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Variation of Florida scrub vegetation along gradients of soil pH
and landscape age on a barrier island complex" 2
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Abstract. Florida scrub is a fire-maintained shrub vegetation of well-drained, sandy soils associated with ridge
systems that originated as coastal dunes. It is unique to Florida and supports many rare plants and animals. Between
1992 and 2005, we sampled 30 stands of long-unburned scrub with 196 line-intercept transects (15 m length) across
the Merritt Island-Cape Canaveral barrier island complex where dune ridges range from relatively recent to > 30,000
years old with a range of soil leaching and reaction. These data allow us to determine the relationships of landscape
age and soil reaction on community composition. We recorded community composition in < 0.5 m and > 0.5 m
height strata. We determined mapped soil type for all transects; for 151 transects we determined soil pH of the 0-15
cm and 15-30 cm layers. Hierarchical cluster analysis of stands (N =30) and transects (N = 196) using 41 species (of
53) present in > 2 transects gave two groups: coastal scrub with Quercus virginiana (shrub form) and Serenoa repens
as dominant species on the most alkaline soils, and oak-saw palmetto scrub with Quercus chapmanii, Quercus
geminata, Quercus myrtifolia, and S. repens on the strongly to somewhat acidic soils. Direct gradient analysis
indicated that dominant species except S. repens varied from acidic to alkaline soils. Indicator species analysis
identified seven species that indicated acidic soils and five that indicated alkaline soils (P << 0.01). Nonmetric
multidimensional scaling (NMS) ordination at the stand level separated the two groups along the first axis, and NMS
ordination of the transect data showed the gradient of coastal to oak-saw palmetto scrub. Position of transects on the
first axis was related to soil pH class, and to measured pH of the 0—15 cm and 15-30 cm layers. Soils show a
progressive leaching of shell material from the surface horizons followed by podsolization; this process takes > 4,000
years. Our results indicate substantial differences between the community composition of scrub vegetation on recent
alkaline soils compared to leached acidic soils.
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Climate structures vegetation distribution at the
global scale (e.g., Walter 1979, Woodward 1986).
At regional and local scales, microclimate, soil
moisture availability, and other edaphic factors

potassium (K), and molybdenum (Mo) deficiencies
may occur in acid soils along with toxic concen-
trations of aluminum (Al), hydrogen ion (HY),
manganese (Mn), and iron (Fe), but in alkaline
soils Fe, Mn, and phosphorus (P) deficiencies are
common (Epstein 1972, Marschner 1986, Fitter
and Hay 1987, Tyler and Falkengren-Grerup
1998). In acid soils, nitrification is inhibited and
available nitrogen (N) is low, occurring primarily
as ammonium-nitrogen (NH,-N; Marschner 1986).

frequently determine distribution (Bailey 1996).
Soil reaction (pH) and carbonate content have long
been recognized as important to the distribution of
plant species and communities (e.g., Kurz 1920,
Salisbury 1920). Soil pH represents a complex

gradient where calcium (Ca), magnesium (Mg),
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Studies at the regional scale recognize the
importance of soil pH in the distribution of plants
in grasslands (Wagner ef al. 2017), coastal
vegetation (Angiolini et al. 2013, Munoz Valles
et al. 2015), forests (Peet et al. 2003, Diekmann et
al. 2015, Michaelis et al. 2016, Reinecke et al.
2016), woodlands (Santos-Filho ez al. 2013, Viani
et al. 2014), shrublands (Li et al. 2016), alpine
vegetation (Schmidtlein and Ewald 2003), and
roadside vegetation (Schaffers and Sykora 2000).
The inclusion of soil pH improved montane plant
distribution models over models that included only
climate and topography (Dubuis et al. 2013).

Development of soils of coastal dunes typically
begins with parent material of sand and shell that
lacks organic matters, is low in available N, but
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high in carbonates and alkaline in pH (Ranwell
1972). This is also the case on dunes formed on
large, freshwater lakes (Olson 1958, Lichter 1998).
Initial soil development on these dunes involves
leaching of Ca and Mg carbonates, increases in
organic matter and N, and decreases in pH
(Salisbury 1925, Olson 1958, Lichter 1998,
Tackett and Craft 2010, Rossi and Rabenhorst
2016). On many dune systems, soils develop
podzol (spodosol) characteristics after carbonates
are leached (Thompson 1992, Lundstrom et al.
2000, Sauer et al. 2008, Eger et al. 2011, Turner et
al. 2012, Martinez et al. 2018). Incipient podzol
development can occur in < 100 years to 1,000
years with mature podzols developing in 1,000—
6,000 years (Sauer et al. 2007), but in areas of high
precipitation podzol formation can occur more
rapidly (Sauer et al. 2007, Eger et al. 2011).

Florida scrub is a relict shrub community
associated with former coastlines and paleo-dunes
(Laessle 1967, Myers 1990). Florida scrub is one
of the most endangered ecosystems in the USA
(Noss and Peters 1995) due to habitat loss for
development and agriculture (Myers 1990, Week-
ley et al. 2008). The community type occurs on
well-drained, acidic, infertile sandy soils where
scrub oaks (Quercus geminata Small, Quercus
myrtifolia Willd., Quercus chapmanii Sarg., Quer-
cus inopina Ashe), Ceratiola ericoides Michx,
repent palms (Serenoa repens (W. Bartram) Small,
Sabal etonia Swingle ex Nash), and ericaceous
shrubs predominate (Myers 1990), with or without
a pine canopy. Florida scrub and the adjacent
scrubby flatwoods are characterized by periodic,
intense, stand-replacing fire (Abrahamson and
Hartnett 1990, Myers 1990) and are habitat for
many rare, endemic plants (Christman and Judd
1990, Menges 1999, Stout 2001) and rare,
threatened, or endangered fauna (Myers 1990,
Menges 1999).

Former coastlines and paleo-dunes that origi-
nated as coastal dunes have experienced high
levels of leaching. Here we present data on
vegetation composition and soil pH from the
Merritt Island-Cape Canaveral barrier island com-
plex that spans the transition from recent alkaline
coastal dunes to much older acidic and leached
systems. Improved dating of the barrier island
complex (Rink and Forrest 2005, Burdette et al.
2009, 2010) has allowed soil development and
vegetation composition to be assessed more
closely over longer time scales. Chronosequences
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of soil and vegetation development offer valuable
insights when used appropriately (Huggett 1998,
Walker et al. 2010, Turner and Laliberte 2015).

