganicNutrientsandthe Related Error Ranges

Measured in the Solution Removed or Remaining in the System after Experiment #10

Nutrient i qr_,i (lag) - la

P
Mg I
Ca

Na

K

Mo

Zn

B

lVln

Fe

Cu

qr*=,i (lag) - lb

30882 + 873 13856 + 855

135500+ 7306 121871 + 7235

271595 + 18896 230200+ 18713

21070 + 127 18003 + 115

296060+ 4981 298511+ 4943

10.00+ 7.23 8.00+ 7.16

1718.69+ 13.86 2134.78+ 14.97

1056.10+ 130.96i 931.22 + 129.75

545.51 _ 50.34f 539.43 + 49.88

6026.33 + 176.16 i 4915.92 + 173.82

, 329.67+ 48.17 i 196.98+ 47.72

q,=_ (lag) - 2a qtt_,i (lag) - 2b

17871+ 850 18188+ 857

95937+ 7154 138882+ 7236

197516+ 18512 247932+ 18701

12940 + 105 21658 + 128

169092 + 4800 ' 328614 + 4983

0.00 + 7.08 i 2.00 + 7.16

1495.20 + 12.85 1042.73 + 11.77
819.55 _ 128.35 1056.65 + 129.65

374.31+ 49.331 663.78+ 49.87
r I

4130.80 + 171.8215594.80 + 174.13
306.53+ 47.22! 257.20+ 47.69

-- r --

For the quantifies of nutriems precipitated in the system due to the change in pH,

qr=_i, Equation (8.40) was used to determine these values.

1 - f_i C=,_,_aV_=_le

q_i = ( ..... )(" "XV_- AVrt,5) (8.40)

f_otj V_,_,

The system volumes, V_s_, and final solution uptake quantities, AVe, were provided in

Table D.21 for the experiment used to prove the mass balances. As for the solution

concentrations of the pedodie samples, these were presented in Tables D.22 to D.25.

The errors associated with the various measured quantifies in this equation were

propagated through as shown in Equation ('D. 13) below in order to determine the error

associated with qm=_- This was conducted by taking the partial derivative of oa,_,_ with

respect to each of the terms appearing in Equation (8.40).

8_ _)qlm:¢ip,i _,i

x2/G. x2 ,_2t-_ ,,2I_qlm:eip,i = {(_--)2({3rfsol,i) 2 + ( J l, Csm_le.,i) + (" '1 l, Vmmple)

8fsol,i 8Cm=l, lt,idmal 8Vsm_,le

+ (. =+ =+ (.
8V.,,_ 8V_ 8AV,=.f

(D.13)
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Again, Ovule = Owo_, and Ov_ = Ow_i. Furthermore, the values for Oc._l_ can be

obtained from Tables 8.8 to 8.10. Therefore, substituting these simplifications into

Equation (0.13) as well as performing the simple partial differentiations leads to Equation

(0.14) used to calculate the error associated with the quantities of precipitated inorganic

nutrients in each unit, o_.

o_=ir_i = { [_ (V_ - AV=_f)]2[t_ti] 2 (D. 14)

f,_u2 V_

1 - l_,ti V_,

+ [. (v_
fsoB Vsoha

- aV_r)]2[oc_] 2 + 2[,
1 - _ C_pl_.r_V_

]2[ov_]2

1-f_u
+ [(_)2(,

C_mpl_Vaml_ V_k 2

.)2(V _ _ AV_x)2(1 + _)][Ow_,l,]2} 1/2

V_ V 2

One term which has not been solved for in this equation is the error associated

with the concentration ratios, of_,_. These can be derived from Equation (8.41) used to

calctrlate f_u-

[bog + bxg(pH) + bzi(pH) 2]

f_u = (8.41)

[bo_ + bxg(pHo) + b_(pHo) 2]

This was conducted by taking the partial derivative of f-ta with respect to the two pH

values, pH and pHo, appearing in Equation (8.41) as shown in Equation (I).15) shown

below.

8f_u 8f_u
c_L_= [(_)_(a_)_+(_--):(a_o):]_/2

8pH 8pHo

(o.15)

Using the assumption that ore, o = o# and taking the partial derivatives in Equation (0.15)

results in Equation (0.16) for the propagated errors for the concentration ratios.
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t_fsoU =

+

[bl,i + 2bzi(pH)] z

{
[bo,i + bl,i(pHo) + b_i(pHo)2] 2

[bo_+ b1_(pH) + b_(pl-l)2]2

.[bl,i + 2b2,i(pHo)]2[(_pI.,i] 2} 1/2

[bo, + b,, (pHo)+ b2, (pHo)2]

(D.16)

Since the regression equations describing the relationships between the

concentration of the nutrients in solution and the pH vary from a constanL boa, such as for

K to a quadratic equation such as for P, the values for o_ are dependent upon these

model parameters. The values for these parameters are identical to those found in

Equations (8.30) to (8.34). Using these errors in Equation (D. 14) allows for the complete

propagation of the errors for the determination of O,n_,_. These results are presented

along with the absolute values for q_,i in Table D.27 below for the different test bed

units.

