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ABSTRACT

JOHNSON, ROBERT WARD. A Simulaticn Model for Studying Effects .of
Peollution and Freshwater Inflow on Secondary frodﬁctivity in an
Ecosyétem. |

Operations researcﬁ metﬁodology is uéed to develop é‘maihéméticdl
model of the Galvestoﬁ Bay, Texas, ecosystem, Secondary productifity,'
measured by harvestable species (suchlas fish, crabé, and shriﬁ@), is
evéluated in terms df man-related and controllable féctofs, such as
quantity and quality 6f iﬁlet freshlwatef and pollutants. The simula—
tion typé model uses information frbm an‘existiﬁg phyéicallpaéameters ,
ﬁodel as well'aé pertinent biological measurements. .

.dne of the purposes of the model ié to.prbvide‘predigtiée infﬂrma—
A tioﬁ of value to those responsible‘for estuarine manageméntf Résuité'
are of majprlbeﬁéfit i# pollution-contrdl and fisherie5<mﬁnagement in
, estuarine‘systems, Parfiéulafly those which have migrating sﬁecieé,
which include fiéh‘(ﬁenhaden, trout, bass, crosker for examéle); shrimp,
and crabs. Another objective of the study is teo identify:thbse biologi;
cal,ichémical,'and'physicﬁl p&rametefs that should Bé ﬁeasufed in order |
to dgvglop models for siﬁilar,eCOSYStems. |

The Galveston Bay, Texas, is a highly productiVe tempe#ate—Zoﬁe
. ecosystem tﬁat hes ﬁeen subjected to man-related'st}esses. 'Thé;é gfe
‘extensive hiéétfical biclogical data aﬁd &naines available aé-weli as -
chemical and physical parameters models Sflthe‘écoéystem; This'infz‘

'depth information is highly desirable for.the'modeling of gﬁ ecosystem.

;
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INTRODUCTION

" Estuarine systems, due to their uniqge locations at the interféce
‘of rivers and seas, are uﬁder heavy usér'and'developmént-presgures;'
_These highly competltlve forces 1nclude economlc, polltlcal, 5001al
‘and recreational potentials -and place hlgh prlorlty on certaln estuarlne'
characterlstlcs that are important for man-related uses for comercial ’

(man&fécturing and shipping), resideﬁtial; and recreatiohal4purposes,

‘as well as bioiogical productivity. Concurrent inédmpatible uses in
close prdximity‘lead to "pollution" é&ndiﬁions;‘£hat is,. a user benefit
sufferingldué to another activity,

| ‘Gehérally, the céncept of ﬁollution involves a ﬁan—relatgd_activity
‘ that‘dﬁsturbs the:“naturdl".system;.qr more specifically, the disgharge
of nutrignté'or_othef énergy {heated water) and/ﬂr‘téxic matefials.
Otﬁer.forms of poliution (or something that pertufbétes thg s&stem)
-invol&e flﬁw cﬁa:actérisfics of the system, conseﬁuently affecting fhe
environmental conditions. such as température and salinity. These.may

ﬁe due to dredging‘in thé estuafy,’or upstfeamlriver flow éhanges such
55 damming‘and impoundnments. These factors saffect the estuarine system,
‘whefher or not coﬁbined with nﬁtrieht or toxic diséharges (Gunter 195b
1961; Guater, Christmas and Kellibrew 196h Copeland 1966 Cooper 1970;
Copeland and Bechtel 1971}

] Each of the users Whlch may potentially benefit from the character-

istics of an estuarlne system should have an input and consequently’

‘somé‘priority to obtain estuarine benefits. In any event, use of



estuarine systems is the resuli of manégemenf, whether.fongal or
informal. As competive uses groﬁ iﬁ wili be;ﬁégésséry to apply a

.hore formalized‘management'system which réQuires énalyses:that<will‘w
‘prov1de 1nformatlon §0 the best dec151ons maﬁ bé made.- This general
approach is within the scope of the systems analy51s (Van Dyne 1969,
.Dale 1870, E{'P. Odum l9Tl;_Patten‘l9Tl), and requlreS-thatfquantlta;
‘tive information be avail%ble oh which to base the analysis and:subs;—.
‘:quent 1nputs to. management who make the dec151ons.r |

One of the areas currently notable for the 1ack of quantltatlve

.

information to use as ;nputs to the decision-making process is associ-
ated with the biologicﬁl comp%;x of an eétuary.énd theﬂresulfant
. changes:in the sysfem Bs various éxogenous.éhanges are madé, whéthef
natural or men~caused. | |

Notable and significant gréuhdﬁork, some theorefiéél,_spmé:para-
;metric, has been initiated by Patteﬁ (1959), H. T. Odum (1967) and
" Paulik (1971). Computeriied models heve been developed for certain '
specifié casesg‘such @s‘fhe salmon industry, by Paulik (1967).

| On an ecosystem conceptual basis, Watt {1966, 1968), Van ﬁyne

{1969), Koval (1‘971) and Patten (1971) have developed fleld insect,
and aquatlc ecosystem models to demonstraxe systems analysis as an
appllcable quentitative teol. Williams {1971}, in his computer simu-
' iaﬁion of Lindermanfs (19k2) data from Cedar Bog Lake, indicates the
lack of data avﬁildble for current modeling prOcedures. .

One of the areas probahly receiv1ng oo llttle attentlon in past

modellng effcrts have been the necessary steps of followlng through on.



_ the modeling process by maklng predictions (using'an initial model);
gatherlng current data, comparlng the predlcted to cbserved data,
maklng any Nnecessary medel corrections, then repeatlng the process until
sultable‘agreement is obtained (Watt 1968). Since a systém reaction to
enogeneus cnenges-should be the samé, historical or nev data may be used
_in the above medeliné processes.
| -Fisheries studles in estuarine systems heve concentrated on: lj.u<
migration (Gunter 1950; Copeland 1965; Copéland and Fruh 1970), 2) feeding
and food availability (Darnell 1958 1959 1961 Heald 1971 W E.
Odum 1971), and 3) pollution effects on respiration and growth (Wohiscnlag
1972). Results of these studies prov1de qualltatlve and short term |
eause‘and effect analyses w1th1n an estuary. In addltlon the concept
- of di#ersity index (Copeland and.Fruh 1970, Copeland and Bechtel‘l9Tl),
and its'relation to pollution have aided in the quantitative assessmentk
of pollution on the biological communities.'. | |
| Internatienal and oﬁen sea’fisheries'studies haveibeen concerned

with growth and population dynnmics of the‘ftsh ef eomﬁerciel interest.
Pertinent infermation on growth characteristics ere'deve;oped'by_tbn
Bertalanffy (1938), Parker .and Lerkin (1959), Iviev -(1966), Ursin (1967),
and Nickolski (1969).‘ Most -of these concepts are based on theoreticeln
as well as sampling and commencial catch stndies, end conseguently
have‘broad epplicetion.

Environmental‘stresses.are commonplace in natnral eystems-end are
':a‘large factor inAdeternining communities and pqpnletidns (Slebedkin

1960, 1962, 1967; Margalef 1963, 1968; Odum, Copeland, and McMahon 1969).



Estuarine systems, perticularly those in-the‘temperaterregions, have
seasonal stfess patterns thaf deminate the ratural biologicaiecommuni~'
ties through control of these_env?ronmental stress féctors. Tﬁe
seasorial peak of energy flow down the rivers in the spring 1eads te
the well-known migrations of commerclally 1mportant flSh, shrlmp, and
crabs to the estuaries where not only is there hountlous food but
essentielly predator-free nursery areas. Rapld growths occur, folloWed
by outward mlgratlons due to organlsm ph&szologlcel preference and env1-ﬂ
ronmental changes of temperature and sellnlty (Copeland 1965 Copeland
and Truitt 1966).
| In recent years, as-industfisl and_population growfhs have increased

along rivers end estuarine areas, a newzset-of stfesses have been levied
 on the biological populations. An.in—depth study of the effects of
£hermal; nutrieﬁt,land toxic efflﬁents-wss,feported by Brett (1957) on
the rivers of British Columbia. 'The bssic'appfoeeh was o evaluste_the
effluents as causes of stress (with stress being defined a3 a state
under which chances for survivel are reduced) tsklng 1nt0 account, the
: entlre 1life span of the organlsm as well as short-term effects. Cronin
and Flemer (1967) alsoc eveluated the effects ef pollutlon on energy
'transfer in coastal environments and include chemical growth inhibitors
as & 31gn1f1cant factor.

Toxic pollution causes stress condltions that are 1ndlscr1m1nste
<in'cheracter; i.e.,‘affects-esch member of the group (as oppOSed to

" discriminate stress which affects individuals single, but not the group



as a whole, like predatipn? individual_tarasitism, trapping, ete.) and

may be lethal, limiting, inhibiting, or loading (Brett 1957). These
tﬁrse latter stress conditidns‘and theit.effects on growth,_survival,

metabolism, and population dynamies have also beén‘investigatéd.ty

Steed end Copeiaﬁd (1967), Wohlsshlag and Cemeron (1967), Mount .(1968),
_ ﬁohlsshlag,‘Cameron and Cesh {1968), Copslaﬁd and Wohlschlag (1971},
'Kioth and:Wohlschlag (1972), and Wohlschlag (lQTE}l There are man&

' factors essociated with sublethai’stress conditions thst are still not
clearly understood but it is ev1dent that the decreased metabolism
due to toxic and temperature effects (Warren and Davis 1966; Copeland
and Wohlschleg 1971; Wohlschlag 1972) leads to decreased grqwth rates

"and subsequent effects on the abiiit& of species‘to scmpete‘and survite.

It is the purpose of this effort to develop -3 blologlcally sound
computerized 51mulatlon model of the blologlcal energy flow through an
estuarine system, speciflcally the Galveston Bay, Texas. Fish, shrimp,
and other organlsm growth characterlstlcs will be based on’ loglstlc

growth patterns 23 recommended by von Bertalanffy (1938), Ursin (1967),
and Patten (1971), with limiting conditions 1mpqsed by fooi supply, 

migrations, and stresses (toxic or environméntai): Exogeﬁsus inputs

. w111 1nc1ude natural variations such es seasonal 1mm1grat10n and

emlgration,lsalinity, snd'food supply patterns. In additlon man—

controllsble (through management)_faétdrs relstsd o river-frsshwatéf 7

floﬁ‘ﬁanipgl&tion’andipollution effluent wiil be cﬁhsiserés. System‘ ’

outputs will be biomass levels for the érganisﬁs'(fish,'shrimp, etc. )



in‘the bay and emigrastion, which will be taken as & measure of the
productivity of the bay. | |

Validation of the model will be‘apéfoacheﬂ by 1) comparing organism
food consumption to that availabie in tﬁe estuary‘and 2) comparing pre-
dicted results from the model fo resﬁlts obtained from analogous 'fi-e;Ld
studies. 1In the latfer cage‘the model is used to investigaté the effects
‘on fisheries préductivity due to éhanges of pollution and/or further
decreaée.in freshwater {e.g., due to ﬁamming of fhe Trinity River).

A further objective of ﬁhis model and anglysis effort will be to
identify areas of future research and/or data needed for effective and

efficient pollution control and management of estuarine syétems.



THE GALVESTON. BAY

Physical, Chemical, and Biological Characteristics

Physical, chemicai, and biological charscteristics of the Galveston
ﬁay,'Texas, estuary havé.been studied by Cooper (1970), Coﬁeland and
Fruh (1970), end Armstrong and Hinson (1973). Mejor effects in the
-system are due to changes in freshwater Inflow and pollutioh inéﬁts.
These affect the primary characteristics oflsalinity and totel ﬁitro—
gén (whigh.is used as a measure of pollution load in this study)."Aver-.
age annual salinity and total nifrogen.distfibutionsKfor 1969‘(Copelaqd
and Fruh, 1970) are shown in figures 1 and 2, respectively.