Materials and Methods. The Merritt Island-
Cape Canaveral barrier island complex is located
on the east coast of central Florida (28°38'N,
80°42'W) and much of it is within the federal
properties of Kennedy Space Center, Merritt Island
National Wildlife Refuge, Canaveral National
Seashore, and Cape Canaveral Air Force Station
(Fig. 1). The climate is warm and humid;
precipitation averages 134 cm/yr (Foster et al.
2015), but year-to-year variability is high (Mai-
lander 1990). The wet season extends from May to
October. The mean annual air temperature from
1920 to 2011 was 22.3 °C with high temperatures
occurring in July (28.0 °C) and low temperatures
(15.5 °C) occurring in January (Foster ez al. 2015).

Multiple dune ridges occur on the barrier island
topography (White 1970) with intervening swales
of lower elevation. Scrub vegetation occupies the
well-drained ridges, pine flatwoods occupy the
more poorly drained flats, and graminoid marshes
or woody swamps occupy the lower swales
(Schmalzer et al. 1999). Scrub communities on
Merritt Island are primarily oak-saw palmetto
scrub, a shrubland characterized by three species
of oaks (Q. chapmanii, Q. geminata, Q. myrtifolia)
along with S. repens and ericaceous shrubs, and
scrubby flatwoods with a similar shrub layer and
scattered Pinus elliottii Engelm. var. densa Little &
K.W. Dorman (Schmalzer and Hinkle 1992b,
Schmalzer et al. 1999). On Cape Canaveral and
the outer barrier island, coastal scrub occurs inland
from the coastal dunes and strand but on alkaline
to circumneutral soils where a coastal, shrubby
form of Quercus virginiana Mill. predominates
(Kurz 1942, Schmalzer et al. 1999). Nomenclature
follows Wunderlin and Hansen (2011) unless
otherwise noted.

Cape Canaveral and Merritt Island form a
barrier island complex shaped by the alternating
high and low sea stands of the Pleistocene and
Holocene (Fig. 1). Cape Canaveral is Holocene in
age, with its formation beginning about 7,000
years ago when the rate of sea level rise slowed
after the end of the Wisconsin glaciation (Brooks
1972, Davis 1997). Cape Canaveral formed as part
of a prograding barrier island complex (White
1958, 1970) with alternating periods of deposition
and erosion (Chaki 1974). This prograding forma-
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Fic. 1. Location of 30 long-unburned scrub stands on the Merritt Island-Cape Canaveral barrier island
complex that were sampled before restoration.

tion extends south of Cape Canaveral then prograding barrier island complex, earlier than
transitions to a structure indicating overwash Cape Canaveral (White 1958, 1970). Multiple
(Mayhew and Parkinson 2007). The Mosquito dune ridges represent successive stages in this
Lagoon barrier beach is also characterized by growth. The eastern portion of Merritt Island is
overwash and landward regression (Mehta and substantially younger than the west (Brooks 1972)
Brooks 1973). Merritt Island also formed as a and retains ridge-swale topography (Brown et al.
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1962). Surface strata are primarily unconsolidated
white to brown quartz sand containing beds of
sandy coquina of Pleistocene and Holocene age
(Cooke 1945, Brown et al. 1962).

Parent material for soils of this barrier complex
are primarily sands of mixed terrestrial and
biogenic origin. The terrestrial material originated
from southern rivers carrying sediments eroded
from highly weathered Coastal Plain and Piedmont
soils; these sediments are quartzose with low
feldspar content (Milliman 1972). The biogenic
carbonate fraction of the sand is primarily of
mollusk or barnacle origin (Milliman 1972).
Adams (2018) suggested that the barrier island
complex may have formed as the paleodelta of a
formerly south-flowing St. Johns River.

Given the similar parent material, climate, and
topographic position, landscape age (time) is a
critical factor in soil pedogenesis and properties
(Jenny 1941, 1980). While the overall sequence of
landscape age from Cape Canaveral (youngest) to
mainland Atlantic Coast Ridge (oldest) is well
established (White 1958, 1970; Osmond et al.
1970; Brooks 1972), more recent studies provide
improved quantification. Rink and Forrest (2005)
dated a series of sand samples taken at 1 m below
the surface. On Cape Canaveral dates ranged from
150 YBP near the area of current sand accumu-
lation on the coast to ca. 4,000 YBP near the west
side of the island; in contrast, the one sample from
central Merritt Island dated to ca. 43,750 YBP
(Rink and Forrest 2005). Along a transect on
Merritt Island, Burdette et al. (2010) identified
subsurface strata (sands) deposited at periods
dating between 113.6 ka to 133.6 ka, 95-105 ka,
and 69.2-83.6 ka; these depositional periods
correspond to high sea stands. Burdette et al.
(2009) dated two Anastasia Formation coquina
deposits on Merritt Island, one at Haulover Canal
dated from 66.8-91.6 ka, and one on central
Merritt Island dated from 100.3-119.4 ka; these
were deposited at high sea stands. Burdette et al.
(2010) considered the surface strata (ca. 1-2 m) to
be an aeolian sand sheet dating to about 15 ka
formed from remobilized sand on top of older
deposits; this corresponds to a period of aeolian
activity recorded in the coastal plain of Georgia
(Ivester et al. 2001) and North Carolina (Mallinson
et al. 2008).

Soils on Cape Canaveral, False Cape, and the
barrier island on the east side of Mosquito Lagoon
are younger and less weathered than those of
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Merritt Island (Huckle ef al. 1974). Well-drained
soils in these areas retain shell fragments in the
upper layers, while those inland on Merritt Island
do not. The presence of shell fragments influences
soil nutrient levels, particularly Ca and Mg, and
pH. Schmalzer et al. (2001) found that coastal soils
had significantly higher total Ca, Mg, sodium (Na),
Fe, and Mn concentrations as well as higher soil
pH compared to acid scrub soils.

We obtained vegetation data from 196 line-
intercept transects (15 m length each) (Mueller-
Dombois and Ellenberg 1974) in 30 stands of
long-unburned scrub on Merritt Island and Cape
Canaveral between 1992 and 2005 (Fig. 1). All
stands were on well-drained to moderately well-
drained sites. Scrub was sampled before cutting
and burning to improve habitat conditions
(Schmalzer et al. 1994). We recorded vegetation
cover data by species in two height strata (< 0.5 m
and > 0.5 m); cover was measured to the nearest 5
cm. We measured height at four locations (0, 5, 10,
15 m) along each transect. Transect locations were
recorded with a differentially corrected GPS
system (Trimble, Sunnyvale, CA). We determined
mapped soil series and general soil properties from
transect locations and the soil survey (Huckle ef al.
1974) as updated by the National Resources
Conservation Service (www.nrcs.usda.gov). For
151 transects in 22 stands, we sampled soils from
the 0-15 and 15-30 cm layers; soil pH was
determined on a 1:1 soil to water slurry (McLean
1982).