Table D.27 The Total Quantities of Inorganic Nutrients and the Related Error Ranges as

Calculated for the Precipitates Formed during Experiment #10

Nutrient

P

Mg

Ca

Na

K

Mo

Zn

B

Mn

Fe

Cu

q_,_ (gg) - la

7285 ± 1228

5321 + 934

44343 ±8494

0+ 0

q_p,_ (_g)- Ib iq_i_ (Pg)- 2,a

I

31079± 7681 i 5057± 856

9425 + 1672 3954+ 655

84914 + 17341 34681 + 6049

O+ 0 O+ 0

1069.72 + 169.96! 2072.13 + 326.161838.56 + 130.29

i

q_,i (llg) - 2b

23879 + 5013

9134 + 1551

76313 + 14709

O+ 0

1820.83 + 284.12
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APPENDIXE - STATISTICAL ANALYSES - NUTRLENT UPTAKE RESULTS

The statistical analyses of the functions describing the nutrient uptake kinetics are

presented in this appendix. This includes the data for the factors, X, and the responses, Y,

used to produce the various models. In addition, the analysis of variances (ANOVA)

tables produced for the various steps in the development of the nutrient uptake models are

provided as well. These tables were generated on a Microsoft Excel v.5.0 Spreadsheet.

Initially, the total quantity of nutrients in the plants (Y) modeled as exponential

functions of the leaf stage (X1), root-zone water potential (X2), and solution

concentrations (X3) are presented. These models were produced using the sum of the

individual tissue dry weights multiplied by the corresponding concentrations. These data

are presented in Tables E.1 to E.6 for the various conditions that the plants were

produced.

Table E. 1 Data for the Plant Inorganic Quantities (Y) Including Total Weight and Leaf

Stage (X1) for Tomato Plants Produced at a Root-Zone Water Potential (X2)

of-0.117 MPa (Tr_ = -0.078, I'm = -0.039), and a lx Solution (X3)

LS Wgt(g] P Mg Ca

Quantities (lxg)

Na K Mo Zn B Mn Fe Cu

10 0.1888 1231 1741 4286 178 12165 2.33 31.13 11.59 18.29 69.90 2.33

13 1.3882 4485 1161923358 834 57657 4.41 112.33 79.16 63.32 462.64 24.58

14 1.6788 7898 16115 29979 1172 71766 6.50 143.83 68.49 111.43 812.96 33.02

10 0.2654 847 3138 5225 211 13147 2.03 79.58 18.38 20.69 146.13 8.33

10 0.2994 1645 5618 8313 755 15927 1.94 73.54 21.48 34.48 168.45 9.65

12 0.64 2654 7598 19642 964 34658 2.61 124.15 59.32 94.82 412.90 12.84

10 0.2223 1132 2054 6413 417 13243 1.26 68.64 19.60 28.56 137.58 8.01

9 0.1091 546 1346 2546 235 8843 0.84 29.26 9.64 13.58 66.13 4.64

9 0.1605 531 2466 4368 481 11518 0.76 28.64 12.58 18.67 89.08 6.20

11 0.4587 2646 6124 15384 709 28164 1.62 169.35 53.00 67.46 221.82 10.15

14 2.5603 14615 30564 59454 2867 152752 7.27 250.82 150.26 199.93 843.16 63.72

14 1.9042 11910 22230 45215 2197 105458 3.83 224.48 115.43 165.72 718.05 43.90

142.6956 9748 38033 81594 4046 129882 3.07 336.11 182.46 154.98 1149.35 49.38

14 2.6119 10076 40741 72049 4219 124155 3.46 373.17 198.44 174.63 1316.97 50.98
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TableE.2Datafor thePlant Inorganic Quantifies (Y) Including Total Weight and Leaf

Stage (X1) for Tomato Plants Produced at a Root-Zone Water Potential (X2)

of-0.078 MPa (r_,_ = -0.078, I'm = -0.000), and a lx Solution (X3)

Quantities (l_g)