‘ Copeland and Fruh (1970) reporﬁed‘percént sources of waféf at each' 
of their 3ampling stations in Galvéston Bay,"obtgined from_éAlcﬁ;flow
cohservative model. Sburce water fractions énd yeérly-avéraée salinity
And total nitrogen vaiues are listed in.téble 1. Salinity and tQtal'f
‘nitrogen values for subéequent years were de;ermined froﬁ source water -
changes on e station by station basisf Estuary levels were determinéd '
by:afithmﬂtically averéging the station values. |

Amstrong and Hinson (1973j‘investigated freshwater iﬂflow qgah—
tities andlwaste dischargés from the major tributaries of the Gﬁlveéton
Béy;-‘These,values_were grouped into the same sources as u;éd by'Cope-
land and Fruh (1970) for each of the stations fér subséqhent analysis éf
4chanées. Ten year water and three yea;_(;QGQ-Tl) weste aferage discharge

rates were
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Tabte I: Galveston Bay

station water sources and yearly average salinity (ppt)
and total nitrogen (mg/£) from Copetand and Fruh, 1970. :

Source Water
Station Bol. Roads | T. River HSC Other Sal, ppt | T NIT, mg/1
1.00 o T4 A TS T O <05 27.00 1 _ 0.00
2.00 |~ .50 "T70v00 ] .10 ] .40 25,25 1 .15
3.00 »50 0,00 | .50 1 o0.00 . 22.80 s 60
. %.00 _=%9 | .10 +20, 0.00 17.00 § ~1.00
5.00 | .25 ] .10 65 0.00 15.50 - 1.20
1z T C.To T0.30 [ 0.00 .30 22.50 . 80
13.00 +80 _.0.00 0.00 «20 29.00 .40
14,00 | .75 Q.00 0.00 .25 24,00 : .60
15.00 47 .16 .33 .04 19.00 - 92
16400 .49 09 +18 24 21.30 | -B2
17.00 .50 .09 .ie .23 19.50 1:05
18.00 :a .16 .37 .04 | 1350 .89
19.00 29 Wle .55 .01 11.50 -} 1.15%
20.00 25 .l .61 .05 11.50 1.70
21.00 «13 .09 .78 -0.00 14.00 3.00
22,00 26 .15 .58 .01 14,80 [ . t.81
23,00 .24 42 [T 36 0.00 | 12,80 1 1.90
24,00 WZO « 54 .28 0.007 1~ 4,50 . l.00
Z5.00 18 .53 .22 0.00 T2.50 1.00
26,00 12T - S 1 0.00 TR0 LTy
21,0077 T2 s .31 0.00 | " 7.00 | .90
28,00 Vs T 3% 3T T 0.00 79,00 .95
29.00 .37 W27 .37 0.00 11.00 .90
q0.00 W35 2T T .38 0.00 | 11J00 )
31.00 w51 « 09 - 17 ] <23 | 22.50 .70
32,00 49 =09 .17 «25 21.00 ___ 10
36,00_ 1%  } 0.00 . + 86 0.00 | 13.00 _5.00

0T
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Source
.Trinify . | Houéﬁon
River: Ship Channel  Other Total
Water Discharge, 1000 CFS 5.58  10.5h o 2.79 1B.90
Waste Discharge, million 9.0 1532 52,20 235.3

pounds of BOD/yr.

Analysis of rainfall data (U.S. Weather Buresn) indicstes that 1969
aﬁd the preceding two years were "average'.

| From these water and waste discharge informaticn and thé seasonal
detritus curves of Heald (1971) for a South Fiorida Bay a detritus input
curve was determined for the Galvéston Bay. Significant conside;gtions
wefe ﬁhat‘l) ﬁiological oxygen demand (BOD)-repofted by Armstrong and
Hinson (1973) iﬁherently included waste ﬁfoduéts as well as'detritus‘
(organic particulates); 2) due to similar ecosystems (having many of
the same speciéé) marsh and submerged g¥assés would teﬁd to have similar
seasonal cycles, éfeﬁ if displaced by several months; and 3)‘maiimum
and miﬁimum.value ratios of detritus densities would be approximateiy
the samekfor the‘fwo_ecosysfems. The.resultant detritus (crganic pﬁr-
~ticulates) input curve to the Galveston Bay for the calendar year i969
is‘shown in‘fiéurg 3. Detritus loads for subsequeﬁt‘ye&rs are discussed

-in Appendix A.
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Figﬁre 3.~ Detritus input to Galveston Bay,.1969.
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Results of biologicél'sampliﬁg in the Galveston_Bay in 1969 (Copeland
and Fruh 1970) gre summarized in_figure y, Paired curvgslare shown for thé
zooplankton counts and other consuﬁerlgrouﬁé biomés% (con#umer groups will
be defined in the following secﬁion). Biéﬁass valué;'aré the sums from

the individual stations, and will be reference levels in this study, -

rather than estimating total ecosystem biomass values.

The Galveston Bay Ecosystem

Temperate zone ecosystem characteristics are dominated by an annual
: S

¢

seasonal cycle that is, in general; controlled by weaﬁher (Chin, 1961).
| Procésses inxthe ecosysten are related to energy éources (food) and
. migrating consumers with physiological adap£ations that allow them tb
effectively cémpete for the évailable foods.

+ In the Galvestoﬁ Bay‘ECOSystém freshwater flow from the feeding rivers
brings in large,quantities of organic particulétes (detritus) and -dis-’
solved nutfients which serve as energy sources for the base of the feed-

ing chain. Dissolved nutrients are necessary for growth of marsh grasses

-(spartiﬁa SER)» fixed bﬁttom plants (turtle grass, Thalassia testudinum,
- for example) and small fléating plants (phytoplankton). These matefials
are grazed or filtered from the water by small animals such aé zooplénk-
tgn, herbivores tshad, Dorosoma cepedianum and meﬁhaden? Brevooftia par=

tronus) and omnivores (shrimp, Penaeus spp and crabs, Callinectes-sapidus).

These small animals sre in turn consumed by larger carnivore species

~ {Atlantic croaker, Micropogon undulatus, Anchovy, Anchoa mitchilli and

Trout, Cynoscion arenarius). A generalized energy flow diagram for the

Galveston Bay is shown in figure 5.



=~ Consunier Group 1
Consumer Group-2
Consumer Group 3
Consumer Group 4
Consumer Group 5

—\~ Consumer Group 6

6.0

Log biomass, grams (log count for Consunier Group 1)

2.0 L | i 1 L

Period, baseline year

Figure 4.- Consumer group's bicmass - Galveston Bay, 1969 (from Copeland and Fruh, 1970).
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One ecosystem characteristic is. that certain functions are perfofmed
by one or more.species, either simultaﬁeously or over a pe;iod of time.
Fér this reason, the biological species in the Galveston Bay may be
grouped based on'éimilarity 6f’function and feeding qharacteristiCSu‘“In
 this étﬁdy cdﬁsume: groups have been oréanized based on conéuming habits

and food preferences.. Consumer groups and typical species in them are!

Conzumer . ‘
Group | : o ,
No. Consumer Group Typical Members
1 | | ~ Zooplankton '
2 ‘ : Herbivores.l | _ Menhéden
3 | - Omnivares Shrimp
‘h ‘ . Primary Carnivores Atlantie Crosker
.5 ) o Middle Carnivores : Anchovy
6 . . | Tob Carnivores | ' ‘_ﬁTouf

| The abové groupings are_base@ oﬁ dominant characteristicé‘in the
first year or period of maximum rate of groyth in the ecgsfstém. Adul%é
.,'may not consumé the éaﬁe foods as the young of the same species; howevér;
this is not a limitation since c;nsumer gfouPS'and shifting bf cbnsuming
habits are included in the model. |
: " Feeding habité‘éf estuarine.species have 5éen studied extensi#ely by
‘Darnell (1958, 1961) and W. E,'bdum (1971). ‘Based on their results foods
cufves'have ﬁeen developed for the six consumer groups, Tigures 6—i1.
Productivity (i.e., grdwth of biomaés in the estusry followed by
- harvesting or catches) eitper in the.estﬁarg or after it has left the

-estuary, is one of the uses of an'estuarine system. It provides fobd}
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' eﬁplbyment and other econémic benefits aﬁd ié one measure of the value
of an éstuary, |

Productivity in the estuarine system as indicated previously is
determined by immigration, growth, and emigrati§h. Thus, the estuary
meets a specific need for-the speéies of interest during some period of
theirrlifetime. .Immigration and eﬁigration ére largely natural phenom-
ena that repreéeﬁt an‘aaaﬁtation'of.parﬁicular species tb'theifotal en-
vironment in whlch they live and are not directly controllable or manag-
able by man. (Perhaps thls is also due to the fact that the total system,
which i@clﬁdes,the oceans, is too big!) On the bther hand, the growth‘
phaée of'eétﬁarine orgaﬁisms is highly affected by man's activities,
‘particularly pﬁllutioh_due to_waéte diScﬁargeéland ménipulatioﬁ'of water
flo%é‘intolor within'the estuarine.system.(Odum, Cépeldnd, and MCMahon
1969).

Eaciprs identified as'primary in the growth of estuarine species

©are:

i) Food and consumer densities;
2) Eﬁvifonmental effects,Ainéluding'polluﬁion; and
3) ﬁiétribﬁtidn effééts, which are related to geoloéical parameters.
' Other'parameters, such as femperatpré are obv1ously important, (e g_,
Gunter, 1957).buﬁ.do ﬁot appear £§ be controlling factors in chaqges in
fhe;Galvestén Bay.at.this.time; In ghy e?ent,.it appears thaf their
'rélation fo grOWth ng_gg;are secondéry‘compéred to the three factors
llsted above. - | | |

- Food and consumer densities and thelr effect onlconsumer grow£h

rates have been studied by Brocksen, Davis and Warren (1970). 1In the
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- relatively confined basins and lakes in which their studies were con=-

' ducted on sockeye salmon (Oncorhynchus nerka) there was a linear rela-

nion between consumer bicmass and growth rane, figure 12. Extropolation
to a zero growth rate at some consumer density is quesﬁionabie, and, ao‘.
they pointed out, even in the 10wes£ food producing areas, tney did not
meaéure'a zero growth rate. Consumer growth rate as & fnnction of food
density was also s part of the above study. In this case food‘préference '
of the salmon was very SPecific to zooplankton and oalmon growth fatesi
hed & direct correlation to zooplankton denSities‘over g wide range,
figure 13. |

Effects df nollution; whother nutrients on toxic mnterials, has'been.f
;wéil esfablishéd and‘has significant‘effecté not-only on specific.sbecies
but on communltles as well (Copeland, 1966 Steed and Copeland 1967, and
- Wohlsohlag and Qamoron, 1972). However, quantltatlve relatlonshlps over
"tné period of an organismn or species life cycle has not been establlshed.
Alderdlce and Brett (1957) and Brett (1957) investigated the effects of
‘ kraft paper-mlll wastes and hydroelectr1c power plants on the growth and ‘
survival potential for salmon during ;heir migrations, One of thelr sig~
nificant concepts was that relatively small increases in stress-(due to
pollution or env1ronmental factors) could lead to 31gn1f1cant loss of

'competltiveness and pOSSlble ellmlnat;on. Steed and Copeland (1967)

reachéd similar conclusions from studies,on plnflsh-(LQgpdon rhomboldes)
using petroleum waste effluents. Wohlschlag (1972) studied the effects
on_mefabolism of the'relatively polluted Galveston Bayfwatgrs compared

A to those in Aransas Bay (collected on incoming tide thus essentially
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pollution free) using striped mullet (Mugil cephalus). His results

“indicated about a 10% reduction in metabolism and probably at least
that‘muéh reduction in gr6Wth.

Freshwater inflow into Texas Coastal Bays is a significant factor
in their pfoductivity. In addition, as observed by Hildebrand and
Gunter (1953}, Copeland (1966), and Armstrong and Hinson (1973), the
effeéts are speciés specific and, on commercial catches (such as shrimp),
may have a one tﬁ two yeer lag. Copeland (1966) studied fhe effects of
freshwater inflow as a function of bdy or estuarine éize and location;
Arﬁstrong and Hinson (1973) subseguently refered to this as displacement
rate. In general iﬁ_a specific'estuary, such as the Galveston Bay;
total commerdia; catech increased with decreased freshwgter input (at
least_torthe point of a significant ecosystem shift); however, thé
‘decreased freshwatér fldw led tb_higher produétion qf finfigh species
such as_the,Atlantic Croaker at tﬁe expense of the more economically
désirable shrimp and crabs. Armstfong indicated this may be due to
decreased spawning and feeding areas as a result of higher salinities
in the bordering mersh areas. Data from the above studies are discussed
in section III on model calibration.

It is interesting that, largely due to the magnitude of the prob-
iem, it has been only recently that studies of multiple effects and
theif_inﬁer&ctions have been initiated and.&nalyied (e.g., Alderdice
1963, 1972). However, we would intuifively recognize that ah environ-

mental effect is not constant but varies as a result of other parameters.
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This condition has been well established for salinity-pollution (Cdpe-
land and Fruh, 1970) and for temperatufe-grow@h (Kinne 1965, 1967);
however the effect has not been guantitatively established in a naturai
 gro§th situatioﬁ, aé is being evaluatediin this'study.. Idenﬁified
growth effects used in thié study have been reported from prigr studi?é
of them as independent factors. Interactiéns may be inciﬁded in soﬁe
‘. of tﬁe effects reported; however, they ﬁre probably.of‘secondafy

importance, as for temperature,
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SIMULATION MODEL OF THE GALVESTON BAY

A continuous simulation model format (Forrester 1961) is used for
the Galveston Bay ecosystem. Independent variables afe_exogenous éhangeé
in freéhwqtérland waste discharge to the'ecosysﬁem. Dependent variables,
or outputs, are biomasé levels of six identifled consumer groups. lﬁnélyQ
tiéal andlempiriqai relﬁtions.are used to define and relate physical;.
'éhemiéal, and biologiéai characteristics &f the ecosystem.

_This éecfion pro%ides g functicnal desc;iption of the model. AII
detailed‘descfiptién,;iﬁéluding equations; is in'Appendix A and &

' program print-out in Appendix R. For clarificafion, if.may be useful.<

to review the previcus section describing the ecosystem.

The model

"in an éstuqrine ecosystem, as.di§Cussed pfeviously, the‘ﬁominantl
'cycle is the seasonal calender yegr; In the mddél, thelcalendﬁr year
'is‘divided into 26 two week.periads (deéignated'as_1_= 1,,..,26). -Thesel' B
‘periods were short enough thaﬁ rate changes within tﬁé periéd afé o
inéignificaﬁt.