The complete vegetation data set included 196
transects in 30 stands and 53 species. We
summarized species composition by stand (IBM
SPSS, ver. 25; www.ibm.com). For cluster and
ordination analyses, we dropped species with
fewer than two occurrences in the > 0.5 m data
set to avoid outliers. The reduced > 0.5 m data set
had 196 samples and 41 species. We conducted
hierarchical cluster analysis (Ward’s method,
relative Euclidian distance; PCORD, ver. 7; MjM
Software Design, Gleneden Beach, OR) at the
transect level using species cover and at the stand
level using species cover means. We grouped soil
series into three classes that differed by soil
reaction and degree of leaching based on Huckle
et al. (1974): acid, acid-neutral, and alkaline. We
compared mean percent cover of dominant species
across soil classes in a direct gradient analysis. We
used indicator species analysis (Dufrene and
Legendre 1997, PCORD, ver. 7) to determine
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species related to acidic or alkaline soil classes. For
the indicator species analysis, we combined the
acid and acid/neutral soil series based on similar
species composition.

We conducted nonmetric multidimensional scal-
ing (NMS) ordination (Kruskal 1964a, 1964b;
PCORD, ver. 7) at the stand and transect level
using the Sorenson distance measure. Nonmetric
multidimensional scaling is considered the most
generally effective method for the ordination of
community data (McCune and Grace 2002). We
examined correlations of NMS axes scores to soil
series pH classes and measured soil pH using
Spearman’s rank order coefficients (IBM SPSS,
ver. 25). We compared soil H" concentrations
across the three soil series pH classes: acid (N =
72), acid/neutral (N = 43), and alkaline (N = 36)
with the nonparametric Kruskal-Wallis test (IBM
SPSS, ver. 25).

Results. Scrub transects occurred on nine soil
series in three soil reaction and leaching catego-
ries: alkaline soils with shell material remaining in
the upper soil layers (Palm Beach and Canaveral
series), acid/neutral soils where the upper part of
the soil profile is leached and acidic but shell
material remains at depth (Cocoa and Welaka
series), and soils that are leached and acidic
throughout (Immokalee, Myakka, Orsino, Paola,
and Pomello series; Table 1). Seventy-two tran-
sects occurred on acid soils, 58 transects on acid/
neutral soils, and 66 transects on alkaline soils.
Direct gradient analysis indicated that dominant
species except S. repens as well as several less
abundant species differed across soil reaction
classes (Fig. 2). Quercus chapmanii, Q. geminata
Q. myrtifolia, and Lyonia ferruginea were abun-
dant on acid and acid/neutral soil classes, but
absent or in low abundance on alkaline soils (Fig.
2A). Quercus virginiana and Myrcianthes fragrans
(Sw.) McVaugh were absent or in low abundance
on acidic soils but abundant on the alkaline soil
series (Fig. 2A). Of the less abundant species,
Carya floridana Sarg. occurred only on acidic
soils, but Persea borbonia (L.) Spreng. and
Sideroxylon tenax L. were much more abundant
on alkaline soil classes (Fig. 2B)

Cluster analysis of the 30 stands gave two
distinct groups (Fig. 3). All 11 stands on acid soil
and eight of nine stands on acid/neutral soil were
in Group 1 (oak-saw palmetto scrub), and all 11
stands on alkaline soils plus one stand (Stand 13
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with 2 transects) on acid/neutral soil were in Group
2 (coastal scrub). Scrub oaks, S. repens, and
ericaceous shrubs were dominant in stands on all
acid soils and most acid/neutral soils, but Q.
virginiana and S. repens were dominant on all
alkaline soils (Table 2). Detailed species compo-
sition by stand is given in Table S1. Cluster
analysis of the 196 transects also gave two groups
(dendrogram not shown). Two transects on
mapped acid/neutral soil (Stand 13) and one on
acid soil were dominated by Q. virginiana and
grouped with coastal scrub; three transects on
alkaline soil that were dominated by S. repens with
little oak cover grouped with oak-saw palmetto
scrub. H* concentrations differed among the three
soil classes (Kruskal-Wallis test, P < 0.001; Table
3), with acidic soils having the highest concentra-
tions (lowest pH).

Indicator species analysis comparing two
groups, acidic (including acid/neutral; N = 130
transects) and alkaline (N = 66 transects), was
significant (P = 0.0002) with 12 species having
indicator values significant at P < 0.01 (Table 4).
Seven species indicated acidic soils, and five
species indicated alkaline soils (Table 4).

Nonmetric multidimensional scaling ordination
at the stand level separated the oak-saw palmetto
scrub from the coastal scrub along the first axis
(Fig. 4); NMS ordination of the transect data
showed the gradient of coastal to oak-saw palmetto
scrub (Fig. 5A). Position of transects on the first
axis was related to soil pH class, »,=—0.793, P <
0.001 (soil series coded as acid, acid/neutral,
alkaline) and to measured pH of the 0-15 cm
layer (r,=—0.616, P < 0.001) as well as to pH of
the 15-30 cm layer (r, =—0.623, P < 0.001).

Species characteristic of coastal scrub (e.g., O.
virginiana, M. fragrans, P. borbonia, S. tenax)
occurred to the left of the first axis of the species
ordination (Fig. 5B). Serenoa repens, abundant in
both types, occurred towards the center. Charac-
teristic oak-saw palmetto scrub species (Q. chap-
manii, Q. geminata, Q. mytrifolia, Lyonia spp.,
Vaccinium spp.) were located right of center.
Ceratiola ericoides and Carya floridana, occurring
or particularly abundant in only one stand each
(Table 1), ordinated farther to the right.

Discussion. Scrub on the Cape Canaveral-
Merritt Island barrier island complex occurs across
a chronosequence of landscape age, soil leaching
and development, and changes in soil pH and
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Characteristics of scrub soil series on the Merritt Island-Cape Canaveral barrier island complex.
Data are from Huckle ez al. (1974) and nrcs.usda.gov.

Soil series Classification

Description

Canaveral Hyperthermic, uncoated Aquic

Quartzipsamment (Entisol)

Cocoa
(Alfisol)

Immokalee
(Spodosol)

Myakka
(Spodosol)

Hyperthermic, uncoated Spodic
Quartzipsamment (Entisol)

Orsino

Palm Beach
(Entisol)

Paola Hyperthermic, uncoated Spodic

Quartzipsamment (Entisol)

Pomello

Welaka Hyperthermic, uncoated Spodic

Quartzipsamment (Entisol)

Siliceous, hyperthermic Psammentic Hapludalf

Sandy, siliceous, hyperthermic Arenic Alaquod

Sandy, siliceous, hyperthermic Aeric Alaquod

Hyperthermic, uncoated Typic Quartzipsamment

Sandy, siliceous Oxyaquic Alorthod (Spodosol)

Moderately well-drained to somewhat poorly
drained sandy soil mixed with shell. Amount
of shell increases below 30 cm. Neutral (pH
6.6-7.3) to moderately (pH 7.9-8.4) alkaline
throughout.