!LSiWgt(g} P Mg Ca Na K Mo Zn B Mn Fe Cu

14i 3 14252 30148 66639 3157 128918 4.06 395.72 159.26 215.77 1441.40 28.04

13 1.95 11474 14777 35575 1401 84880 2.32 347.73 86.63 169.40 786.75 28.04

13 2.1 12487 16927 40185 1574 91423 2.73 280.48 96.71 225.53 775.38 19.61

11 0.7 4929 6143 15552 531 34994 1.33 63.86 30.21 90.20 343.52 8.13

14 2.9037 12596 17315 40710 1168 123296 3.23 574.60 123.49 126.39 1065.22 26.25

9 0.2435 1464 4621 6542 741 24452 1.46 46.06 9.48 39.82 106.58 7.81

9 0.2239 1213 5613 5138 547 17656 1.46 89.98 11.81 31.92 94.21 5.98

12 1.0875 4018 1251223864 1678 61684 1.84 130.97 43.71 58.20 423.93 14.85

11 0.4836 2594 5064 11385 983 46521 2.82 173.45 21.18 72.50 147.58 9.48

12 '1.0181 3108 1212021287 1392 55860 1.58 122.52 44.10 52.82 381.90 13.63

13 2.0542 11944 20646 41654 1835 116246 4.08 451.18 73.18 282.56 975.85 28.94

12 0.8572 2256 9357 19646 910 43983 1.02 127.01 52.29 45.51 318.33 11.02

10 0.3979 2465 4957 10564 712 39282 2.92 172.16 20.82 81.65 132.56 9.00

10 0.2848 1513 5176 7313 654 22868 2.18 83.16 12.48 35.97 152.85 7.29

9 0.2185 964 3973 8646 713 15828 2.01 78.79 13.85 41.67 146.91 6.19

6 0.0447 397 1126 5417 238 5815 0.94 13.58 5.31 10.49 46.58 1.27

10 0.356 2164 4567 8925 781 38162 2.88 171.51 19.48 66.57 167.88 10.76

9 0.2316 1973 4852 4320 511 18358 2.32 65.48 10.00 38.82 172.02 6.87

9 0.1521 510 3462 7213 416 6852 1.84 48.19 8.11 20.48 100.82 4.05

5 0.0187 236 821 3181 186 513 0.06 10.45 2.58 7.19 27.82 0.91

5 0.0265 191 284 5132 281 1952 0.28 15.79 3.47 8.08 38.28 1.05
7 0.0594] 364 3158 5168 381 4852 1.55 38.23 5.28 14.58 70.82 2.08

9 0.2172 1245 4258 8134 538 13264 2.03 86.87 8.48 34.68 150.82 5.19

11 0.6444 3588 7386 14905 649 35846 1.32 45.52 29.62 41.13 273.15 11.11

12 1.1421 4684 13648 31865 1583 76652 3.46 183.48 93.18 158.85 375.98 18.34

14 2.9304 15415 24681 70556 2816 139628 5.99 432.46 186.97 231.82 1148.46 31.82

Table E.3 Data for the Plant Inorganic Quantifies (Y) Including Total Weight and Leaf

Stage (X1) for Tomato Plants Produced at a Root-Zone Water Potential C)C2)

of-0.078 MPa (Tr_a = -0.039, Pm = -0.039), and a 1/2x Solution (X3)

LS Wgt(g)

7 0.0711

9 0.1523

10 0.2682

11 0.4289

12 0.9912

Quantifies (ttg)

P Mg Ca Na K Mo Zn B Mn Fe Cu

265 1461 3036 329 5594 0.76 31.32 6.98 20.86 64.94 4.64

865 2859 7246 462 9645 0.96 58.80 10.89 24.87 91.52 5.11

1245 3943 9548 678 14125 1.69 82.64 15.82 38.82 156.83 7.19

2064 5643 12685 816 25052 1.44 146.46 20.56 45.85 189.78 11.84

4168 9318 17649 1243 55943 2.36 158.83 49.60 95.82 359.40 26.94
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Table E.4 Data for the Plant Inorganic Quantities (Y) Including Total Weight and Leaf

Stage (X1) for Tomato Plants Produced at a Root-Zone Water Potential (X2)

of-0.078 MPa (r_ = -0.019, P= = -0.059), and a 1/4x Solution (X3)

Quantifies (gg)

LS Wgt(g) P Mg Ca Na K Mo Zn B Man Fe Cu

8 0.0886 464 1765 2152 252 4418 0.73 37.37 6.88 17.64 55.48 2.91

11 0.4539 1555 4194 15356 650 12861 1.65 86.82 27.60 72.68 178.89 15.96

12 0.9928 3014 9520 18721 848 32767 2.03 221.24 37.17 91.01 357.76 29.23

Table E.5 Data for the Plant Inorganic Quantities (Y) Including Total Weight and Leaf

Stage (X1) for Tomato Plants Produced at a Root-Zone Water Potential (X2)

of-0.058 MPa (r_,_ = -0.019, Pm= -0.039), and a 1/4x Solution (X3)

Quantities (l.tg)

LS Wgt(g) P Mg Ca Na K Mo Zn B Mn Fe Cu

9 0.2165 968 2074 3903 375 8172 1.54 74.56 10.68 8.92 92.58 6.57

9 0.2114 1151 1817 3912 134 11052 1.56 46.38 10.67 10.49 73.33 3.52

13 1.5779 5260 11474 22495 1356 52463 3.48 278.70 72.99 46.49 337.14 25.89

9 0.2133 1052 2264 6423 264 9513 1.04 64.48 9.82 13.90 81.97 5.19

12 1.053 3546 10894 21635 1096 35642 2.42 165.62 52.84 45.67 246.48 19.38

LS

11

12

13

13

8

8

8

6

Table E.6 Data for the Plant Inorganic Quantities (Y) Including Total Weight and Leaf