Each of the six consumer groups.(désignﬁted as 'L = l,;..,6) is

phased into the yearly-cycle, but their own cycle is different froﬁ
the others, as shown in consumer biom&ss éurveé devéioped.frﬁm sampled_and
historical data for the initial model (baselinej year, figure L. Eaéh con;

. sumer group's seasonal cycle (periods designated by M) starts with.M = 1

defined as the péripd'whén a consumer group's biomass is -at a minimum -
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in the ecos&stem (e.g., M =1 in period T = 21 fof consumer group ﬁ).
'A Thé biomass in‘the estuary at M = 1 is assumed td be residual, end is
tﬁerefore designated as."éﬁult" (as contrasted to this year's young or
the‘immigration-in£§ the ecosystem). Thé seasona}_cyéie and its rela-
‘tiénship'tolthe éalendarlyear is shown schematically in curve "e" of
figure 1k..

Immigrétibn starts in pericd M = 1 andlcontipues‘ovér 3-4 model
Jpgribds,(6-8 weeké). -Functionally, %t is taken to be a siﬁusoidal
shaped curve (positive 180°) and is shown schematicaily as curve gt
of figure 14, Immigration is a constant from year to year, independent_'
of ecosystem variations (Caillouet and Baxter 1973, Copeland 1973).

Immlgrated (larvel and post- larval) organisms have very high growth
rates deéreasing with increesing orgenism sizg (Paloheimﬂ‘anﬁ Dickie
1965§ Patten 1971). A decréésing value_exponentiél functién is used__f
‘for the base-line year to desc;ibé the gro#th rate over a consumer
group's year, depreasihg to a vélﬁe of Olfﬁf adults. (e.g., beginning
of the next yvear). Base-line year growth‘rgtes are shownféchegatically

as curves "b" and "c"

for immigrated end edult organisms, respeétivéiy.
- Noﬁe thatuin the base-=1line year 'all growth ratE'effectsldue to éhangeg
_ih exogénous veriables have, by definition, vélues of O (bf é multif
' plief of 1.0). Im subsequeﬁt years, year to yeér chaﬁges in'ﬁhe;exoge-
nous variables are defined in terms of growth rate change_ratids,.ﬁﬁi¢h
sre used to determine new values for net growth rates..
After high growfh‘rates in the estuary, consuﬁer.organisms emigra?e

from the ecosysten ~ in this case, primarily to. the Gulf of Mexico.

Emigration is shown schematically as curve "d" in figure 1k,
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Consumer group h.bidmass for the base-line year is shown_scﬁema—.

| tically #s curﬁe "e" in figure 1L. Bicmass curves (counts for Zooplank—
ton)‘for.the othér fivé,consumer groups are indepen&ently déveloped_in
an anﬁlogous.@annef.-?Theée six cufves are correlated ﬁith the calendar
year periods (i),-ﬁhich are used for ﬁeriod.identification after the“
basé line year. | |

In the model, iterative calculatlons are made perlod by period. A~
. pericd calculatlon consists of 1) dqtermlnlng the net period growth f
.faté; which is the prqduct of the prior year net growth ratelgnd_cﬁrfent.
year change ratios due to consumer and food densities and e#ogendué
. variables (in the bgseline year the net growth rate is taken from the
exponential pgrfe);”E) to thé biomass at the‘beginning of the period
adding immigration_and,suﬁtracting emigratioﬁ;'and 3) the total is
multiplied by tﬁé net growth rate to obtain period 5iomass which is:
also the blomass at the beginning of the next period.

Model stablllty is aided by built-in safeguards which act as
negative feedback; flrst, if envirommental conditions’ remain the same,.
-biomass curves will repeat the previous year's values, except for time—

_ , . , :
iag effects; second, in the food and consumer density function the
growth rate ratioc is an inverse funcfion of consumer denéiﬁy compafed~
to the basellne year value (1n effect this: 1mplies an upper limit on
consumer blomass in the ecosystem) {equation 8, Appendlx A); and third,
model calibrations and examples are based on wideﬂrapges of freshwater

—and.poilution_inputs that occcurred over about a 20 year period (sections

II, 1,b and IV).



The Baseline Year

In l96§ 8 comﬁrehensive sampling program was accomplished as part
of ‘the Galveston Bay Progran (Copeland:and Frﬁh, lQTO).tJResﬁlts of
%his saméling proéfém hhve been used to deterﬁine numericdl parémetérs_
' for seasonal changes in consumer group biomass levels for thg Galveston
Bay pollution effects model (i.e., bidmaSS'éurves expressed in mo@el_
languagé). ‘?or thﬁs_base-line year, all growth change ratios ére éét
_equal to 1.0. This allovs thé development of growﬁh rates for the
conditions thaﬁ‘existed during the base-line year. |

As developed in the previous section, hiomaés'cufves for each of
tﬁé cohsumer groups inciudes immisration, growth in the ecosystem,
~ and emigration. Typical of lowerlfempefate region ecoéystgmé, year-
roﬁndipdpulations remain in the espuafy. In the model- the biomasé ink. _
~the ecos&stgm at the minimum biomass of a'coﬁsumer grdu§ is tékeh as’
"adult" or the yeﬁr—round pdﬁul&tion. As‘noted ﬁreviously in the“médél"‘
section, this.pefiod of minimum:giamass is the start 6f‘that'gqnsumer
group's seasonal year (M =1 for that consﬁmer group). Pertinent’
eventé in the development of the base-line year biémass"éﬁrve and numer;

jeal values for consumer group 4 are (see figure 1L):

Period

Event? | | I M
Start of Inmigration - 21 1
End of'Immigration . 25 -5
Start.of Emigration L- - 4 10
| End of Emigration S . 21 o 1 -

#Sece Appendix A for model detail.
#%M relates to baseline year only
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Numerical Values*

Constant of Immigration : 1600
Factor Qf Emigration | .20
Growth Rate Factor 1.20

*See Appendix A for model detail.

The mbdel biomass curve is shown in figure 15. Values'from the

sempling program {Copeland and Fruh 1970), are also shown.

Model Calibration

Model calibration, or development of numerical equations to dgscribe
changes in growth rateé és a result of changes'in food and consumer
denéities end exogenous variébles, is baseq 6ﬁ‘a number of independeﬁt
investiga£ions,'éach of limited sbope. fIn”thelmodel,.as in tﬁe‘studies,
factors other than those'being efalu&ted will be held constaﬁt:duriﬁg
that thase of modél-calibration.. Effects on cdnéumef group growth rﬁtes
will be evaluatéd in the follcwing oraer: |

1) Food and consumer densitieé;

2) Enfironmental éffects; and

3) Distribution effects.

Groﬁth rate effects due to consumer and food densities wérE~s£udied
b& Brocksen, ﬂarren and Davis (1970) aé discussed previously; figureé

12 and 13. Specific model eguations are déveloped in the Appendix,



60

50

40

3o

" 20

Consumer Group 4 biomass, grams* 1073

104

*  Model results
Sample data -

/'_Q ‘ Copgland and Fruh 1970

L | N . L 1

Figure 15.- Resulting year model biomass curve and sample data for consumer group L.

10 15 20 25 26
Calendar year periods (I) .

43



36

Envirommental effects on growth —.primarily due to polluticn
‘effects -~ have been investigated by Wohlschlag (1972) as discussed
previously. Growth effects are assumed to vary linearly with the pol—
iution parameter.

_ Diétributioﬁ effects in the Galvestoﬁ Bay asre duve primarily to
changes in freshwater inflow. Investigations by Copeland (1966) and
Armstrong and Hinson (1973) have evaluated shrimp and total biomass
productivity as influenced by freshwater inflow and/or Galveston Bay
water displacement rate, both of which are directly relstable to salinity
and pollution concentrations. Figure 16 shows & replotted data curve
from Copeland (1966) and shrimp productivity by the model for programmed
variations in freshwater discharge. There is a two yedr displacement
{lag) of shrimp productivity change to freshwater inﬁut as discussed
previously.

Total productivity in tﬁe Galveston Bay ecosystem is alsc a Tunc-
. tioh of fréshwaxer inflow. Figure 17 shows the replotted data of
Armstrong and Hinson {1973) compared to model results for a range of
freshwater inflows.

Galveston Bay ecosystem consumer group productivity ratios {of the
current year to the base-~line year) for increased freshwater inflow
conditions are shown on figure 18. Standing'crép biomsss levels for
the six consumer groups are. shown in figures 19 through 2k, ‘Table II
lists the physical and chemical pa&ameters and ecosystem produétivity

as measured by consumer emigrations.
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Figure 18.- Galveston Bay productivity ratios for consumer groups and
total biomass due to inereased freshwater inflow.
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Table II: Consumer group and total product1v1ty in Gaiveston Bay as a result of
increased fresh water inflow.
Freshwater]  waste | Total
Year Inflow BOD, Ib/yr Sahrélty, Nitrogen,
cfs* 1070 | #1076 PP ~mg/1
(1969) 4| i 59€voi] 7.47e+67 | -596v0L | T-T6E%0a
T 9] 1.56€E+01 | 2.47E+02 | 1. TIE+OL | 1.29E400
3| 1.56E+0L| 2,4TE+02Z | 1. 71E+0L | 1.29E400
4] 1,56E+01| 2.,4T€+02 | i.71E+01 | 1.29E¢00 .
5 ;__ﬁ_@g.gg;_r 2.47TE+02 1 1.71E401 | 1.29E+00
B] Lo72E+01 | 2.47E402 | L. 656401 | 1.22E+00
T| 1.896+01 | 2.4TE+02 | 1,596+01 | Lo I6E*+Q0
8] 2.08E+01 | 2.47E+02 | 1.52E+0] | 1.Q9E+00
O] 2.29E+0L | 2.476+02 [ L. 46E+01 | 1.03E+DOD
- 10| 2+52E+01 _,2__{.75'«02 1.3BE+0L | 9.63E-01
11} 2-T7E+01| 2.47E+02 | 1.31E+01 | 9.03E-01
12 3.04E+01] 2.4TE+02 L.23E+01 | 8,46E-01
Yea Relative Consumer Group Emigration, grams
r .
1% 2 3 4 5 6 Total
(1969) 1| 9.33E+405 | 5<02E+03 | 6.B7E+03 | 9.BTE+(4 | 3.0BE¥0% | 2.42E403 | L.44E+05
2| 1.09E+06 | 4.61E+03 | 6.33E+03 | L1.18E+05 | 3,45E+0% | 2.31E+03 | 1.66E+05
3|_1o17E+06 | 4.53E+03 | 5.68E+03 [ 1. 21E+05 | 4.03E+0% | 2.14E+03 | 1.74E+05
4| L 16E+06 { 4«STE+D3 | 5.64E+03 | L Z1E«05 [ T.95E+04 | 2.156+03 | 1.T3E+05
5] 1,16E+06 | 4o5TE+03 | 5.35E+03 | 1.2TE+(5 | 3.89E+04 | 2.13E+03 | 1 726405
6] 1.09E+06 | 9.7BE+03 | 5.66E+03 | 1.12E+05 | 37706404 | 2.19E+03 | 1.62E405
7| 9.JOE+05 | 5= 05E+03 | 6.28E+03 -OLE+05 |3.2TE+0% | 2.345+03 | | .48E+05
8i B.52E+05 | 5.28€+03 | 6.93E+403 | B.92E¥0% | 3.B3E+06 | 2.4BE+03 | 1.32E+05
O 7.29E+¢05 | 5.50E+03 | [.T9+403 | 7.65E+04 | 2. 40E+04 | 2.62E+03 | 1,16E+05
10| 6.07E+G5 | 5.72E+03 | B.61E+03 | 6.35E+0%4 | [ _956+04 | 2. +T4E+03 | 1.00E+05
11 4.91E+05 | 5.92€+03 | 9.42E+03 | 5.0TE¥04 | [, 536404 | 2.B6E¢03 | B.42E404
12{ 3.84E+05 6.11E+03‘ 1.02E+04 3.8TE+04 | 1. 14E+D% | 2.96E+03 | 5,95E+04

*Number .

o
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Model Velidation

‘Model-validation.was'approached'by two independent metﬁods; first,
a.ratio of‘food consumed to that-available.ih the estuary for each food
.that is also a consumer .and second, predlctlng by the model, effects
of’ éﬁ;nges end comparing predicted results to those reported from anal-
ogous fleld,studles.‘ |

For the ratio of food (consumer group) bicmass cohsumed'té that
avallable in the estuary a 10% blom&ss conversion factor was used.

(Pendleton 1973) (e 8es welght increase of the consumers was 10% of the

food consumed). For the base-line year (1969) ratios were

Fﬁod Nof)TY§e . :F§od'ConSUmed(l)/Food Availablé
. /Zooplankton S 1.08 *.10°
5./Herbivoreé _ R | - 1.13 % 10°
6./Omnivores | - | o l;Ti * 10
T./Primary Consumer - R T
B % 1071

8./Middle Consumers . - 4,79 .
(l)Based on .1 food utilization by consumers (Pendleton 1973)
Foods 4, S, and 6 (zooplankton, herbivores and omnivores) repre-.
sent groups of organisms on which we have limited knowledge on growth
énd reproduction rates (zooplankton) and/or incomplete éam?ling data”
(herbivores and omnivores) since they include small bottom dwelling '

worms, amphipods, ostracods, etc. For foods T (primary’ carnivores)
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,#nd-a (middle éarnivores),the analysis.indicdfes that Qﬁantities equai
‘to i2-7 and hT.9 percent, respectively, are consumed in the estugfy.
‘These values.appear to be reasonable based on energy floﬁ and feeding
.’relafionships in the estuafy; figure 5 (Darnéll 1958,-1961; Co?eland.
and Fruh, 1970). | |
. The.second validation procedurg, was.to pfedictltﬁrough the model,

effects of changes in exdgénous variabies wheré results.of fiéld.studies
or othér enalyses cduld be used for ?6mparisoﬁ.‘ Two éxamp;e studiés'
-on reduced pollution input &nd reduced freshwater infldw ére;preéénted
in thé.foliowing'section. These are of'interesﬁ for effective ﬁanage-

ment of estuarine ecosystems.
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EVALUATION:DF EFFECTS OF MANAGEMENT

" The model defeloped iﬁ this study-is used.to étudy the.effécts'of
changes. in exogénous‘variabies, specifically: | ‘
| s) decrease in waste discharge to £he Galveston Bay‘from,the
| * Houston Ship channel (HSC) and

b) changes in freshwater inflow.