Well-drained sandy soil underlain by coquina.
Medium acid (pH 5.6-6.0) to mildly alkaline
(pH 7.4-7.8) in all layers.

Nearly level, poorly drained sandy soil with
spodic (Bh) horizon at 84-140 cm. Strongly
(pH 5.1-5.5) to very strongly (pH 4.5-5.0)
acid throughout.

Nearly level, poorly drained sandy soil with
spodic (Bh) horizon at 56-89 cm. Strongly
(pH 5.1-5.5) to very strongly (pH 4.5-5.0)
acid throughout.

Nearly level, moderately well-drained sandy soil
lacking a continuous spodic (Bh) horizon.
Very strongly (pH 4.5-5.0) to moderately (pH
5.6-6.0) acid throughout.

Nearly level and gently sloping, excessively
drained soils formed in marine sand and
shell; shell material present in 0-8 cm layer.
Mildly (pH 7.4-7.8) to strongly (pH 8.5-9.0)
alkaline throughout.

Nearly level to strongly sloping, excessively
drained sandy soil lacking a continuous
spodic (Bh) horizon. Very strongly (pH 4.5—
5.0) to moderately (pH 5.6-6.0) acid
throughout.

Nearly level, moderately well to somewhat
poorly drained sandy soil with spodic (Bh)
horizon at 79-157 cm. Strongly (pH 5.1-5.5)
to very strongly (pH 4.5-5.0) acid
throughout.

Nearly level, well drained sandy soil with a Bw
horizon at 46-140 cm and a 2C horizon of
mixed shell and sand at 140 cm. Extremely
acid (pH < 4.5) to slightly acid (pH 6.1-6.5)
in the A and B horizons and moderately
alkaline (pH 7.9-8.4) in the 2C horizon.

associated soil properties. Dominant species in
scrub vegetation change across this sequence of
landscape age, soil development, and soil pH.
Multiple analyses (cluster, direct gradient analysis,
NMS ordination, and indicator species) indicate
differences between the coastal scrub of alkaline
sands and the oak-saw palmetto scrub of acid and
acid/neutral sands confirming earlier qualitative
information (Kurz 1942, Schmalzer et al. 1999).
There is a turnover of dominant species across the
landscape age and soil pH gradient that is
consistent with what is known of their soil and

site preferences. Fire is a critical ecological factor
in scrub vegetation along this chronosequence.
On Cape Canaveral, soil development on well-
drained soils is a function of leaching over time
and incipient podsolization in similar parent
material. Shell material is found progressively
deeper in the Palm Beach to Canaveral to Welaka
series sequence but is still present at depth
indicating that it was originally in the surface but
has been leached over a period of 4,000—7,000
years (Brooks 1972, Rink and Forrest 2005).
Classification of the Welaka series as Spodic
Quartzipsamment (Entisol; Table 1; Huckle et al.
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Fic. 2. Direct gradient analysis of mean percent cover of scrub species along a soil series gradient. Soil
series are grouped as 1 = Acid (Immokalee, Myakka, Orsino, Paola, and Pomello; N = 72), 2 = Acid/Neutral
(Cocoa, Welaka; N =58), and 3 = Alkaline (Canaveral, Palm Beach; N = 66). A. Dominant species. B. Less
abundant species. Species codes are: Cf= Carya floridana, Lfe = Lyonia ferruginea, Mc = Myrica cerifera, Mf
= Myrcianthes fragrans, Pb = Persea borbonia, Qc = Quercus chapmanii, Qg = Quercus geminata, Qm =
Quercus myrtifolia, Qv = Quercus virginiana, St = Serenoa repens, St = Sideroxylon tenax.
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Fic. 3.

Cluster analysis (Ward’s method, relative Euclidean distance) dendrogram of 30 scrub stands using

mean cover > 0.5 m of 41 species present in > 1 transect. Oak-saw palmetto scrub and coastal scrub are

separated at the 50% information remaining level.

1974) is consistent with studies showing that
leaching of carbonates is required for podzol
formation (Thompson 1992, Lundstrom et al.
2000, Sauer et al. 2008, Eger et al. 2011, Turner
et al. 2012, Martinez et al. 2018).

There is then a hiatus between the younger Cape
Canaveral and older Merritt Island landscapes with
underlying sand (sampled ca. 2-5 m depth) and
coquina on Merritt Island dating to high sea stands
at about 113.6-133.6 ka, 95-105 ka, and 69.2—
83.6 ka (Burdette et al. 2009, 2010), but there are
also indications of aeolian activity at 15 ka that
formed the surface 1-2 m (Burdette ez al. 2010). If
the wind-blown sand had fewer carbonates than
coastal deposits, then leaching and podsolization
may have proceeded more rapidly; however,
Merritt Island scrub soils have had at least twice
as much time for leaching as those on Cape
Canaveral. Scrub soils on Merritt Island are all
Spodosols or Entisols with some podsolization
with the exception of the Cocoa series, which
formed in marine or aeolian sand over coquina and
retains shell material at depth (Table 1; Huckle et
al. 1974). Even so, the upper layers of Cocoa soils
are acidic (Table 2).

Spodosols (podzols) on the southeastern Coastal
Plain (Markewich and Pavich 1991) and subtrop-
ical and tropical areas (Schaetzl and Harris 2011)
are associated with seasonally high, fluctuating
water tables, which affect the movement of carbon
(C) and metals in the soil (Banik ef al. 2016). On
the driest ridges where the water table is deep,
leaching occurs but not complete podsolization. In
our study area, only the Palm Beach, Paola, and
Cocoa soils on the driest ridges have water tables
that are consistently deep (1.8-3.0 m; Huckle et al.
1974).

Expected soils reaction based on mapped soil
types (Huckle et al. 1974) and measured soil pH
are in good agreement (Table 2). One exception is
Stand 13, which is mapped as Welaka soil, an acid/
neutral type, but had soil pH similar to the more
alkaline Canaveral soil. This is probably a minor
error in the soil map as the nearby Stand 14 is more
acidic and consistent with the Welaka series.
Mapped soil units may contain inclusions of other
soil types and are limited by the scale of mapping
(Soil Science Division Staff 2017).

The transition from coastal scrub to oak-saw
palmetto scrub occurs where carbonates are
leached from the upper soil horizons. This
transition occurs on the western side of Cape
Canaveral (Fig. 1). On the substantially older
Merritt Island landscape, scrub oaks and S. repens
remain dominant on even more deeply leached
soils and the abundance of ericaceous scrub
increases.