Stage (X1) for Tomato Plants Produced at a Root-Zone Water Potential (X2)

of-0.019 MPa (r_a = -0.019, Pm= -0.000), and a 1/4x Solution (X3)

wgt(g) v Mg Ca
0.75

1.35

2.3

2.95

0.1501

0.1741

0.193

0.0562

i3279 6363 12997

15712 10736 25511

9418 22413 41289

8410 26728 52548

i1233 2946 7654
1435 3642 7618

1764 6632 8400

905 652 4385

Quantifies (gg)

Na K Mo Zn B Mn Fe Cu

764 30455 0.96 130.11 34.81 77.15 365.01 25.34

936 57288 1.24 180.17 59.74 87.13 481.23 30.30

3431 79620 3.94223.52 135.53 143.20 676.32 42.23

4956 68531 3.28 316.71 248.87 139.68 704.43 85.43

245 6213 0.72 39.38 7.05 6.94 59.58 3.18

319 9644 0.93 65.18 8.46 8.10 68.04 4.27

418 15943 1.09 73.18 9.41 9.49 78.40 4.98

125 2751 0.61 28.44 4.25 4.96 20.58 1.50

In order to produce the models for the inorganic nutrient quantities, cb_._ , the

exponential equations were linearized by taking the natural logarithms of the quantifies

(Y) and individual nutrient concentrations (X3). This was conducted on the concentration

in order to obtain this variable as a pre-exponential factor in the final models for the
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nutrient quantities,oh,t=_. In each case, the effect of the leaf stage on qp_t,_ were

consistently shown to be significant contributions, regardless of the nutrient. As for the

other factors, their significances were dependent upon the particular nutrient. These were

determined l_om the analysis of variances of the terms in the lincarized models. The

resulting ANOVA tables are provided for the final adequate models below in Tables E.7

to E. 17 for the nutrients, P, Mg, Ca, Na, K, Mo, Zrg B, Mn, Fe, and Cu, respectively.

Table E.7 Analysis of Variance Table for the Final Adequate Model for the Natural Log of

the Phosphorus Quantity (Y) as a Linear Function of Leaf Stage (X1),

Root-Zone Water Potential (X2), and Solution Phosphorus Concentration (X3)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 61 3716 _ = 0.05

Model 4 3710 928 8826 > 2.690 yes

e0 1 3638 3638 34616 > 4.171 yes

el 1 67.769 67.769 644.90 > 4.171 yes

c2 1 3.155 3.155 30.020 > 4.171 yes

c3 1 1.511 1.511 14.380 > 4.171 yes

Resid 57 5.990 0.105

Error 30 2.260 0.075

LOT 27 3.729 0.138 1.314 < 1.862 no

Table E.8 Analysis of Variance Table for the Final Adequate Model for the Natural Log of

the Magnesium Quantity (Y) as a Linear Function of Leaf Stage (X1),

Root-Zone Water Potential (X2), and Solution Magnesium Concentration (X3)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 61 4652 _ = 0.05

Model 4 4645 1161 9086 > 2.690 yes

e0 1 4586 4586 35882 > 4.171 yes

el 1 56.758 56.758 444.09 > 4.171 yes

c2 1 1.169 1.169 9.149 > 4.171 yes

e3 1 1.259 1.259 9.854 > 4.171 yes

Resid 57 7.285 0.128

Error 30 3.074 0.102

LOT 27 4.211 0.156 1.220 < 1.862 no
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Table E.9 Analysis of Variance Table for the Final Adequate Model for the Natural Log of

the Calcium Quantity (Y) as a Linear Function of Leaf Stage (X1),

Root-Zone Water Potential (X2), and Solution Calcium Concentration (X3)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 61 5500 _ = 0.05

Model 4 5493 1373 9935 > 2.690 yes

e0 1 5446 5446 39405 > 4.171 yes

cl 1 43.349 43.349 313.63 > 4.171 yes

c2 1 1.265 1.265 9.152 > 4.171 yes

c3 1 1.554 1.554 11.244 > 4.171 yes

Resid 57 7.878 0.138

Error 30 2.162 0.072

LOT 27 5.716 0.212 1.532 < 1.862 no

Table E. 10 Analysis of Variance Table for the Final Adequate Model for the Natural Log

of the Sodium Quantity (Y) as a Linear Function of Le_ Stage (X1)