Waste Discharge
Armstrong (1973) indicated that due to pollutioh‘cbntrol measures
on the Houston Ship Channel (HSC), projected.decreases in polliution

load from this source were:

- Average 1969-71 - - 153;2 xllQ6 1b BOD/yr
1973 41.6 x 106_1b,BOD/yr
Goal (1975) = 29.1 x=106 1b BOD/yr

Effects of this pollution load reduction were evaluated by the

model based on the following yearly pollution loads:

Organic Carbon 106‘lb BOD/yr

_ .22&1 Trinity River  HSC Other Total
' 1969 (base-line) o 29;9 . 165.0 52,2 247.1
197d | | _ 29.9 152.2  52.2 235,3
1971 o 129.9 100 522 <222.;
1972  29.9  80.0 s52.2 162.1
1973 | . 29.9 51.6  52.2 123.7
1974 S 29.9 33.0 52.2 115,i

1975 L 29.9 29.0 2.2 . 1121
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Freshwatef inflow was unchahged as were waste discharges from other
sources.

Totai productivity in the Galveston Bay is projected to’increasel.
by ebout LO% due to the waste discherge[decreeses, figure 25. This
effect is due tofthe oeerall increased basic fqods {detritus and phyto;
plankton) and decreased pollution toxicity effects on organism's growth.
lﬁs has been diseﬁseed previously, total preductivity is determined prif.
marily.by the primery and middle carnivores (consumer groups 4 & 5,
reepeetiveiy); however, the other coneumer,groups alsg increase:in
productivity, flgure 26. Omnivores (primarily shrimp) increased rela-
tively more (67% over base-line year productlvlty) than the total, due
‘”‘to higher overall sensitivity to_polluthn effects in their cwn,growth
rates and of their food soﬁrees. Yearly prqducfivity values fef‘the_six .
consumer groups aloﬁé with the pollution'peremeter (aveeage enﬁual
total nitrogen) are listed in table III.

Bicmass standihg crop values in the Galvestqn.Bay‘during the 7
year period.of the analysis are shown in figures 27 throﬁgh'32.€ As
would be anticipated from the productivity figures (measured by totel
"emlgration from the ecosystem) there is a steady increase in blomass.

standlng crop from year to year as pollution 1nput is decreased.

Freshwater Inflow
After the_pellution load decrease from the Houston Ship Chaﬂnel,
whlch was assumed to occur from 1969 through 1975 (see previous exam—

ple, para. 1), a step decreese of 50% in freshwater discharge from the -
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1. Circle -Q Salinity
2, Sguare Total nitrogen
4. Diamond Consumer Gp. 1
4. Triangle Consumer Gp. 2
5. Right triangle gCOnsumer Gp. 3
6. Quadrant Consumer Gp. 4
7. Dog house O Consumer Gp. 5
/8. Fan O Consumer Gp. 6
9. Long diamond { Total biomass
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Figure 26.- Galveston'Bay productivity ratios for six consumer groups
and total biomass due to decreased waste discharge to the
Houston Ship Channel.- ‘ :



Table II: Consumer group and total produrctivity in" Galveston Bay as a result of
- decreased waste discharge to the Houston Ship Channel.

Freshwater| Waste .. Total

Year | Inflow |BOD,Ib/yr| SAUMLY, | Nitrogen,

. 1000's cfs | 4 1q-8 PR ment

1(1969) 1] 1.99F+0 1 [ 2.,476¢27 [ 1,59E¢ 21 | 1. 1AE+Q0

2] 1e89F&nL ] 2,358+ 11,50E4+0] [TTL.13F+00

3l 1.99F 01 [2.22F 407 | 1.6509F+n] [ 1. 10F+ 00

4] 1eRIF+N] | 1 625432 [ 1.59F+7) | 9,36F=-01

5] L.RIF40] | 1,24F 02 [ 1.59F+01 | 7,83F-01

6 PoRIEHTL | 1,155+27 [ 1.59F¢3Y | T.28F=-1]

gl L-ASF+31 | 1.126470 [1.59F40] |'4,90F=-n] -

8 FOROE#ZL [ 1,128409 | 1.5GE+01 | 6,39F =0T

9 To80F 71 [ 14128402 | 1.59F4+ 01 | A,90F=0]

10[ 1-R9F+°1 [ 1.125492 [ 1.595401 | 6,99E2 01

11| 1+P9F 491 | 1.12F+02 | 1.50F4n) | 6.99F-01

12 1+89F+Y | 1.12F+37 [ 1.595471 { 6.99F= D1

Yea " Relative Consumer Group Emigration, grams

e r - O - - -

1* 2 3 4 5 6 Total.
(1969) 1] 9.33%405 | 5.075403 | 6, BTE403 | G RTS4 04 | 3.08C+404 | 2., 626403 | 1. 44E+C5
: 2] 9.475405 | S.11F403 [ A,997402 | 1.01F4C5 [2.12E4C4. | 2.44E+403 | 1.456F3D5
3 G.TFIESLS | 5,25F 403 FLALE403 | 1, 0354758 [ 3,27E404 | 2.535+03 | 1.51E+4CS
4] 1.06F+0A | 6,827 +03 | 8,225+03 | 1.155405 |3.50F %04 [ 2,T5E433 | 1.6TE+DS
5 _l.lacl-C& 515433 | 9,9T754+02 | 1. 28F+C5 ; 4.C85+04 [ 3,24%+07 [ 1.B9F+(5
Bl 1255476 | 4,A32433 | 1,115404 | 1 .34F405 |4.64F+04 |3 ,5RE403 | 2,00F405
T 1+2BFE406 | A,95F4C3 | 1, 14F+06 | 13TF+05 | 4. 5164354 | 1. 70F+03 | 2. 04F 405
© 8| La2BE+D6 | A.965403 | 1, 14E+04 | LLITF4CS [ 4.535404 [3,746403 | 2,.04F 405
O] Y.Z2REH06 | 6.95S403 | 1.14F+04 | 1.ATE#05 | 4.S51FE+04 [ 3, 7AE4p3 | 2, 04FE+CS
10} 1.285406 | 6.95E407 | 1.14F404 | 10376406 [4.51F+04 ['3.728403 | 2.04F+5%
11 L.295406 | 5,955+03 1 10145404 1 1.37F405 J4.515406 [ 3,.736+03 | 2.04F+15
(12 1a2AF426 ] 09557 1 14F 404 | LoATFH0S5 [ 4516404 | 3.73040% | 2.04F 45

*Number
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Figure 27.- Zoopla.nkton sta,nding crops du.rlng perlod of decreased
waste discharge to HSC.
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Trinity River (e.g., due to filling a reservoir) was assumed for the
calendar year 1976, followed by a restoration to 75% for the calendar .
yeer 1977 and three following years. Freshwater inputs to the Galveston

Bay were then:
Freshwater Inflow, 1000 CFS

Year - Trinity River HSC ~  Other Total

1969-1975 5.58 10.53 2.79 18.90
L6 a9 20,53 219161

1977 .18 _. . 10.53 2.79 17.50
1978-1980 | 1,18 o 10.53 2.79 17.50

Total product1v1ty in the Galveston Bay ecosystem increased about
50% above the base—llne year due to the combined effects of reduced
waeste discharge to the Houston_Sh1p Channel, followed by.reduced
Trinity River freshwater diecharge, figure 35 and table IV. Effects
'due‘to.the Tirst chanée (reduced:weste diseﬁarge)_are qisCﬁseed in the.
previeus section. Reduced freshwater flcwrleads to iecfeesed‘total .
product1v1ty, however one of the commerclally 1mportant consumer groupsQ
(omnlvores, whlch lncludes the shrlmp spec1es) dis reduced about 207
due to. their sensitivity to system changeS'(salinity and pollution con-
centrations). The middle carnivores (consuﬁer group 5 which includes -
the anchovy) are favorably affected (lncreased about 18%) due to

decreased freshwater and the consequent increase in sallnlty. The

other consumer group prc@uct1v1t1es are'moderetely increased {about 10%)
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_Figure 33.- Effect on Galveston Bay productivity due to Decreased HSCl
Pollution.load (19_69-1975)_ followed by decreased Trinity
River freshwater discharge {1976-1980). ' '



_Table IV: - Consumer group and total productivity in Galve‘ston Bay as a result of .

decreased waste discharge (in the HSC
water flow from the Trinity River.

Freshwater

Waste

) followed by decreased fresh-

Salinit Total
Year Inflow |BOD,lb/yr ?’L‘:? s | Nitrogen,
cfs* 10731 * 1076 - mg/1
(1969) 1 _1.89F+0i | 2,47E+Q2 | 1,59E+D) ) 1. 16F5+00
2 1.89re01 2,35F+02 13,5931 | 1,13F+00
3 AsBRE0L ) 2,20£002 .1 1,598401 | 1.10E¢00
4l 1. 89E€01 ] 1.02E0D2 |1, 59F¢0] | 9,36E-01
3] 1.895¢0) | 1.26F¢02 1 1,59E¢0] | 7,.835-G) |
6l 1e89E+01 ) L. 15E+32 | 1,59€40]1 | 7,28E=-01
T 1.89F+01 | 1 .i7Fe02 | 1,59E40) | 6,99E-01 .
Bl 1.61E+01 ] 1.126+32 | 1,705¢0L | 7,68E-01
Of 1a7SE+01 | 1.1:Fe02 | 1,64E¢01 | 7.23F-03
10| 1. 756901 | 1.126+02 | 1. 64Ee0l | 7.28F-01
13} pa756%0i ) Z.12E¢02 L3, 64F¢0L | 7.28E-01
12 1a13E401 3 Ral2E€D2 | 1. 64E¢01 | 7.28F-0)
- Relative Consumer Group Emigration, grams
‘ ear :
_ ' 1* 2 3 4 b 6 Total
(1969}  1{ 9.23€+y5|5,026¢03 | 6, 676603 | 9.87E+04 | 3.D8E +34 $33 | 1.44E+05
2| F.4TE€I5 1 5, 11F¢Q3% | 6,99E 03 | LuOIE#IS | 3.12E+04 | 2.44E 433 | 1.46E+05
3] 9.70E+05{ 54256403 | 7T.31E+03 | 1.032405 |3.22E+¢04 | 2.536403 |1.516405
4| 1.06E+06( 5,820 433 | 8,22F%03 | 1.15E+u5 3.50E¢04 [2,75£40% | 1.67E¢05
9l 1.18E¢06| 6.51E+¢23 | 9,97E+03 | 1,2BE+05 | 4.08E ¢34 3,24E403 t1.89E+05
6] L.25E#26 | 4. 83E#03 | 1 11E$04 | § J34E 405 | 4o &4 + 0% 3,58E403 | 2,00E4+05
1| 1:28E#06| £,95F 03 | 1.14ErDs 1e37E+05 | 4+51E+04 |3,70E#03 | 2.04E+05
Bl 1.49F¢06 | 6,735 007 | 1 J)E#D4 | 1.60E+05 | 5.02E404 | 3.68E403 | 2.325¢05
© 9 2.46E806 | 6,78F 403 | 1. 0BFr0e | 1,51E405 | 5.38E404 |3.63E+03 | 2. 265408
10| 1.40F+06 | 6.86E+03.] 1,09E+04 | 1.49E+95 | 5,00E+04 |3.68E+33 | 2. 205+05
110 1.61E406 ) £.84E405 | 1.07F+34 | 1.49E+05 | %.95E+34 | 3.66E¢03 2.20E+05
12) 1a41Ev06 | 6.84E+03 [ DL 10F+04 | 1.49F#05 |4,97E406 | 34676603 | 2.205005

*Number

29
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by the decreased flow; Productivity ratios (ratios of curreﬁt year to
baseline year) for the six consumer groups and average annual salinity
and total nitrogen concentraﬁions’are shown in figure 34. It is inter-
esting to note the carry-over effects iﬁ.the ecosystem predicteﬁ by the
medel. For example, there' is a strong iaerturbation on consumer group'-
3 (omnivdres) due to effects from prior yearé, The specific reascn for
this lag ié unknaﬁn and may be ﬂﬁe.to reproduction or food effecﬁs?
but has been well documented in prévi?us studies (Copeland 1966). The.
sigpificant idea however is—ﬁhat’shcrt term (year to year) comparisons
may be misleading where management of an-ecosystem is concernéd.
From an estuarine fisheries viewpoint, biomass levels within the