Oak-saw palmetto scrub and coastal scrub are
well separated in cluster analysis (Fig. 2) and in the
stand level ordination (Fig. 3). In the U.S. National
Vegetation Classification (Faber-Langendoen et al.
2014, 2018), oak-saw palmetto scrub falls within
the Q. geminata-Q. myrtifolia-Q. chapmanii Scrub
Alliance and at the Association level resembles the
Q. myrtifolia-Q. geminata-Q. chapmanii Shrub-
land Association and the Q. myrtifoia-Q. gemina-
ta-Lyonia lucida-L. ferruginea Shrubland
Association (Mohan and Evans 2008, Weakley
2102, Nordman and Weakley 2014). Coastal scrub
is generally similar to the Q. virginiana-S. repens
(Ilex vomitoria) Shrubland Association, a type not
well defined in the national classification (Summer
2007).

Four oak (Quercus) species are important across
the coastal scrub to oak-saw palmetto scrub
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Table 2.
Canaveral barrier island complex before restoration.
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Summary of soils and vegetation of 30 stands of long-unburned scrub on the Merritt Island-Cape

Stand Number of pH 0-15 pH 15-30
number Description transects Soil series' Soil pH class>  Dominant species® cm* cm?®
1 Shiloh 1-north 10 Paola Acid Sr, Qg, Qm, Lf 3.84 4.53
2 Shiloh 1—interior 4 Paola Acid Sr, Qg, Lf, Mc 3.74 4.52
3 Happy Creek sand 6 Paola/Pomello Acid Qm, Qg, Qc, Lf 4.19 433
road
4 Happy Creek—south 4 Pomello/Orsino  Acid Cf, Sr, Qm, Qg, Qc  4.84 5.11
of tower
5 Happy Creek—north 12 Pomello/Orsino  Acid Qm, Sr, Qg, Qc 4.12 4.48
of tower
6 Shiloh 1-south 10 Paola Acid Sr, Qm, Qg, Lf 4.08 4.67
7 Shiloh 2 10 Paola Acid Qm, Sr, Qg, Lf 4.24 4.71
8 Haulover 8 Cocoa/Myakka  Acid/Neutral Sr, Qg, Qm 4.27 4.52
9 39A/B 7 Paola/Immokalee Acid Qm, Sr, Qg, Qc 4.22 4.62
10 LC41 5 Palm Beach Alkaline Sr, Qv 7.92 8.53
11 CCAFS LC40 11 Palm Beach/ Alkaline Sr, Qv, Mf, Pb 6.58 7.29
Canaveral
12 CCAFS Heavy 10 Canaveral Alkaline Qv, Sr, Qm, (Vr) 5.15 5.39
Launch Road
13 CCAFS Test Road— 2 Welaka Acid/Neutral Qv, Sr, (Vr) 5.42 4.93
east
14 CCAFS Test Road— 8 Welaka Acid/Neutral Qg, Sr, Qm, (Vr) 3.76 4.14
west
15  CCAFS Complex 19 5 Canaveral Alkaline Qv, Sr, Qm (Vr) 4.56 4.70
16  SLF Roller-chopped 5 Immokalee Acid Qm, Sr, Lf, Qg 3.59 3.95
17  CCAEFS C-37/38 10 Welaka Acid/Neutral Qg, Sr, Qm 4.73 4.69
18  CCAFS C-68 5 Welaka Acid/Neutral Sr, Qm, Qg, Qc 491 5.04
19  CCAES C-116 5 Palm Beach Alkaline Sr, Qv, Qm 3.83 4.18
20 CCAFS C-101 5 Welaka Acid/Neutral Sr, Qm, Qg, Qc 5.68 5.21
21  Shiloh Roller- 4 Paola Acid Sr, Qg, Qm, LI 3.75 4.26
chopped
22 Coastal Scrub—south 5 Palm Beach Alkaline Sr, Mf, Qv, Mc NA NA
23 Coastal Scrub—center 5 Palm Beach Alkaline Sr, Qv, Mf NA NA
24 Coastal Scrub—north 5 Palm Beach Alkaline Qv, Sr, St, (Sa) NA NA
25  CCAFS C-69 5 Welaka Acid/Neutral Sr, Qg, Qc, Qm 4.51 4.69
26  CCAFS C-48 5 Canaveral Alkaline Qv, Sr, Qm (Vr) NA NA
27  CCAFS C-7 5 Pomello/Welakka Acid/Neutral Sr, Ce, Qg, Qm NA NA
28 CCAFS C-87 5 Canaveral Alkaline Qv, Sr, Mf, Mc NA NA
29  CCAFS C-89 5 Canaveral Alkaline Qv, Sr, Pb, Mc NA NA
30  Haulover Canal 10 Cocoa Acid/Neutral Sr, Qm, Mc, Qc NA NA

! Series from Huckle ef al. (1974).
2 Soil pH classes from Huckle et al. (1974).

* Dominant species from transect sampling. Codes are: Ce = Ceratiola ericoides, Cf = Carya floridana, Lf = Lyonia
ferruginea, L1 = Lyonia lucida, Mc = Myrica cerifera, Mf = Myrcianthes fragrans, Pb = Persea borbonia, Qc = Quercus
chapmanii, Qg = Quercus geminata, Qm = Quercus myrtifolia, Qv = Quercus virginiana, Sa = Smilax auriculata, Sr =
Serenoa repens, Vr = Vitis rotundifolia. Parenthesis indicates vines.

* Mean soil pH, 0-15 cm, calculated from H* concentrations.

5 Mean soil pH, 15-30 cm, calculated from H* concentrations.

gradient, Q. virginiana in coastal scrub and Q.
chapmanii, Q. geminata, and Q. myrtifolia in oak-
saw palmetto scrub. Quercus virginiana and Q.
geminata are considered sister taxa but taxonom-
ically distinct (Nixon et al. 1997, Manos et al.
1999, Cavender-Barres et al. 2004b, Cavender-
Barres and Pahlich 2009); Q. virginiana is more
widespread (Nixon et al. 1997). Where sympatric,

Q. geminata typically occurs on drier soils of
lower nutrient availability than Q. virginiana
(Cavender-Barres et al. 2004a). In North Florida,
Cavender-Barres et al. (2004a) found that sites
occupied by Q. virginiana and Q. geminata
differed in average soil moisture to 1 m depth,
soil pH, Ca content, and exchangeable NH,-N,
nitrate-nitrogen (NO,-N), and P; Q. virginiana
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Table 3. Comparison of H' ion concentration
(expressed as pH) in the three soil series classes. Acid
soil series include Immokalee, Myakka, Orsino,
Paola, and Pomello; acid/neutral include Cocoa and
Welaka; alkaline series include Canaveral and Palm
Beach. Differences are significant across the groups
(Kruskal-Wallis, P < 0.001).