DOF Sum Sqs. Mean Sqs. Fc.alc Fcrit

Total 61 2695 _ = 0.05

Model 2 2683 1341 6376 > 3.316 yes

e0 1 2649 2649 12591 > 4.171 yes

el 1 34.062 34.062 161.91 > 4.171 yes

Resid 59 12.412 0.210

Error 30 4.828 0.161

LOT 29 7.584 0.262 1.243 < 1.847 no

Table E. 11 Analysis of Variance Table for the Final Adequate Model for the Natural Log

of the Potassium Quantity (30 as a Linear Function of Leaf Stage (X1)

DOF Sum Sqs. Mean Sqs. Fcale Ferit

Total 61 6310 _ = 0.05

Model 2 6301 3151 20994 > 3.316 yes

e0 1 6226 6226 41483 > 4.171 yes

el 1 75.777 75.777 504.92 > 4.171 yes

Resid 59 8.855 0.150

Error 30 3.193 0.106

LOT 29 5.662 0.195 1.301 < 1.847 no
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TableE.12Analysisof VarianceTable for the Final Adequate Model for the Natural Log

of the Molybdenum Quantity (Y) as a Linear Function of Leaf Stage (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 61 54.274 _, = 0.05

Model 2 41.957 20.979 100.49 > 3.316 yes

cO 1 19.120 19.120 91.587 > 4.171 yes

el 1 22.837 22.837 109.39 > 4.171 yes
Resid 59 12.317 0.209

Error 30 3.959 0.132

LOT 29 8.358 0.288 1.380 < 1.847 no

Table E. 13 Analysis of Variance Table for the Final Adequate Model for the Natural Log

of the Zinc Quantity (Y) as a Linear Function &Leaf Stage (X1) and

Root-Zone Water Potential (X2)

DOF Sum Sqs. Mean Sqs. Fcale Fcrit Simfif?.

Total 61 1343 tz_ = 0.05

Model 3 1335 444.95 3341 > 2.922 yes

c0 1 1293 1293 9707 > 4.171 yes

cl 1 40.455 40.455 303.79 > 4.171 yes

c2 1 1.744 1.744 13.095 > 4.171 yes

Resid 58 7.724 0.133

Error 30 3.659 0.122

LOT 28 4.065 0.145 1.090 < 1.854 no

Table E. 14 Analysis of Variance Table for the Final Adequate Model for the Natural Log

of the Boron Quantity (Y) as a Linear Function of Leaf Stage CX1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 61 733.16 tZ,_k = 0.05

Model 2 727.17 363.58 3582 > 3.316 yes

e0 1 651.79 651.79 6422 > 4.171 yes

el 1 75.376 75.376 742.65 > 4.171 yes

Resid 59 5.988 0.101

Error 30 2.224 0.074

LOT 29 3.765 0.130 1.279 < 1.847 no
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TableE.15 Analysis of Variance Table for the Final Adequate Model for the Natural Log

of the Manganese Quantity (Y) as a Linear Function of Leaf Stage (7(1)

and Solution Manganese Concentration (X3)

D___OF Sum Sqs. Mean Sqs. Feale Fcrit

Total 61 946.32 _ ---0.05

Model 3 934.59 311.53 1541 > 2.922 yes

eO 1 879.69 879.69 4351 > 4.171 yes

el t 53.388 53.388 264.06 > 4.171 yes

e3 1 1.515 1.515 7.493 > 4.171 yes

Resid 58 11.727 0.202

Error 30 3.009 0.100

LOT 28 8.718 0.311 1.540 < 1.854 no

Table E. 16 Analysis of Variance Table for the Final Adequate Model for the Natural Log

of the Iron Quantity (Y) as a Linear Function of Leaf Stage (X1)

and Solution Iron Concentration (X3)

DOF Sum Sqs. Mean Sqs.. Feale Ferit

Total 61 1807 ctmk = 0.05

Model 3 1802 600.58 6739 > 2.922 yes

e0 1 1741 1741 19531 > 4.171 yes

el 1 60.721 60.721 681.33 > 4.171 yes

c3 1 0.420 0.420 4.707 > 4.171 yes

Resid 58 5.169 0.089

Error 30 1.731 0.058

LOT 28 3.438 0.123 1.378 < 1.854 no

Table E.17 Analysis of Variance Table for the Final Adequate Model for the Natural LOg

of the Copper Quantity (Y) as a Linear Function of Leaf Stage (X1) and

Root-Zone Water Potential (X2)

DOF Sum Sqs. Mean Sqs. Fealc Feri______t

Total 61 395.08 _ = 0.05

Model 3 388.75 129.58 1187 > 2.922 yes

e0 1 329.71 329.71 3020 > 4.171 yes

el 1 58.007 58.007 531.26 > 4.171 yes

c2 1 1.034 1.034 9.470 > 4.171 yes

Resid 58 6.333 0.109

Error 30 2.774 0.092

LOT 28 3.559 0.127 1.164 < 1.854 no
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Since these nutrient uptake models were shown to be significantly contributed by

the leaf stage of development, then these models were differentiated with respect to this

time scale in order to produce models for the inorganic nutrient uptake rates, Ji. This

resulted in models for Ji which were identical in form the the corresponding models for

ck_t,i except that each were multiplied by the parameter for the exponent of the leaf stage,

cl.i. Since Ji can be calculated as (cl,i _,i), then the experimental values for the nutrient

uptake rates could be determined fi'om the experimentally determined nutrient quantities.