) Bay are impoftant since they represent cohcentrationsKaVailable foﬁ
'harvest'(catchihg) at a given time. Biomass levéls for'each‘of tﬁé éix
rconsumer groups Over the period fof the stumed conditions are shown in
figures 35 through 40. Zooplenkton density increased in 1976 end 1977 ”
due‘to decrgased freshwater inflow. GSubsequently, short term,éffects
© of increasea féods and increased p&llution aﬁpear to offset each other,
with a subsequent sﬁabilizing at a lower lgvel. As_igdicated frﬁm the .
productivity analysis the cmnivofes‘(cohsumer group 35 ;re'phe:mosf
sensitive to system changeé. Thgre is a sha;p degféase in biomass
lefels of these consumers followed by rélati#ely rﬁpid;éfabiiizéfion
-at a value about 10% below the point before freshwater inflb# waé‘
decreased. Consumer‘group Biomassxleveis tend to shift about due.to::
delayed resﬁonges in growth of foods within the estuary, then ;tabiiize

at the new level after asbout 2 years. One of the factors that must be
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. taken into consideration, of course, is that year to year effects are
not completely understood and thus possible effects have been minimized

in the model due to’lack of guantitative data.
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DISCUSSION AND RECOMMENDATIONS

A simulation type mathematlcal model that quantltatlvely rel&tes :
“the- chemlcal, phy51cal and b1olog1cal characterlstlcs of an ecosystem.
. has been developed for the Galvestqn Bay, Texas. The model 1ncorporates
‘results of a number of investigations into deteiled-p;pcesees in the
eeosystem including'those of seasonel'immigretien and:eéigfatidn3,food
and'consumer densities) feeding hebits'and responseejef prganisms to
 exogénoue changes euch as easte diseﬁerge and freshwetef infldw:

Twe examples of possible management actions are ehalyzed using
the model. Camparlson of model predictions and results from analagous
!fleld studies over a 20 year perlod and reported in the llteratuee demon-
strate the model's usefqlness.‘ The flrst example evaluates the effects‘
- of reduced poliution inflow from the Houston'Ship Chaﬁnel. Increased
overall producthlty with relatlvely hlgher increases for shrimp is in
'agreement with Copeland (1966) Armstrong end Hlnson (1973) and |
- Wohlschlag (1972). The second example,lnvestlgated the’effects of
.re@uced freshwater ieflow; Predicted results of increased-zooplankton
- and finfish and decreased shfimp are in agreement with Copeland (1966),
Cooper (1967), aed Armstrong and Hinsbn-(1973). Additioeal‘advantages
- of the model, of_course,‘are quaﬁtificatidn'of the resﬁlts and more
complete analysis ef time-depehdent (SYstem‘lég)'effects..

One of the purposes'of‘the effort wes to detelep.e model tﬁat may,
rbe-dsed to provideipredictive iqfonhatien to those'respoﬁsible for

estusrine menagement. ‘To the extent that & quantitative relationship
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has been developed and verified (gt ieast with historiéal,data) this-
basic ﬁbjective has been accomplished. The.degree_thgt_thosé quantita-
tive relationships are used will be determined by‘the'éanidence‘éﬁd
_ subseguent uée fof inpuﬁs to management actioﬁ. vaiqus;y, determining
the degrée to which this has been succeésfully‘accomplishé& iﬁ beyond';
the scope of this particulﬁr effort. | | |

One factbr'appafent from this mo@eliné effort of ecosystems is the
.general iackAof in-depth stﬁdies-of ﬁhe ﬁulti—p&rameter effects of
seasonality, food,-temperﬁture, poliution,'ehvironﬁent; etg?ron‘the
survival aﬁd growth df,estuafine speciés; Laﬁofatory stuﬁies Have'beeq‘
made in-soﬁe,c&sés of the better known and/or commercially important
‘species; however, due fo various limitaﬁions thésé'have séldom been -
'e#tended to the_ecosystém level apd when the#'hgvé, with‘limited con-
Sideration‘of‘ﬁo%e ﬁhan one variéble;‘thé'othefs'héldrgonstaht, ignored,
“or ﬁssﬁmed of secondary significance.
| Iﬁ this study, oniy those'variableé subject to control and ¢conse-
quently.important in managément deciéions are classed_aslpriméfy vari-
ables (e.g;? freshwater inflow, waste-discharge and their distribution
iﬁAthe-écqsystém). It is probably important to know the effects of
such vari@bles as temperﬁture (ﬁo assess power plént ;ocaxioﬁs, for
exemple) but its significance as a management tool méy be limited,
particularly if its contfolris béyond the scope of managemeht; an thé‘
other hand, knowledge of these effects may:be necessary té develop a‘;
model with adequate prediétive'acéuraqylfor power plant'sitiﬂgKStudiés,

ete.)
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In ‘the present study emphasis has heen placed on ecosystem response,
as opposed to detalled responses within the ecosystem (e;g.,:of spec1f1c
‘species). Thus , foods snd consumers were-grouped~on the bases of func-—
tion rather than'studies of individual speciesTof plents and/or orgaF‘
nisms. This has many adventsges frcm the modellng v1ewPomnt but ob-
v1ously lesds to problems for the blologlst, slnce hls grouplngs may
pnot be the same and/or there are interactions within or ut51de of the
group that are not compatible with laboretoryAlnvestlgations. Onltoe
-other hand, it is obviOusly‘necessaJy'to know more sbout the ecosystem
thsn relationships such as‘... "when freshwater 1nput increases, shrlmp
cstches 1ncrease two yesrs later". The m1551ng 1nformation is & quan-
tltstlve descriptlon of the links in the energy flow over the two year

perlod For example, what ecosystem processes are affected durlng the :

" delgy? . Are these due to hatchlng and sPawnlng, 1mm1grat10n, food avall-,:"'

abiiity, predator-prey reélationships, ete? - In addition, each of these
qusntltetlve relatlons must be competlble w1th 1nterlock1ng processes in
the ecosystem Thus,'ln theory, an analytlcsl descrlptlon of an eco—
system is sn almost'inflnlte number of slmultsneouS'quatlons.

With some Background and experience in assessment'of ecosysten
re3ponse it is p0551b1e to quantlfy some of the more 31gnif1cant rela— '
tionships.- Th1s is, the b&BlS of this modeling effort. 'From edditional
studles of the model the crltical parameters may be determlned &nd these
- should be the basis for further studies to 1mprove ‘our understandlng and .

predictlve capablllty of the model.
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As ﬁ,fesult'of this ﬁodgliné effort which uses ﬁnaiyses and data
from'previdus.studies; addipional déta are'reqﬁired iﬁ the‘follQWiﬁg
'areas:. | | |

1. .Affécﬁ of pollutantsron sufvi%él ﬁn& gfoﬁthlof d0minant estué—
rine'speciés;‘ |
2. Absolite or rela.tivé'effects: of pollutants on d'iff%rent-fadd'
aﬂd consumer gpeéies.in an éétuariﬁé ecééyaféﬁ;
3. TﬁE‘dégreé‘dnd extent of vaqiatiéns‘in imgiégationjénq'emigral'f
| frdm‘yeér tdsyear;‘ahd o  _ o ..:5..
4. Quantitative definition of observed biological time delays
_such as the appféximate'twéljear lag in shrimp prb@uctivity
‘;fter changes-in freéhwater iﬁflqw.
The list is '6nly‘lixﬁited“‘ by the eccuracy requirements of.,the mpdeling
processes; that 1s,lfhe dhjeétives'of'the,progfamp
It is feéommeﬁdgd that the simulation modei which‘includes‘analytﬁ“
ical and‘empirical deécriptions Ef Gaivestén Bay‘ecdsystem ﬁrbéégges
be used.wﬁere possible to preﬁict effects due to exogenous changes in
-freshwater inflow; waste diséharges, and other éystemzﬁarameﬁers. Whén
AAresults of lafér studies 5ecome aigil&ble these‘shouid be inéorporated.'
Further, fheAmodeling énd ecosystem‘prbcesses concepts developed in |
thié study should.be applieﬁ_td otﬂer ecpsjstemé,.whethér they ware

. subject to natural or maﬁ-influenced exogenous effects.
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CONCLUSIONS

As . a result of this investigation and analysis of the results the

fellowing conclusions are made:

1.

A simulation type mathematical model has been developed for the
Galveston Bay, Tei&s, ecos#étem that quantitatively relates .-
. | ) . 5

pollutioh and freshwater inflow ﬁp.éeéondary produétivity;g

Ecosystem responses for two potéﬁtiél management actions

" reduced pollutlon 1nput snd changes 1n freshwater inflow, were

-

evaluated and results may be studled by management to determlne
the desireability of such actlons. Ny

Outputs of the model are quantltatlvely appllcable to the

AGalveston Bay. In the same temperate zone (approxlm&tely same

latitude and weather conditions) the quel is fEadlly adaptable
to other ecosystems. Initial numerical results should be
reviewed carefully for local effects.

For other tempefate zones and/or different en#irbnﬁental (rain-

. fall, tides, etc.) conditions a‘study'must be made to determine

similarity among consumers, food types and avai;ébility, and

seasonal growth characteristics between the Galvegtéh Bay

and the ecosystem of interest. Calibration and model verifi-

,cation will probably require a comprehensive sampling effort

in addition to hlstorlcal systems responses (sampllng or

commerc1al catch records in congunctlon with ralnfall for

example)
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Development of a reliable predictive model is an iterative

process‘that improves with iterations; the systems analysis

- model provides an optimized framework for analysis using all

available information. .
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APPENDIX A~

Functional characteristics of the Galveston Bay model are descfibed
:in the ﬁodel section. Consumer group biomass values are deveioped ;n
ﬁwo basic steps. First, productivity (biomass) curves for the b&eeline
year (1969) use eell—eetablished ecosysﬁem characterietics {eig.,
immigration, g}owth and emigration) to determine':by iterative techni-
| ques, model constants. The basic ObJECthe is reasonable agreement
‘between the model biomass curve and sampled data flgures 1k and 15.
Second, for years after the basellne, blomass growth rate is the pro-
' rduct of the’ prior year's net growth rate: and growth rate ratios (of‘
the current to prlor year) due to changes in"

1) food and consumer den51t1es,

2) environﬁental factors (including“pollution); and

3) distribution.
Equations explicitly describingfthe ebeve funetione are discussed in

the following sections.

Baseline year

' .Baseline year biomass curves explicitly descriﬁe saﬁpie vaiuee,and
blologlcal factors in model language. The pertinent ecosystem fectors
-(e. g., immigration, growth and emlgration) are shown schematlcally in -
| Flgure 14. Reference will be made to curves "a" through "e''. Model
_basellne year constants for consumer group h are llsted in’ ehe model

" section. Model equations are expressed in terms of the calendar year

-periods, 1.
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Immigfation (curve "a") is teken as the positive portion of & sine

function (7 radians) and is described by the equation

 CONSIM(I,L) = SIN(RL(L) * 3.1416/R2(L)}* CONSTIM (L) (1)
where |
R1(L) = number of periods since start of immigration;

BE(L) number of periods of immigration; and
CONSTIM (L) = maximum immigraﬁion level, grams

(where RL(L) > R2(L), CONSTM (I,1) = 0.)

Larval ahd post;larval'populationé have véry high_growth faﬁes,
decreasing with increasing ofganiém sizé,(Papheh, lQTl; Palohéimo-and
Dickie, 1965). .A'decreasing,vaiue expoéenﬁial function is used to -
describe thé growth fatg df:immigrated consumer groups in thé.baseiine
 yesr (adult biqmaés‘in the bééeling yéaf'hés_a'growth'fate of 0). The

model equation is

ﬁExPGR (M,L) = ([eip(fos # (27 - M))] - i.) * BL&GRL(L) {2).
where | | | |
BLYGR = the érowth‘factor for consumer grouﬁ-L in_tﬁe baseline
year. _ | _
#GEPYR(I,L,1) in the model when correlated with the calendar -
yeér periods.x |
'.Périod gfbﬁth rates are determined by this relationship for each .
consumer group to 6btain the baseline year biomass curves. Growth raté
multlplier is 1.0 plus growth rate. |

| After growth in the estuary the consumer organisms emigrate from the

‘ ecosystem ~ in this case prlmarlly to the’ Gulf of Mexlco. “In the
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model emigration is the sum of two components - early and late_émigration.

" a. Early emigration EAREM(I,L) - is that phase'of emigration which occurs
- at about the time of the biomass peak of that consumer group and is

determined by:

(3)

‘ fEAREM(f;L) = SIN(Rs(L) 3.1416/R4(L) * FACTEM(L) * YCONSIL(L)

where

h

Rj(L)
- RE(L)

No. periods since start of early emigration;

L

No. periods over which early émigfation-occurs;
FACTEM(;) = Constant‘multiplier for consumer group; gnaf
YCONSIL(L) = Biomass of young of consumer group L, grams,
. ~~for thg periéd of calculation. |

(¥ m3L) > Rls(t.l BAREM(I,L) = 0.)

b. Late emigration (FOREM(I,L) is determined by

¥FOREM(I,L) = YCONSIL(L) *'(Rﬁ(L)/(R6(L)'+ 1;)).7 o ()
RS(L) = Periods since start of late emigration- .
.-RG(L) = Periods from start of lafe Emigration to ‘end of
_ seasonal year.
(1? RS5{M,L) > R6(M,L) FOREM(I,L) = 0)

*In the model the total emigrafion.is CONSEM(I;L)

Numerical values for the constants in the above equations were detérmined

<‘iterativély to provide reasonable fit between model biomass curves and -
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sampled data. An important step in the baseline year portion of the
model is to sequentially correlate the individual cénsumer‘group sea-
sonal periods (M) with the calendar ygar-periods_(I}. Note that in the
baseline year ﬁorﬁion of the model the cﬁnsumer_group biomass curves
‘are developed independently. | |

In the model, consumer: growth rate multlpllers and ratioé are -
~designated by the acronym GEPYR‘(I,L,K) for young (e Z.y - this years

immigration) Qr:GEPAR(I;L,K) for adult biomass where' | |

!