Mean pH Mean pH

Soil group 0-15 cm 15-30 cm
Acid (N = 72) 3.99 4.46
Acid/Neutral (N = 43) 4.28 4.54
Alkaline (N = 36) 4.53 4.89

occurred on moister, higher pH, and more nutrient
rich sites. Quercus virginiana grew faster and
allocated less to root biomass than Q. geminata
(Cavender-Barres et al. 2004a). In our study,
coastal scrub with Q. virginiana dominant oc-
curred on excessively drained to moderately well-
drained soils; oak-saw palmetto scrub also oc-
curred across a range of excessively to moderately
drained soils. The difference between coastal scrub
and oak-saw palmetto scrub related to soil leaching
and soil pH. This contrasts to the North Florida
study (Cavender-Barres et al. 2004a) where soil
moisture and soil pH and nutrients varied together
from upland scrub and sandhill sites to lower slope
mesic hammocks. Hammocks with Q. virginiana
also occur on the Merritt Island-Cape Canaveral
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Table 4. Indicator species analysis comparing
species on acidic (N = 130) and alkaline soil series (N
= 66) for 41 species and 196 transects. Alkaline soil
series include Canaveral and Palm Beach; acidic soil
series include Cocoa, Immokalee, Myakka, Orsino,
Paola, Pomello, and Welaka. Shown are the 12
species with indicator values significant at P < 0.01
in Monte Carlo tests with 4,999 permutations. Overall
analysis was significant (P = 0.0002).

Soil Indicator ~ Significance

Species group value (P)
Galactia elliottii Acid 12.3 0.005
Lyonia ferruginea Acid 39.2 0.0002
Lyonia lucida Acid 13.8 0.005
Mpyrcianthes fragrans Alkaline  37.9 0.0002
Persea borbonia Alkaline 14.5 0.003
Quercus chapmanii Acid 64.6 0.0002
Quercus geminata Acid 90.0 0.0002
Quercus myrtifolia Acid 79.3 0.0002
Quercus virginiana Alkaline  91.3 0.0002
Sideroxylon tenax Alkaline  25.6 0.0002
Vaccinium stamineum  Acid 15.4 0.003
Vitis rotundifolia Alkaline  33.4 0.005

landscape (Stout 1980, Schmalzer and Foster
2016) on mesic soils more similar to North Florida
sites (Cavender-Barres et al. 2004a).

Quercus myrtifolia and Q. chapmanii over-
lapped environmentally with Q. geminata but
differed from Q. virginiana and other hammock
oaks in North Florida (Cavender-Barres et al.
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Fic. 4. Nonmetric multidimensional scaling (NMS) ordination of 30 scrub stands using mean cover > 0.5
m of 41 species present in > 1 transect. The final solution had two dimensions after 47 iterations, with a final
stress of 9.16, a final instability less than 0.00001, and comparisons to Monte Carlo tests indicated that the

reduction in stress was significant (P = 0.02).
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Fic. 5. Nonmetric multidimensional scaling

(NMS) ordination of 196 scrub transects using
cover > 0.5 m of 41 species present in > 1
transect. The final solution had two dimensions after
91 iterations, with a final stress of 16.74, a final
instability less than 0.00001, and comparisons to
Monte Carlo tests indicated that the reduction in
stress was significant (P = 0.04). A. Transects. B.
Species. Species codes are: Br = Bejaria racemosa,
Bh = Baccharis halimifolia, Ca = Callicarpa
americana, Cal = Chiococca alba, Ce = Ceratiola
ericoides, Cf = Carya floridana, Cm = Clitoria
mariana, Dv = Diospyros virginiana, Ge = Galactia
elliottii, Gv = Galactia volubilis, la = Illex ambigua,
Ig = llex glabra, Lc = Lantana camara, Lf = Lyonia
ferruginia, Lfr = Lyonia fruticosa, L1= Lyonia lucida,
Mc = Myrica cerifera, Mcu = Myrsine cubana, Mf =
Mpyrsianthes fragrans, Oa = Osmanthus americanus,
Pa = Pteridium aquilinum, Pb = Persea borbonia, Pq
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2004a). These oaks co-occur in our study on acid
and acid/neutral soils. Quercus geminata is a live
oak (Quercus section Quercus subsection Vir-
entes), Q. chapmanii is a white oak (Quercus
section Quercus), and Q. myrtifolia is a red oak
(Quercus section Lobatae; Nixon et al. 1997).
These species differ phylogenetically but share
functional traits including resprouting from rhi-
zomes and short stature; this pattern is consistent
with Cavender-Barres et al. (2004b) who found
phylogenetic overdispersion of oaks in North
Florida communities (i.e., communities were more
likely to contain members of different oak clades
than only members of one clade).

Quercus myrtifolia occurs in some stands of
coastal scrub but with much lower cover than Q.
virginiana (Table 2). These stands are primarily on
Canaveral series soils where shell material is
somewhat leached from surface layers (Table 1).
On the Lake Wales Ridge communities character-
ized by Carya floridana (southern ridge sandhill)
and Ceratiola ericoides (rosemary scrub) occur
(Abrahamson et al. 1984, Myers 1990). These
species occur on the Merritt Island-Cape Canaveral
barrier island complex but are less common
(Schmalzer et al. 1999).

Ericaceous shrubs (Lyonia spp., Vaccinium spp.)
are absent from coastal scrub on alkaline soils
(Table 2, Fig. 5B, Table S1). Species in the
Ericaceae are frequently found on acid soils
(Tucker 2009). The association of ericaceous
plants with ericoid mycorrhiza is important to
mobilizing nutrients including N and P, and to
tolerating metal toxicity in acidic soils (Cairney
and Burke 1998, Cairney and Meharg 2003),
which appears to contribute to their success on
acidic sites.

Serenoa repens occurs widely in coastal strand
(Johnson and Barbour 1990), scrub (Myers 1990),
and flatwoods (Abrahamson and Hartnett 1990,
Carrington and Mullahey 2013) vegetation in
Florida. It decreases in abundance on the driest
scrub sites (Schmalzer and Hinkle 1992b). Its

—
= Parthenocissus quinquefolia, Qc = Quercus
chapmanii, Qg = Quercus geminata, Qm = Quercus
myrtifolia, Qv = Quercus virginiana, Rc = Rhus
copallinum, So = Solidago odora, St = Sideroxylon
tenax, Ste = Schinus terebinthifolia, Tr = Tillandsia
recurvata, Tu = Tillandsia usneoides, Vr = Vitis
rotundifolia, Vs = Vitis shuttleworthii, Xa = Ximenia
americana, Zc = Zanthoxylum clava-herculis.
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occurrence in the center of the species ordination is
consistent with this widespread distribution and
abundance on the Merritt Island-Cape Canaveral
landscape. Myrsianthes fragrans, one of the
species associated with coastal scrub, is of
subtropical distribution reaching its northern limits
of distribution along the coast north of Merritt
Island-Cape Canaveral (Wunderlin and Hansen
2011). The preferential occurrence of subtropical
species on shell mounds or other calcareous
substrate at or near their northern range limits
has long been observed (Small 1923, Norman
1976, Stalter and Kinkaid 2004).