The differences between these experimental nutrient uptake rates and the standard

convection rates determined as J_v,i = Q.C,o_,i were calculated and compared using a t-

test to a hypothesized value of zero. Statistically equal values for the critical and

calculated t-statistics indicated a convection limitation in the nutrient uptake. Another

possibility from this analysis is a result where Ji > J_ indicating a diffusion mechanism in

addition to the convective supply rate. This rate of diffusion becomes the rate limiting step

for the uptake of that particular nutrient. Alternatively, a result of Ji < J,_,_ provides

evidence that the rate limiting step in the nutrient uptake process is caused by the

saturation of the enzymatic sites on the root cell membranes.

In addition to the models for the overall nutrient quantities measure in the plants,

the rates of diffusion were modeled for K and Zn as linear functions of the individual

nutrient concentration in solution (X1). These nutrients were shown to be diffusion limited

by the t-test discussed earlier. The experimental diffusion rates were determined as the

differences between Ji and J_. Therefore, the diffusion of nutrients to the root surface is

in addition to the convective supply rate. By providing evidence that this linear model was

adequate in describing the diffusion rate without the requirement of additional terms, then

these models combined with the standard convection equation, Jo=_g= QuC__, could be

considered the final nutrient uptake models for K and Zn. The analysis of variance results

are provided in Tables E. 18 and E. 19, respectively.
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Table E. 18 Analysis of Variance Table for the Linear Model Describing the Diffusion Rate

of Potassium (Y) as a Function of the Concentration of Potassium in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 61 308018 a_ = 0.05

Model 2 108188 54094 15.971 > 3.316 yes

dO 1 50507 50507 14.912 > 4.171 yes

dl 1 57680 57680 17.030 > 4.171 yes

Resid 59 199830 3387

Error 30 91201 3040

LOT 29 108629 3746 1.106 < 1.847 no

Table E. 19 Analysis of Variance Table for the Linear Model Describing the Diffusion Rate

of Zinc (Y)

DOF Sum Sqs. Mean Sqs. Feale Ferit

Total 61 20.394 t_ = 0.05

Model 2 17.531 8.766 180.64 > 3.316 yes

dO 1 17.397 17.397 358.52 > 4.171 yes

dl 1 0.135 0.135 2.774 < 4.171 no

Resid 59 2.863 0.049

Error 30 1.049 0.035

LOT 29 1.814 0.063 1.289 < 1.847 no

In addition to the nutrients limited by the rate of diffusion, several nutrients were

shown to be limited by the enzymatic activity at the root surface. These included P, Mg,

Ca, Na, Mo, B, Mn, Fe, and Cu. These nutrients were shown to be biologically limited by

the t-test discussed earlier. The uptake rates for these nutrients were modeled using a

lineafized function of the Michaelis-Menten equation. This was achieved by taking the

inverse of each term. By providing evidence that this linear model was adequate in

describing the nutrient uptake rates without the requirement of additional terms, then these

models could be considered the final nutrient uptake models for the particular nutrients.

The analysis of variance results are provided in Tables E.20 and E.28, respectively.
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TableE.20Analysisof VarianceTablefor theModelof theInverseof theBiologicalRate
of PhosphorusUptake(Y) asaLinearFunctionof the Inverseof the Concentrationof

Phosphorusin Solution(X1)

DOF Sum Sqs. Mean Sqs. Feale Ferit

Total 34 0.788 _ = 0.05

Model 2 0.711 0.356 148.25 > 3.592 yes

e0 1 0.686 0.686 285.84 > 4.451 yes

el 1 0.026 0.026 10.661 > 4.451 yes

Resid 32 0.077 0.0024

Error 17 0.044 0.0026

LOT 15 0.032 0.0022 0.899 < 2.308 no

Table E.21 Analysis of Variance Table for the Model of the Inverse of the Biological Rate

of Magnesium Uptake (Y) as a Linear Function of the Inverse of the Concentration of

Magnesium in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fedt

Total 34 0.0452 tza,k = 0.05

Model 2 0.0417 0.0209 192.75 > 3.592 yes

e0 1 0.0411 0.0411 380.15 > 4.451 yes

el 1 0.00058 0.00058 5.352 > 4.451 yes

Resid 32 0.0035 0.00011

Error 17 0.0016 0.00010

LOT 15 0.0018 0.00012 1.127 < 2.308 no

Table E.22 Analysis of Variance Table for the Model of the Inverse of the Biological Rate

of Calcium Uptake (Y') as a Linear Function of the Inverse of the Concentration of