I = calendar year model perlods, I= 1 .. s263
'L = consumer group, L 7_1,,r 6 and
K = sequential number for growth multlpliers

n.

K ‘1;,for Baseline'or_prior'jear“‘

X =:2, ratio for food and conéumer densities;

K= 3, #étio fof.envirohment (including pol;ution);
K =.k,‘ratio fdrldisfributiong and |

K =75,_net growth rate qﬁrrent year (product of 1-4% above),

GEPYR (1,L,1) values are defermined for the baseline year using vglueé
from the exponential curve (In the baéeiiﬂe year all other GEP&R'and
GEPAR multipliers sre equel 1.0). Thus GEPYR(I,L,5) equals GEPYR(I,L,1) .
and GEPAR(I,L,S) eéuqlg 1.0 for tﬁe baseline yedr.1 In subseqﬁent'yeﬁfs
| GEPYR(i L,1) for the current year'is set equal GEPiR(I,L,S) for the
lmmediately prior year; GEPYR(I,L,K), K = 2 «s4; values are -

calculated and GEPYR(I L, SJfor the current year is the product of
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GEPYR(I,L,K), X = 1,...,4. Adult growth rate multipliers are deter-

mined in an analogous manner.

Predictive Model

After the baseline year, biomass levels in the ecosystem ﬁﬁy change
doe fo changes in’net érowth rates; whioh result from hew'valueé of‘foodr_
réﬁd oonsUmer dénoities‘and/or'éxogenouo;variaoles.. ﬁevised not growth
rates (the pfoduct of priq? yoar net growth,rato and'growth rate change
ratios)Aare_used-to‘deterﬁine'currentryear biomass levels by iterative
calculations. . ' |

‘*EXogenoos #ariahlesf(inﬁUts) in the model‘are freshwater inflow and

pollutlon load The‘former'directly affecfs only salinity ond.both
var1ables affect the pollution indicator, total nltrogen (e.g,, by dilu-
tion or pollutlon load)' Average annual values are used in the model as
oiscussed inISection 11, Thege physical and chemical changes are used‘
to determine revised growth raﬁeo due fc
| i).Food and' consumer densities;

2) Environmental factors (inoluding pollution}; and

3):ﬁistribution, M

~which will be discussed in that order.

Food and gonsumer densitles.

Food and consumer density effects on growth were studied- by Brocksen, '
Davis and Warren (1970) in an enviromment where there wes both a dis-
tinct consumer and & distinet food. However, in the Galvéétop Bay

ecosystem there are s variety of consumers and a number of foods as
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. discussed in the ecosystem section. From the feeding preferences of the

Galveston Bay consumers energy source matrices were developed frpm
Figures 6 through 11. This figure (L1) shows a typical period:of a
matrix which is 26 (e.g., I) segments deep} There are separate matrices
for the young and adult consumers. Note~thﬁt.the columns add to 1.0 since
they represent the total energy.intake of each ;onsumer group. The
purpese is to provide a model-period relationship between, consumer food
requirements (or desires) and food density. 'Further, by éomparing the..
current year's consumer group biomass to the prior years, we may asseés
cousumer density effects. |
EXplicif expressions used to determine food availability,rfood ahd
corsamer‘densities and resulting growth fape'ratios follow‘(Noté that
feods L througk 3 are not affected by consumer group growth r&tes, but
foors L through 8 are consumer groups 1 through 5, respectlvely)
Armstrong & Hinson (1973) estimated that 58% of the defritus
organic carben .omes from marsh ahd_other rodfed‘gﬁgssesJ"{h-this
study it is assumed that the aboveigraéséslaré influencédfh& hhe'shme

fartors that affect the growth rates of phytoplankton ana’ detrltus

ir from the prior year's growth (Heald 19'(3) Freshwater flow ra.te

-frum the rivers will affect the flushing rate from the marshes and

rivers and is acccunted for by a .5 power f&ctor on.thehwatgr‘flqw

i

‘ratio; which is applied to the remaining 42§ of the organic carbon.

There are no prior studies in this latter area; However this is not a
sensitive factor in model performarnce.

Detritus for years after the baseline year is determined by:
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FOOD(N,I,1) = FOOD(K,I,1) ¥ (.b2 * (DWF #* .5) + .58 * PPRG) (5) .
where
FOOD(N,I,1) = detritus {(food 1) fbr‘the_zth'period of the Nth

year; BCD, 1b/day

FOOD(K,I,1) —'same as above except K=N§-1;

:DWF ratlo of total freshwater 1nflow, current (N) to pfior,
?(N-l) years; ;

PPGR ‘ratio of phytoplankton growth rates of prlor (N - 1 year)

to two years ago (N - 2 year)

Phytoplankton concentrations are a function of short term {seasonal)
environmental'parametersi Ggoﬁth rates are based qn'&ata of Copeland -
" and Fruh (1970) from which the following relation was obtained by &

‘multiple—regréssioﬁ analysis:

PPG(N).= 8211 — 0207 * AANIT(N) - .0129 * amnrT(M)Z + - (6)
.0&#9 * AASAT.(I) | | o

where . .

PPG(N) - Phytoplankton growth multipller in Nth year .

‘AANIT(N) -~ Average annual total nltrogen in Nth year, mg/L

AASAL(N) ~ Average annual salinity in Nth year,ppt

Vascuiar plant material - due to the large quantitiés.of-submerged_
grasses in the Galvéston.Bay this material iz always considefed"to_be

in excess,
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Foods &4 throuéﬁ 8 ere consumers in the Galveston Bay and current
bicmass levels are uséd in the iterati@e.éalculations._'Food 4 quantity
equals‘biomésé for‘éonsumer gréup 1, food 5 for consumer group 2, etc.
Only fyoung"‘consume} lévels Are used inédetermining the equifalent
food densities. |

Afood deﬁéitﬁ:effécts'are determined;from ihe inveétigation of.
Brocksen, Davis and Warren'(lQTO) (éee Figure‘l3) and are defined in

the model as follows:

_ 1% .00 *~(i.2*.Ts*A LOG 10(F009(N,IH,J)*?QLJ)J)' (1)
1+ .00%(1.2%.75%A LOG 10 (FOOB(N-1),IH,J)*FQ(J)))

FF(J)
where
FF(J} - growth multipliers due to food J;

FOOD(N,IH,J) - Food quantity - Nth year, IH {= I - 1) period,

Jth Food, BﬁD {1b/day) or grams;

FOOD(N-1,1IH,J) -.Same aé above for.p;ior year and"

FQ(J) - equaliz%ng fac£or fér various. food densities and £yp§s._ 
Speéifically, constants FQtJ) in the expressiop are related to:méximﬁm

" food density of k00 mg/m>; thus FQ(J) velues are L00/(Max level of food '

J in baseline year) (Brocken, Davis and Warren, 1970).

L2
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The term FF(J) is then multipiied by the apéropriate energy source
métrlx (ENERS) term and summed over J = '1,...8, for esch _consumer group.
This food—effects factor is designated R{L} in the model.

Quantltatlve expre331qn for consumer density is (Brocksen; DaVié

and Warren, 1970)

GRCONSD(L) -1 + 0275 (1. - (CONSIL{L)/CONSTL(T)* 4. ) f (8)"

1+ .0275 (1. - 25)
ﬁhere

'CONSIL(L) is the consumer biomass level at the beginning of the

current pericd, grams

CONSTL(7) ie the consumer biomass level for the same period in
the base-line year (at bicmass levels four times those of the
baseline year, growth rates are taken as zero; Brgckéen, Davis

and Warren, 1970), grams.

Calcuiation prgcedureris to use food and consumer dénsities from .
the préfiouslperiéd along.with the energy source matrix for the current
period (note that food densities at the end of this previous periocd are ..
_the same as the values at the start of the cﬁrrgnt period). |

To ailow for the bmnivarious:feeding'of estuafine specigs (barnéll,
1958), if the food - consumer density pafameter is less than 1, the

calculated value is raised to the .8 power (i.e., hungry organisms make
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more effort and/or are less féod'selective); nbiquantitative‘work is
-reported however, the model is not sensitive to this value

The food—consumer denSLty parameter (product of R(L) and GRCONSD(L
) is raised to the lhé—rpower,_ﬁhich is thg number of days in a model
period. This term is designated GEPYR(I'L‘éj'(of.GE?AR for;adult_bio-
mass) and is the growth ratlo compared to the prior year. ' |

Growth change for the 51x consumers groups due to env;ronmental

parameters changes is
GEPYR(I,L,3) = FG(N)/FPG(N - 1) .~ . (9)
where

'GEPYR(I,ﬁ,B) - growth ratio of current to priof;yeafldue té
env1ronmental parameters change (young organlsms)
FG(N) - fish growth multiplier in current year (FG(N) = 1.1 - .1 #£10)
AANIT(N)/AANIT(1); where AANIT is average annual total nitfogen)jaﬁd
FG(N-1) - fish growth in prior yeér. |
[Growth rate effects due to changes in disﬁribﬁtién of.orgahisms'in _
the estuary as a result of changeslin environmental parameters and theif
relétioh to geophysical (and consequent water and waste distribution)
factors is important in the life and growth‘of estuarine organisﬁs

- (Copeland 1966, Armstrong end Hinson 1973). Temperatures and other
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factors are apperently of secondary 1mportance relative to salinity and
pollution effects in this ecosystem in success1ve-years. In the model,
a quantltatlve relatlon is based on the concept that when freshwater
1nput decreases shrlmp and crabs (consumer group 3) have less area in
which to spawn and grow w1th mlnlmum predator effects: whlle zooplenk—
ton and primary and secondary canlvores have greater feedlng area and

a predator advantage due to greater penetratlon into the marshes.

_ Empirical equations are developed from data and analyses of Copeland

(1966) and Armstrong and Hinson {(1973).

' For omnivores (consumer group 3, shrimp and crabs)

GEPAR(I‘,3,¥) = (i. +(.514*(('OWIG(N)/OMNG(N—l))-l.).)'.)**(l.‘/26.)‘(1l}.
vhere _ | | : |
GEPAR(r,3;h)"a growth‘ rate ratio in period I for consunler '
gronp 3 dué to growth changes of this-consnmer group due to:
. distribution factors (seqnentia} number L);
_‘OMNG(N) = onnivore.(consumer group 3) growth rate for the
current year end is determined by OMNG(N) = O. 09&67*
(25. —A.ASAL(N 2))%%2,05 (see’ Flgure 16); and OMNG(N-1) is

same as above for prior year.

Galveston Bay totel product1v1ty (b1omass) is domlnated by the
consumer groups 4 (primary carnivores) and 5 (middle carnlvores)
Zooplankton and herb1vore growth rates would be increased as & result

of increased salinities (Ccoper, 1967) Growth rate ratio eguations are
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GEPYR(I,1,k4)

.50 + .50¥AASAL(N)/AASAL(1) | | (12)
where |
GEPYR(I,1,4) = growth rate multiplier in the IEQ-periodrfor the

first consumer group due to distribution

effects () and |

AASAL(N) - average annual salinity, current year

(Noté that aversage annual salinity for baseline yedr is
AASAL(1).)

GEPAR(I,1,4), sdults of zooplankton; GEPYR(1,,4), GEPAR(I,k,}), youns

and adults of primary carnivores; and GEPYR(I,5,l), GEPAR(I,s,u)'ypung

and adults of middle carnivores are determined in the same. manner .

Application of the sbove empirical equations are shown iﬁ'the calibrafion

curve, Figﬁfe-lf.

A nef growth rate'is'determined from the product of the priorAyear
growth rate and‘change ratics due to

(a) food and consumer densities, .

{b) efvironmental parameters and

(c) distribution | ‘ | o . "“;
‘fhis product iS‘deﬁermined and applied iferatively périod by pericd in
the model to obtain new biocmass levels for the six_consumer grdﬁps.

Adult biomdés levels fqr each consumer group are based on the same

:faétors as for young, except using energy source matrices énd food

curveé for this particular classs. In the_bﬁseline year, it-is'aséumed

that; due to mortality, exchange through the éasses connectiﬁg‘the

Galveston Bay to the Gulf of Mexico and other factors, the net growth
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rate is_a conetant value, equal to 0. (i.e,, multiplying f#ctor = 1.0}
In subsequent years, emigration ¢f adult biomass out of the estuary.is

assumed to increase in direct proportibn to the ratio of net growth

rateswdf the current to previous years (i.e., if too cohpetive for

food, adults leavé)., Biomass growth gfeater fhan £he change in ﬁhe eco-

systém emigrates and is included in the total emigration.

In the model, adult biomass'change in a2 period is determined by:

PERGRA(I,L) = ABGROW * (GEPAR(I,L,5) - 1.0) - (13)

where

PERGRA(I,L) = adult biomass change in period I for congumér
grdup-ngrams;-‘

ABGROW = adult biomass at beginning of period I for consumer

group L grams; and

GEPAR(I,L,5) = net growth rate multiplier

Adylt biomass at the end of the period is

ACONSIL(L) = ABGROW * GEPAR(I,L,5)/FEPAR(I,L,5) (14)
 where A
"ACONSIL(L) = adult biomass grams at the end of period I; and

FEPAR(I,L,5) = net growth rate multiplier for prior year.