Some differences do occur within the acid and
acid/neutral soils. Cocoa soil, formed over
coquina, is higher in total Ca, Mg, K, Mn, and
Fe, compared to acid scrub soils (Schmalzer et
al. 2001). Differences within acidic scrub soils
may be important to some species. Within acidic
scrub soils of the Lake Wales Ridge, Menges et
al. (2007) found that some rare scrub species
showed preferences for xeric yellow sands, xeric
white sands, or xeric scrubby flatwoods soils.
Data from Schmalzer et al. (2001) showed that
soils series considered yellow sands (Paola,
Astatula, Orsino) had greater concentrations of
total Fe and Al compared to white sands
(Pomello).

Fire is a critical factor in the ecology of scrub
vegetation. The vegetation of much of Merritt
Island-Cape Canaveral was open scrub, flat-
woods, and marshes up to the 1940s (Duncan et
al. 2004). This vegetation structure was main-
tained by fire from frequent lightning strikes
(Duncan et al. 2010) and burning for range
management (Duncan et al. 1999). Fire suppres-
sion and landscape fragmentation (Duncan and
Schmalzer 2004) reduced fire frequency across
the landscape (Duncan et al. 2009). Prescribed
burning has replaced lightning fires in part but
often differs in seasonality and extent (Duncan et
al. 2009). Oak-saw palmetto scrub recovers
rapidly after fire by sprouting of the dominant
species (Schmalzer and Hinkle 1992a, Schmalzer
2003). Responses of coastal scrub to burning are
not well documented. Simon (1986) found that
Q. virginiana, M. fragrans, S. repens, and other
coastal strand species recovered rapidly after
burning. Blonder et al. (2018) have suggested
that fire is important to maintained coastal strand
vegetation, which shares some species with the
coastal scrub studied here. Our data (Schmalzer
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and Foster, unpublished) indicate that Q. virgin-
iana, M. fragrans, and other characteristic
coastal scrub species resprout vigorously after
fire.

With fire suppression, changes in scrub vegeta-
tion are primarily structural with increases in
vegetation height and cover of the dominant
Quercus spp. but no indication of directional
change in species composition (Schmalzer and
Hinkle 1992b, Schmalzer and Foster, unpub-
lished). This is consistent with findings reported
on long-unburned scrub vegetation of the Lake
Wales Ridge (Givens et al. 1984, Menges et al.
1993).

Fire reduces litter and above-ground biomass,
volatilizes C and N and to a lesser extent other
nutrients, recycles mineral nutrients, alters soil
microbial activity, and affects biogeochemical
cycling (Christensen 1987). In Florida scrub,
Abrahamson (1984) reported a short-term in-
crease in Ca after a scrub fire but no change in
pH and only minor increases in P, K, and Mg. In
a scrub fire on Merritt Island, Alexis et al.
(2007) found that the combined litter and
vegetation pools lost 63.4% and 74.6% of their
initial C and N stocks, respectively, but soil C
and N stocks were not changed significantly.
Short-term increases in soil extractable NH,-N
and phosphate occurred after fire in a saw
palmetto flatwoods (Schafer and Mack 2010)
but not in scrubby flatwoods (Schafer and Mack
2013). Across a post-fire age sequence, Schaefer
and Mack (2014, 2018) found indications that N
and P colimited scrubby flatwoods at intermedi-
ate and longer times after fire. Fire regimes
could affect soil development. In some regions
(e.g., Great Lakes states) fire limits podsolization
by reducing litter and thus, humic acids, but
subtropical Alaquods, as in Florida, are an
exception (Schaetzl and Harris 2011). In these
soils leaching and some degree of podsolization
occurs even with relatively frequent burning.

Dominant species in scrub vegetation change
across this sequence of landscape age, soil
development, and soil pH consistent with what is
known of their soil and site preferences. Ecosys-
tem degradation and retrogression have been
demonstrated on some very long chronosequences
(Peltzer et al. 2010, Turner and Laliberte 2015).
Such changes are not apparent in our sites, but
reduced productivity and greater nutrient limita-
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tions could be a factor on the older scrub ridges of
the Florida mainland.

Literature Cited

ABRAHAMSON, W. G. 1984. Post-fire recovery of Florida
Lake Wales Ridge vegetation. American Journal of
Botany 71: 9-21.

ABRAHAMSON, W. G., AND D. C. HARTNETT. 1990. Pine
flatwoods and dry prairies. pp. 103-149. In R. L.
Myers and J. J. Ewel, eds. Ecosystems of Florida.
University of Central Florida Press, Orlando, FL.

ABRAHAMSON, W. G., A. F. JounsoN, J. N. LAYNE, AND P. A.
PerONL. 1984. Vegetation of the Archbold Biological
Station, Florida: An example of the southern Lake
Wales Ridge. Florida Scientist 47: 209-250.

Apawms, P. N. 2018. Geomorphic origin of Merritt Island-
Cape Canaveral, Florida, USA: A paleodelta of the
reversed St. Johns River? Geomorphology 306: 102—
107.

ALExis. M. A., D. P. Rasssg, C. RumpEL, G. BarDOUX, N.
Pechot, P. ScHMALZER, B. DRAKE, AND A. MARIOTTI
2007. Fire impact on C and N losses and charcoal
production in a scrub oak ecosystem. Biogeochemistry
82:201-216

AxcioLiNt, C., M. Lanpi, G. PiEroni, F. FrigNnani, M.G.
Fmvoia, aND C. Gaagar. 2013. Soil chemical features as
key predictors of plant community occurrence in a
Mediterranean coastal ecosystem. Estuarine, Coastal
and Shelf Science 119: 91-100.

BaiLey, R. G. 1996. Ecosystem Geography. Springer-
Verlag. New York, NY. 204 pp.

Banik, C., W. G. Harris, A. V. OGram, AND V. D. NAIr.
2016. Carbon, iron, and aluminum responses to
controlled water table fluctuations in sandy soil
material. Journal of Soils and Sediments 16: 2449—
2457.