Calcium in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fealc Fcrit

Total 34 0.0045 _ = 0.05

Model 2 0.0041 0.0021 163.14 > 3.592 yes

e0 1 0.0040 0.0040 318.26 > 4.451 yes

el 1 0.00010 0.00010 8.024 > 4.451 yes

Resid 32 0.00040 1.3E-05

Error 17 0.00011 6.6E-06

LOT 15 0.00029 2E-05 1.544 < 2.308 no
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TableE.23Analysisof VarianceTablefor theModel of theInverseof theBiologicalRate
of SodiumUptake (Y) as a Linear Function of the Inverse of the Concentration of

Sodium in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcale Ferit Simaif?.

Total 34 0.481 _ = 0.05

Model 2 0.444 0.222 190.53 > 3.592 yes

e0 1 0.438 0.438 375.94 > 4.451 yes

el 1 0.0060 0.0060 5.116 > 4.451 yes

Resid 32 0.037 0.0012

Error 17 0.023 0.0013

LOT 15 0.015 0.00097 0.837 < 2.308 no

Table E.24 Analysis of Variance Table for the Model of the Inverse of the Biological Rate

of Molybdemtm Uptake (Y) as a Linear Function of the Inverse of the Concentration of

Molybdenum in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 34 101254 _ = 0.05

Model 2 55309 27655 19.261 > 3.592 yes

e0 1 55279 55279 38.502 > 4.451 yes

el 1 30.171 30.171 0.021 < 4.451 no

Resid 32 45944 1436

Error 17 19791 1164

LOT 15 26154 1744 1.214 < 2.308 no

Table E.25 Analysis of Variance Table for the Model of the Inverse of the Biological Rate

of Boron Uptake (Y) as a Linear Function of the Inverse of the Concentration of

Boron in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fealc Fcrit

Total 34 5585 _ = 0.05

Model 2 5233 2617 238.26 > 3.592 yes

e0 1 5217 5217 475.04 > 4.451 yes

el 1 16.215 16.215 1.477 < 4.451 no

Resid 32 351.42 10.982

Error 17 141.67 8.334

LOT 15 209.75 13.983 1.273 < 2.308 no
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TableE.26Analysisof VarianceTablefor theModelof theInverseof theBiologicalRate
of ManganeseUptake (Y) as a Linear Function of the Inverse of the Concentration of

Manganese in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fealc Ferit

Total 34 304.38 _ = 0.05

Model 2 267.67 133.83 116.65 > 3.592 yes

e0 1 267.59 267.59 233.23 > 4.451 yes

el 1 0.072 0.072 0.063 < 4.451 no

Resid 32 36.715 1.147

Error 17 20.562 1.210

LOT 15 16.153 1.077 0.939 < 2.308 no

Table E.27 Analysis of Variance Table for the Model of the Inverse of the Biological Rate

of Iron Uptake (Y) as a Linear Function of the Inverse of the Concentration of

Iron in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Ferit Signif?

Total 34 27.946 _ = 0.05

Model 2 26.284 13.142 253.09 > 3.592 yes

e0 1 25.895 25.895 498.69 > 4.451 yes

el 1 0.389 0.389 7.494 > 4.451 yes

Resid 32 1.662 0.052

Error 17 0.777 0.046

LOT 15 0.885 0.059 1.136 < 2.308 no

Table E.28 Analysis of Variance Table for the Model of the Inverse of the Biological Rate

of Copper Uptake (Y) as a Linear Function of the Inverse of the Concentration of

Copper in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fealc Fcrit

Total 34 17727 _ = 0.05

Model 2 16666 8333 251.16 > 3.592 yes

e0 1 16497 16497 497.23 > 4.451 yes

el 1 168.91 168.91 5.091 > 4.451 yes

Resid 32 1062 33.177

Error 17 340.65 20.038

LOT 15 721.03 48.068 1.449 < 2.308 no
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In additionto modelingthebiologicaluptake according to the lineafized Michaelis-

Menten equation, the back diffusion of these nutrients due to the build up at the root

surface was modeled as well. This accumulation of the nutrients was due to the restriction

in the uptake caused by the saturation of the active sites. Using the same procedure as the

diffusion limited nutrients, the elassieal diffusion equation was re-formulated into a linear

regression equation and the parameters estimated using the method of least squares. The

significance of these parameters were then determined using an analysis of variance as

shown in Tables E.29 to E.37 below for P, Mg, Ca, Na, Mo, B, Mn, Fe, and Cu,

respectively.