Adult biomassremigrating during the period is

PERAPM(I,L) = PERGRA(I,L) - (ACONSIL(L) - ABGROW)
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This latter value is ad@ed'to the "young" biomass emigration to obtain

the total emigration for the period.,
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APPENDIX B

A computer program print-out, including input data and coefficients,
is listed for the case of increased freshwater inflow to the Galveston
Bay. Results are listed in Table II and plotted in figures 18

through 24.
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AATE=SO (NaNH)I=wATERDSO (1eNM) Al 2]

GO TU 7003

CONT INUE
WATERSD(NaNM) =] LI #WATESDN(N=} s NM}
CONT [NUr,

WRITEAASIZ0) (NATERDU (ueK) «K=1 a0} ¢ (WADSTESO (N ) oL=14s4)
D0 2149 <=1a44%

*ﬂT‘]nKlzll

s eK)=1,

IFi{NeFQ&Y) <D T0O S139
"’WT(\10'(]—NATE'?:JO(N!\’(’/NATt-EDU(N la‘()
AU NG ) =WASTESD (4K ) FHASTESUIN=14%)
CONT INUE

AEAES! B

G0 TO. A050

CONFINUE

N=N=]

ANN=EN

N=NYEAQ

CONTINVE

WTOIsU{NY=0,

HOT



w3DI>UINY =0,
D0 3121 1=1.27

wSpl )=  (WPARAMIZy ) swWPARAM(3 4T )#2WSINg ] ) +WPARAV (441)
I1#RWD N2+ WRARAM (S [T #vwWhiNe i)

wTDL(]) = (WPADAV s 1) +WPARAM (34 1Y RANT (NG 1) +wPARAM (44 T)
1%R4Ttw.a)owPAHAA(H.I)*UwT1V.J)} .
WSS (NI zASDISJd N +WNDL (1) /27,
uTuIbU(N)_wThtbu(N)*ﬂT)II[J/d?.
20 ")l"-&l “ 215 :
IF(4aMEL2) G TA 12
WPARAM My F) WPARAA M T} swTNILTY
S GI T 4l4]
5122 CONTINJE
‘ WP AHAM (M [1 WP ARAM{Ma LI PLRT(NM=2) /WTDI T
5141 CONTINUE '
- 5121 CONTINUE
IF(NeED1) 6O TO SLLET
A&NIT(M!:AAN]I1M~ll°ubﬂl$d!Nl . / wWTDI2J(N)
KYZA= WATERSO(I ) *ALIATaadA_ (1) 2320 7ALDG D)
AADAL (NI S 32.9 09188 (WaTFI5D{N,G) /XYZW)
BASAL NI =32 B {AASAL IN=1) 372, ) owTDISUVIN)
WQITFIh-b301)AA=ALlﬂ)qAAHAL(v-i)-NTnlhd(V)c
1 ABNTT(N) v AANTT (N=1) 9 W3DI>U
2N N
5301 FORMAT{HELlSH,.4,T13)
5117 CONTINUE
5125 CONTINUE
JATA(Va L) =WATERDO (Ne o)
JATA(NGZY=WASTEDO{N%)
JATALNG 3)=AADA {N)
JATA(NS &) =AANTIT M)
FOINI=1la)]l=al®=ABNITINY 2AANTTL)
DPGtN)z.aﬁl1-.020?4AANIT(M)-.OIEQ*tAANIT(Ms*Ge.)f.ﬁhﬂ?*AA:nL(Vl
NK=\=2 T : ' :
IF (N LTal) NKsL
IMNGEY) = .09#5“(25.—AASAL1VK!)¢») us
DATA (NS =PPG ()
JATAINHY= FGIAD
C CALC DE(L) % PPIZ}
IF (NaLFW1)G TO 450
T IF (eF)e2) PRGRZPPGIN) /PPLIN=11
IF(NeOT.2) PRGR=PPGIN=1) ,230(N=2)
454 CONTIMJE

GOT



{=N=1
WP EIWT (Ne 4}
VDEF=Ruyo{Net) .
00 43573 [=1+25
FOUDINGI# 1) =FOOD{Ks Tal ) 2t o228 (UWF#e ,50) ¢ .584PPGR)
FOGUINGIZ2) ZFOOMH{Ks [0 2) #4226V} /25 IN=]}
T FQOUINGI3) =FOODIKeIs3)
453 CONTINUE '
450 CONTINUE
20 200 NY=NLWNZ2
20 303 L=1+6
STCONS ML) =0
TCQNUE“"Ll:O.
303 CONTINuE
DO &B7 I=1+7b
D0 287 L=l+6
FOREM(TW.L}=0,
CONSEM{IL) =0,
CON>IM{leL)}=0,
ZR7 CONTINUE
DD 203 I=1e26
DO 203 L=1»s6 :
IFINY ,6Te1) 30 TO 207
RLILI=FLOAT(I=T1(L))
2L Y=FLOAT(I2{LY=-121L))
IF(RZIL) LT 0 IRZ(LYZR2IL) +20,
IF(rI(L) bLT0.G0 TN 203
IF(RI{L) ERLQLIGO TH 204
207 CONTINUE
In{li=In(L)+]
IF{ISIL) GTa20) ALY =] |
M=I6{L)
AN(EoL )=
C CORRELATE M AND I FOR EACH L
GEPAR(TeLel)=FERPAR(MaL )
GERPYR(ToeLel)SFFPYR{MsL )
C CALC GRUWTn =ATF EFFECT UJF TD ENvIK % POLL
IF{ N.ER.1)GO TO 2RA
C CALC GYOWTH RATE FOWR CURRENT YEAR
C CURWMENT Yfak GROWTH RATE - F00n AavalL AdIL[TY AND CONSUMER DENSITY
FAVRT (ToL) =0, .
IH=1-1
CIFCIHLLTL 1) TH=]

90T



Id=lo(L)=1

IF(IJ LTSI =1
FRUL)=2400./430.
FRIE2I=4004/59,
FQU3)=400,/1.
FQ{4)=400,,750000,
FR(o) =400, 4375,
FQIoI =400, /12425,
FOITI =400, /566499,
FQ(B!:QUO./BHJO?.

C DETEAMINE GROWTH CHANGE DUE T3 CONSUMER DENSITY

5101

5150

25hA

470

C.T0

GRCUNSND=1, :

IF(I+ER.1) 6D TO 5101

GRCULLeIl el )=140

GRCUINSIsL)= . ’

1 (l.o.OE?S»:l.—Cuvach ZICONSTLLL W IHo L) 2o} ) )z

2 A la*aD275%(le=-e25))
GRCUNSN=GRCO (N T 4L /GRCO(N=1w] oL}
CONT INULE '

J0 236 J=1.8

TIF{JeLe 3 6D TO S)50

IF(L.FRal) FOONINGIH JI=FIW(N~Ls [HeJ)

IF (NG Es2) GD T S150

IF(leEQaIYFOIN (N IHaJ) = FOOJ(N-[-?&.J)

[Fil. FJ.l)FODD(J-l-lH»1)-FO0U(V 2y26eJ)

CONTINJE

FF(J) =0a

IF(ENERS(TJaJal) «EQVL Y00 TD 266
FRUDI={la+aN]8 (] 2+ . 7S*AL0GLOIFODDING THJIBFU(I} D)) /
1 oLl araUl Rl G2 TSHALUGLUCFOIDIN=La I D) #FI LU} D}
FAV(J)=EVEQS(IJ.J-L)*FF(Ji )
FAVRT (IaL)=FayRT(T+L) +Fay( )

CONTINUE
‘ﬁRth(th?OIFQ(lJQFO(?)9FJ(3)0PU(Q)QFQ(5)'FQ‘O)OFU(7)!FQ(B)!I!L!
ARITE(644T0IFF (L1} 4FF(2)aFFI3)4FF (4) oFF(S)aFF (8 4FF (T)4FF(8)sIabl 4N
FORMAT(BF10.44316)

X=FAVRT (l.L)
ALLOW FOR FOND SUBSTITUTIANS

IF(ReLTala}R=rus i

IR=w

C GROWTH RATES. PEH DAY;MODtL PERTOU 14 DAYD'

GEPYHR(TaLoe2)={RuGRCONIDI #b T4,
FAVRF(LaLY1=0. ‘

Lot



d ST 3DV TyEom

BBL 40 ALrmamnnaongmy

"R

00

N0 258 Jd=14R
FF{JI=y.

C IFLENERS {26 e Jsl) 4EQ 0360 TO 254

COFFUd)2{le+a01% {1424 THFALOGIO(FOIDINGIMe I RFQID I D))y
1 (1e+aN1o{]1 .2+ 75%ALIGLIO(FOININ=1sIHsJIBFILJI) )}
FAVIJ)=ENERS (26 e JsLY*FF ( J)
FAVRT (TaL}=FAVRTL{TeL 1 ¢FAY (D)

258 CONTINUE
R=FAVART (I sl ) ‘ ‘
C 10 ALLOW FOR FOOD SUBSTITUTIONS
: [F(R.LTols)R=Re2,8 o
C GROATH RATES PER DAY+MODEL PERIND 14 DAYS
GERPAR(JeL+2)=(w2ORCONDN}E¥ 4,

c WRITE(696000)GRCONSDyRRIGEDYR (T vLs2) +RoGEPAR (1oL s2) s 1L
H000 FORMATISELB.H4210) S
c GERPAR (Jol ¢2)= (o4 39400R=1R2A4KEN o, (232¢RE23,) /42555

GEPYY (IeLs3)}=1.0

GEPAR (T4l a3)=]140

GEAR L IsLs DI=FGINY/ZFGIN=-1)

GEPYA 1oL+ ) =FGIN) fFLiN-1)

GEPAR ([=Lats) =1,

GEPTQI]!L!‘O|=10 :
C-CALC OGROWTH =ATE £FFECT DVE T3 DISTRIKUTION . _
C WHEN FREDH WwATER DFECREADES SH<IMP AND CRABY Hayl LEDD AREA

€ WHEN FRESH WNATER INPUT DECREASE> /P PRIM AND MID CARN HAVE (R AREA -

GERAR{Telets)z  ,500+ .S00%AADAL (N} 7AASALIN=])
GE2YR({1el90)=GEPAR (Lol 44 :
GEPAR(J+304)= (lasl oS54 2 0(OMNGIVI/DMNG(N=1))~1)) )88 (] ,/26,)
GEPYR{T43+4)=GEPAR (L e344)
GEPAR([evana)=GEPAR (vl v4)
GERPYR{[a6sa)=GERARIT L a4)
GERAr (I+5+4)=GFPAR([+]144)
GEFYR({[+5¢4)=GFPAR{Ial 14}
452 CONTINUE
250 CONTINUE . .

C STORE PRIOR . YFAR NET GROWTH QATE
FEPAR (JaLeS I1=GEPAR(I L5 )
FERPYR(I+L4S I=GEPYR(ILeS )

7R8 CONTENUE -
CC.DETEIMINE CURRENT YEAR NET GRDATH RATE .
- 510 CONTINUE '

IF (NLEQ.Y) FEPAR(LIsLSI=GEPAI{IaL1)"
IF (N,EU«l) FERPYR(T+LeS)=OFPYR{Isl sl)

go1



: GEPYQ(IOLOSJ-FEPYR(I’LOS’QGEPYR(I!Lla)“GEPYR!I!LO3)GGEDY?(IOL!‘D’ .

n
&
]

280
2Rl

2n2
£33

210
211

GEPA*II!L!5)*FFPAR(ItLtblﬁGEﬁﬁQ(IvL!E)’GEPAR(11L03)°GEDA?(IoLtQ)
RICLI=FLOAT(IG(L)=1)

CONTINUE

RX12=R1 (L) m21(L)

CONITMIT+L)=0,0 .

IF(RX12.6T«1.)60 TO 205

CON2IM(T LI=SINIRIILI*® S, lﬁlh/?ZCL)l*CONDTIM(L)
CONTINUJE

RILI=RLIL)=FLOATCIZ(LI=T (L)}

IF{R3 (L) e GELP6H, }WitLl"%3(Ll-db.
IF(RIIL)LTULY GO TO 210

(L) =FLOAT (TG (L)=-T3(LY )

IF (e L) aLE. O IRG(LIZRA(L) 25,
RS(L)=RI(L)=FLOAT(ISILI~T1 (L))

IF (RS (L) o GE 2 R6 s IRS (LY ZRS (L) =26,

IF (R (L)L T,.0,.)60 TO 240
ROELI=FLOAT LI (L) =1=I5(L})

IF(RA(LYJLE, 0.1 REILIZRG(L) +25.

RAAS6=RS (L) /96 (L) ‘

IF(RX4S8.GTela) GO TO 2H0

FOREM{I.L)= YCONSTL (L) ' ${ RSULLIZ(ROE(LI+]1 L))
IF(FOREMIToL) dLTo0W)FUREM{T L) =0, - S

50 T3 2ml

FOREM({T.LI=0,

CONT INUE

IR ILL) sROULD ‘
IF(RX34.0GTalel GO TO 2n2
CONSEM(ToL )=
SIN(RI(L)#3, 1416/H44L})*FACT&MIL)“YCDNDIL(L)+FORE%(1.L)
GO TO /48B3
COVDerIoL!-FDﬂEM(I-L)
CONT INUE
GO 1O 211 ) ‘ .
CONSEM(T+L}=0,0
CONTINUE

CABGRIW=ACONSIL (L)

PEQG?vtl.LJ-YCQNb[L(L)*IGEJYH(I-L-S)-l.)

IF (IPERGRY {Ial} 4LT.04) PERGRY{I4L}=0
3EQUR&({-Li=AC0NbIL{Li*(GEDAR!IchS)-l.)
IF{M.E}, L )CONSEM(I.Li:TCOVSIL(Li*GEPYQ(l.L;5)
ACONSTL (LI =ACONSTL L) SGEPAR (L sL+3) /FEPAR T 4L #5)
lFlM.EU.liACDNbEM(L)=ACQNbﬂM{LY

60T



RESULT{NsL+3)=ACONSEM (L)
YCONbIL(L)-YCONbIL(L)*GEPYR(I.L-:J‘CDNSIWllgL)-CONbEHlIuL)
IF{M.EQ.IYACONSOM{ L)=0,

c ADULT EM=GROATH=-CHANGE IN BINYASS IN SYSTEM
PERAEMITsL) = PERGRATT+L)=(ACONSILIL)~ABGROW)
ACONSOM (L) =ACONSOMIL) + PERAEM(T L)
CONDE"Hlol_)-CON:E“(I.L)*DtQAt‘-\(I.L)

.60 1O 202

2064 ACONSTLAILYI=S - (I,L)
YCON2TIL (L )Y=0, ‘
CONDIM(TaL)=0,
CONSEM(IaL) =0,
Ie(L)=1

202 CONTINUE
CONSILAL)=ACONSIL (L) +YCONDTL (L)
CONSILCL2L)=ACONSTL(L)
TF(YCONSEL (L) wlLEala) YCONSIL(_)=1.
CONSZLITWL)=YCINSIL (L)
CONSIL (ToL)=CONSIL (L)

C STORE CONSUMER BIOMASS LEVELS QY YEAW
CONSTL INe I+ ) =CONSTL (L)

RCALSAMIT L) =CONS3L (T L) /> (I,

C RCALSAM HaSED ON YOUNG HBIDMASS

C  XYZ=3(I+L)=CINSIL(I,4L)

c IF(XYZ LTaloadxY2Z=1, :

C ACALOSAMIT L) =CONS2L (T L) /XY2
IF{N+OT«1}RCALSAM{ T+ L) =CONSIL (T+L) /CONSEBL (L)
IFIL.GT«5} GO TO 354
tL=L+3
FOODINGToLL)=CONSIL(T4L)

254 CONTINMUE _

" TCONSIM(L)=TCONSIM(L) *CONSTMET L)

TCONSEM{L)=TCONSEM (L)} « CONSEM(TSL)
RESUL T (NsL s 1) =TCONSIMIL)
RESULT (NeL s 2} =TCONSEMIL])
REMIM=TCONSEM(L) /TCONDIM (L)

T RESULT(NwL »&)=REMIM

203 CONTINUE ' :
IFINY,LT.N2)Y GO TO 200
00 298 I=1+26 '
NP=P+ 1
XP N2 )= FLOAT(MP)/E&.
DO 6100 L=1+6 .

- OTT



iz
e O
=S
v i
=
k= 5
ER
”'7§°=§
5

YCON°I!NP-L)~CON53L‘I¢L)

6100 CONTINUE

IF{I.nT.1}) GO TN 264
WNRITE (He269)

_2hn9 FDRH#T(ﬁbuFﬂnnlSKSHFOOD?bxbﬂFOUD3:X5HFODDhSKSHFOOD:GXSHFODD&SKSHF

1000 T5xSHFODDRSX1HI)

- 2RRB ﬂQITE‘ho??O)FOOD(NvI’l)oFJDDlV:I!?)0FOOD|N!Iv3)oFOOD(VQIDQ)'FDOD(N

lglvbl-FOOU(N1I06)|FOODIN I, 7’0F03“lNyl!BioI

270 FORMAT{1IX«BF10.1416)

298 CONTINUVE
DO SE10 L=l4b .

SKTIP 'DETATLED PRINTOUTS-5100
GO TO S100
WRITE (6+213) - o

219 FORMAT|4XTHTCOM>IM3xIHTcoviMaerNst1HL5:SHREMIM3xTﬂnCON5EM)
WRITE (6421R) TCON5I"(L|.TCGN3LM(L).NY L1REHI“,AC0N5E“{L}

218 FORMAT (I1Xe2F 1041 -216.F10-qu10.l/) N
D0 J10 I=1.26 . . '
IF(I.GT.1) GO TO I
ARITE{&64300)

aco FORMAT(SXSHGEPYRlQXbﬂGEPYQEQK6HGEPYR34X6HGEPYEQ4X6HGEDYR55XIHL'

311 CONTINUE

- #R[TE(O!30[)GEPYR([!L!I’OGEPY?‘IQL!?)OGEDYRfle!3)CGEQYR(IOLQQ)c
1GEPYA (TaLeS) L :

301 FORMAT (1X+5F10.4416)

310 CONTINUE
DO 312 I=1.26
IF(I.67.1) GO TO 313
WRITE(64302)

302 FOQMAT(%erGEPhR1AXbHGFPnu?axbﬂeEPARqu6HbEPAE«4buGE°ARbeIHL)

313 CONTINUE
dRITt(6o301)GEPARlIcL-lJ.GEPAQ(IQL92)-GEPAR(IoLo3)vGEPAR(IvaQ)n
1GEPAR(T«Ls5) oL . ‘
312 CONTINUE ' '
DO 216 I=1+26
IF(I.6T+1Y GD TO 215
WRITE (6+214) .

214 FORMATtaK7HACON5[L3X7HYCONbIL3K7HTC0NbIL3K7HRCY/PHYQK6HCDN5IM4K6HC—

lONbEHQKEHNYSXIHISXIHLbX1HMSXbHFOQ&MAK&HGEPYRS#XﬁHGEPARS)

'dIS CONT INUE

NRITE(6+421 7)1 CONSIL (1oL ) s CONSZ2L(LoL) C0N53L(IsL)9RCAL5A4(I.L0+COVSI
lﬂiIcL)gCONbEﬂichifNlesL sKNCL4L) oFOREM(T4L) +GEPYRI(I 4L +5) +GEPAR(]

TTT



217

ZeL+5)
FORMAT(]Xe6F)0. EvQIGGFIO 2!2?10-41

216 CONTINUE

5100

5110
C DET

500

CONTINJE

CONT INUE :
ERMINE FODD COSUMPTION BY TYPE.CONY EFF=.1

30 S00 J=1.4

TAFCONS(J)=0.

AVGFONN(J) =0,

DO 500 [=1,26

TRFCONS(I+))=0.

COoNTINUE

D0 S04 J=1.8

03 201 [=1426

- DO 503 L=14s

503

506
200

FECONS{Tadel) = (PERGQY([.L:°E~tebtIoJ-L)+°tRGRA(I.L)°EVEle26.J L
17«1

TPFCINS (Lo} =TPFCOND U+ I +PFCOND (T s Jell)

CONT INUE ’

TAFCON:!J!-TAFCDNSGJ)*TPFCONb(IoJl

AquDon!JJ—AvGFDODIJ)*FOOD(N- 1«0} 26,
- CO NTINUE

?FCA!J)’TAFCOMblJ)/AVGFOOD(Jl

CONT INUE

WRITE(64505)
FOHHAT(SIBHRFCOIAVlZKHﬂFFCO/AvdzKBHRFCO/AVJEXBHFFCO/AVQZXBHRFCO/AV
132X8HRFCO/AVE2XBRRFCU/AYTZXEBHIFCIAVESXIHN)
dRITt(b.SObIRFCA(IlvRFCA(?)qHFCA{3).PFCA(Q).?FCA(b)cRFCA{b) RFCALT
11 eRFCALIB) 4N

FORMAT(1X%+BE10,2+16}

CONT INUE

C STORE PR YEAR FOOU AND EIOMA55 LevELS - -

265
263
C SuM

D0 263 I1=]+26

DO 265 L=146

CONDGL (T+L)=CONSIL(TSL)
CONSSL{ToL ) =CONSZL (L)

CONSBL (1L )=CONS3L (TaL)

CONTINUE -

CONT INVE

TOTAL RI0MASS EM FOR YEAR
RESULT(NvbsS) =0,

D0 490 L=24h ' o
RESULTINSIG35) =RESULT(Ns645) +RESULT (NyL ¢2)

ANN



"q

ST @y 4 T

EHEL‘MD‘&IPIHHD

490 CONTInUE

“l6

4Aa1

4n2

N=N+]

N1=n

N2=N1

IF (N.GT+NNN) GO TO 476

GO TO 2%¢C
CONTINUE
NN~
DO 480 L=1+6
DO 4d4 K=}a4N

IFIK.GT<1)G0O T 4R2
ARITE(hoaB]) : o
FO*MAT(7!4HAFHW?X3HQNDSXEHAA3AL5KSHAANIT7l3HTIH7X3HTEW3X7HACONSEH5

1XSHREMINS X THNS X L RL TA 3APP GEXZHF GEXSHTEMYR) -

CONT INUE
deTE(boh&3)UATA(K-lluOATA(KcZ)oOATA(K.3!vDATA(K;#)vRESULT(KoleIo

,l?EbULT(K-L.?!.QESULT!K,L.J’-R55ULT(KcL-QlQK.L sDATAIK5) sDATA(K,,S)
2eRESULT(XsHs5)

443
GH4

4R5

4R0

FORMAT (1XeaE}0.203E10,2+E1042021593E10.2)
CONT INUE :

00 485 NX=1.NP

YCOND (NX) =YCINST INXsL}

CONT INUE L :
IF(LeEN. 1) YM=1IHZO0PLANKTIN

IF (L oENL2) YM=1IHHERB IVORE -

IF(L.EN.3)YM=]1 3HOMNIVORE

IF(L+EQ.4) YM=13IHPRIM CARNIY
IF(L«FQe5IYM=]3AMID CARNIYV
IF(L+EQ+6)YM2]13HTOR CARNIV °

CALL DDIPLT(LlaINsNPeXP 3 ¥C0NS 00904900900 1aX¥y 29YMyll)
CONT INUE

XM=1UHYEAR )

¥Y™M=1 IHHIOMASS

DO 7001 KL=149

DO 7000 K=14N

ZP(K)=FLOAT(K) :

IF (KL EQ.)) YRESU(K)I=ZDATA(K»3)/10,
IF(KL.EQ.2) YREDUIKI=DATA (K 4

IFIKL.EQ.3) YREDULK)= RESULT{Ks142L/RESULT(1el42)
IF{KL.,EQ«4) YRESU(K)= HESULT(K+2+2) /RESULT(142+2)
JFIKLLEWLS) YREDUIKI]F HESULTIK9 392 /RESJLT(15302)
IF (KL FQ.6) YRESUIK)= RESULT IKsts2) /RESULT (L yts2)

IF(KLFUL7) YRESU(K)= RESULT(Ks592) JRESULT (195421

£TT



Vd 1V N

I

VY mooq st an
HHT, 40 XII

N
WONAOYdirs,

7000

7001

IF(KL,EQ.8) YREBU(K)= RESULT(Ko@oE)/RESULT{l-6!2)
IFIKL.FG«9) YRESUIK)= - RE&ULT[KiG!S)/RESULT(106!5)
CONTINUE . ' )

IEC=0

IF(KL,EU.9) 1EC=1

IbY"—KL

CALL- DDIPLT(IEC.INQN!ZDOYQFBUOO.QU.UO.Qa 0.1.XM.2-YM.1SY41
CONTINUE -

XM=10HPERIOD

- YM=10HFRACT FOOD

DO 7012 L =146
20 7013 J=1.8

. D0 7014 M=1,.26

7014

YRESU(MISENERD (Me ol }
ZP(M}=FLOAT (Y)
CONT INUE

4.

7013
7012

7020

7022

7021

IEC=0 = .. .

IF(JEQ.8}IEC=1

I1S5ym=y .

CALL nDIPLTfIEC!IN!HOZP!YQFSU'0.00.QO.al OsleXMa2e¥My I5YM}
CONTINUE

CONTINVE . )

YM=] 3HB0O0LB/DAY

DO 7020 M=1,.,26 )

YRE2J{M)=FO0OD(1eMs 1)

CONT INUE -

M=26

TIEC=1

I5yM=) ’

CALL nnIPLT(ItC.INquzﬁav*EbU 0..0..0..0-;1.xqo2.YMvISYMi

“YMz13HS [OMASS -

DO 7021 L=l.6"

00 10p2 M=],26

YRESU:M):ALOGIU]b(M-LI)

CONTINUE

M=2&

TIEC=0

IF(LEWab) TEC=]

1SYM= L

Al=6.

of. TS DDIPLT(IEC.IN M.ZD,YRfau 0..0..0..AI lcxﬂ.E.YM I5YM)

CONTINUE . ) "

THIT



[,

¢ HOOd ST EOve - -
BHL J0 ALITID00 e,

7023

1EC=1
I5Ym=1]

DO 7023 M=1,26
YRESU{MI=FOOD{1«eM, T

CONT INUE

=26

CALL DOIPLT(IEC+INaMaZPyY
STor .
END .

RESUalaaDao0osBasleXMa2s¥MaISYH)

61T



S0URCE WATER FRACTIONS FOR GALY SAY STATIONS(COPELAND AND FRUH»1970)
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