Table E.29 Analysis of Variance Table for the Model Describing the Diffusion Rate of

Phosphorus (Y) as a Linear Function of the Concentration of Phosphorus in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fealc Ferit

Total 34 10110 _ = 0.05

Model 2 9916 4958 816.45 > 3.592 yes

dO 1 8777 8777 1445 > 4.451 yes

dl 1 1139 1139 187.52 > 4.451 yes

Resid 32 194.33 6.073

Error 17 97.931 5.761

LOT 15 96.396 6.426 1.058 < 2.308 no

Table E.30 Analysis of Variance Table for the Model Describing the Diffusion Rate of

Magneskan (Y) as a Linear Function of the Concentration of Magnesium in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Ferit

Total 34 84449 _ = 0.05

Model 2 81262 40631 408.09 > 3.592 yes

dO 1 68543 68543 688.43 > 4.451 yes

dl 1 12720 12720 127.75 > 4.451 yes

Resid 32 3186 99.564

Error 17 901.09 53.005

LOT 15 2285 152.33 1.530 < 2.308 no
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TableE.31 Analysis of Variance Table for the Model Describing the Diffusion Rate of

Calcium (Y) as a Linear Function of the Concentration of Calcium in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Ferit

Total 34 244742 _ = 0.05

Model 2 175672 87836 40.694 > 3.592 yes

dO 1 133135 133135 61.681 > 4.451 yes

dl 1 42538 42538 19.708 > 4.451 yes

Resid 32 69070 2158

Error 17 13452 791.27

LOT 15 55618 3708 1.718 < 2.308 no

Table E.32 Analysis of Variance Table for the Model Describing the Di_sion Rate of

Sodium (Y) as a Linear Function of the Concentration of Sodium in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Ferit

Total 34 329.61 a_k = 0.05

Model 2 99.027 49.513 6.871 > 3.592 yes

dO 1 1.783 1.783 0.247 < 4.451 no

dl 1 97.243 97.243 13.495 > 4.451 yes

Resid 32 230.58 7.206

Error 17 111.95 6.586

LOT 15 118.63 7.909 1.098 < 2.308 no

Table E.33 Analysis of Varianee Table for the Model Describing the Diffusion Rate of

Molybdenum (Y) as a Linear Function of the Concentration of Molybdenum

in Solution (X1)

DOF Sum Sqs. Mean Sqs. Feale Ferit

Total 34 0.016 _ = 0.05

Model 2 0.0093 0.0046 21.822 > 3.592 yes

dO 1 0.0093 0.0093 43.640 > 4.451 yes

dl 1 7.1E-07 7.1E-07 0.0033 < 4.451 no

Resid 32 0.0068 0.00021

Error 17 0.0017 0.00010

LOT 15 0.0051 0.00034 1.585 < 2.308 no
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Table E.34 Analysis of Variance Table for the Model Describing the Diffusion Rate of

Boron (Y) as a Linear Function of the Concentration of Boron in Solution (X1)

DOF Sum Sqs_ Mean Sqs. Fcalc Fcrit

Total 34 10.015 _ = 0.05

Model 2 9.992 4.996 6670 > 3.592 yes

dO 1 9.148 9.148 12215 > 4.451 yes

dl 1 0.843 0.843 1126 > 4.451 yes
Resid 32 0.024 0.00075

Error 17 0.0090 0.00053

LOT 15 0.015 0.001 1.334 < 2.308 no

Table E.35 Analysis of Variance Table for the Model Describing the Diffusion Rate of

Manganese (Y) as a Linear Function of the Concentration of Manganese in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 34 0.960 _ = 0.05

Model 2 0.368 0.184 9.938 > 3.592 yes

dO 1 0.0033 0.0033 0.178 < 4.451 no

dl 1 0.365 0.365 19.699 > 4.451 yes

Resid 32 0.592 0.019

Error 17 0.349 0.021

LOT 15 0.244 0.016 0.878 < 2.308 no

Table E.36 Analysis of Variance Table for the Model Describing the Diffusion Rate of

Iron (Y) as a Linear Function of the Concentration of Iron in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 34 282.45 ot_ = 0.05

Model 2 279.28 139.64 1411 > 3.592 yes

dO 1 239.55 239.55 2421 > 4.451 yes

dl 1 39.735 39.735 401.61 > 4.451 yes

Resid 32 3.166 0.099

Error 17 1.306 0.077

LOT 15 1.860 0.124 1.253 < 2.308 no
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Table E.37 Analysis of Variance Table for the Model Describing the IMffasion Rate of

Copper (Y) as a Linear Function of the Concentration of Copper in Solution (X1)

DOF Sum Sqs. Mean Sqs. Fcalc Fcrit

Total 34 0.379 _ = 0.05

Model 2 0.373 0.186 912.55 > 3.592 yes

dO 1 0.369 0.369 1805 > 4.451 yes

dl 1 0.0040 0.0040 19.602 > 4.451 yes

Resid 32 0.0065 0.0002

Error 17 0.0014 8.4E-05

LOT 15 0.0051 0.00034 1.667 < 2.308 no
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