BrLonpERr, B. 1., J. M. WOOLDRIDGE, AND M. B. GARRARD.
2018. Assessing postfire vegetation changes and
implications for management in a Northeast Florida
coastal strand ecosystem. Castanea 83: 104-121.

Brooks, H. K. 1972. Geology of Cape Canaveral. pp. 35—
44. In T. E. Garner, ed. Space-age Geology, South-
eastern Geological Society, 16th Field Conference.
Southeastern Geology Society, Tallahassee, FL.

Brown, D. W., W. E. KEnnER, J. W. Crooks, aNDp J. B.
FosTer. 1962. Water resources of Brevard County,
Florida. Report of Investigations No. 28. Florida
Geological Survey, Tallahassee, FL. 104 pp.

BurperTE, K. E., W. J. RNk, G. H. MEANS, aND R W.
PorTeLL. 2009. Optical dating of the Anastasia
Formation, Northeastern Florida, USA. Southeastern
Geology 46: 173-185.

BurpertE, K. E., W. J. Rink, D. J. MaLLinson, P. R.
Parnam, anp E. G. RemnARDT. 2010. Geologic
investigation and optical dating of the Merritt Island
sand ridge sequence, Eastern Florida, USA. South-
eastern Geology 47: 175-190.

CAIRNEY, J. W. G., aND R. M. BURKE. 1998. Extracellular
enzyme activities of the eriocoid mycorrhizal endo-
phyte Hymenoscyphus ericae (Read) Korf & Kernan:
Their likely role in decomposition of dead plant tissue
in the soil. Plant and Soil 205: 181-192.

JOURNAL OF THE TORREY BOTANICAL SOCIETY

[VoL. 147

CamrnEy, J. W. G., aND A. A. MEeHARG. 2003. Ericoid
mycorrhiza: A partnership that exploits harsh edaphic
conditions. European Journal of Soil Science 54: 735—
740.

CARRINGTON, M. E., anp J. J. MuLrLaHey. 2013. Saw
palmetto (Serenoa repens) flowering and fruiting
responses to time since fire. Rangeland Ecology and
Management 66: 43-50.

CAVENDER-BARES, J., AND A. PanricH. 2009. Molecular,
morphological, and ecological niche differentiation of
sympatric sister species, Quercus virginiana and Q.
geminata (Fagaceae). American Journal of Botany 96:
1690-1702.

CAVENDER-BARES, J., K. Kitaima, anp F. A. Bazzaz.
2004a. Multiple trait associations in relation to habitat
differentiation among 17 Floridian oak species.
Ecological Monographs 74: 635-662.

CAVENDER-BARES, J., D. D. AckerLy, D. A. BAum, aND F. A.
Bazzaz. 2004b. Phylogenetic overdispersion in Florid-
ian oak communities. American Naturalist 163: 823—
843.

CHakl, S. 1974. Study of beach ridges, Cape Canaveral,
Florida. Coastal Research Notes 4(2): 5-7.

CHrisTENSEN, N. L. 1987. The biogeochemical conse-
quences of fire and their effects on the vegetation of the
coastal plain of the southeastern United States. pp. 1—
21. In L. Trabaud, ed. The Role of Fire in Ecological
Systems. SPB Academic Publishing, The Hague, The
Netherlands.

CHrISTMAN, S. P., AND W. S. Jupp. 1990. Notes on plants
endemic to Florida scrub. Florida Scientist 53: 52-73.

Cookg, C. W. 1945. Geology of Florida. Florida
Geological Survey Bulletin 29: 1-339.

Davis, R. A., Jr. 1997. Geology of the Florida coast. pp.
155-168. In A. F. Randazzo and D. S. Jones, eds. The
Geology of Florida. University Press of Florida.
Gainesville, FL.

DIEKMANN, M., J. MICHAELIS, AND A. PANNEK. 2015. Know
your limits—The need for better data on species
responses to soil variables. Basic and Applied Ecology
16: 563-572.

Dusuis, A., S. GIOVANETTINA, L. PELLISSIER, J. POTTIER, P.
VitToz, AND A. Guisan. 2013. Improving the prediction
of plant species distribution and community composi-
tion by adding edaphic to topo-climatic variables.
Journal of Vegetation Science 24: 593-606.

DUFRENE, M., AND P. LEGENDRE. 1997. Species assemblages
and indicator species: The need for a flexible
asymmetrical approach. Ecological Monographs 67:
53-73.

Duncan, B. W., anp P. A. Scamarzer. 2004. Anthropo-
genic influences on potential fire spread in a pyrogenic
ecosystem of Florida. Landscape Ecology 19: 153—
165.

Duncan, B. W., F. W. AbriaN, anD E. D. Storen. 2010.
Isolating the lightning ignition regime from a contem-
porary background fire regime in east-central Florida.
Canadian Journal of Forest Research 40: 286-297.

Duncan, B. W., V. L. LArSoN, AND P. A. ScHMALZER. 2004.
Historic landcover and recent landscape change in the
North Indian River Lagoon Watershed, Florida.
Natural Areas Journal 24: 198-215.

Downloaded From: https://bioone.org/journals/The-Journal-of-the-Torrey-Botanical-Society on 08 Aug 2020
Terms of Use: https://bioone.org/terms-of-uselAccess provided by Torrey Botanical Society



2020]

Duncan, B. W., G. Snao, ano F. W. Apbrian. 2009.
Delineating a managed fire regime and exploring its
relationship to the natural fire regime in East Central
Florida, USA: A remote sensing and GIS approach.
Forest Ecology and Management 258: 132-145.

Duncan, B. W., S. BoyLg, D. R. BREININGER, AND P. A.
Scumarzer. 1999. Coupling past management practice
and historic landscape change on John F. Kennedy
Space Center. Landscape Ecology 14: 291-3009.

Eger, A., P. C. ALmonp, anp L. M. Conpron. 2011.
Pedogenesis, soil mass balance, phosphorus dynamics,
and vegetation communities across a Holocene soil
chronosequence in a super-humid climate, South
Westland, New Zealand. Geoderma 163: 185-196.

EpsTElN, E. 1972. Mineral nutrition of plants: Principles
and perspectives. John Wiley & Sons, New York, NY.
412 pp.

FaBer-LANGENDOEN, D., K. BarpwiN, R. K. Peer, D.
MEDINGER, E. MuLpaviN, T. KeeLer-WoLF, anD C.
Josse. 2018. The EcoVeg approach in the Americas:
U.S., Canadian, and international vegetation classifi-
cations. Phytocoenologia 48: 215-237.

FABER-LANGENDOEN, D., T. KEELER-WOLF, D. MEIDINGER, D.
Tart, B. HoacGrLanp, C. Josse, G. Navarro, S.
PoNOMARENKO, J.-P. SAuciErR, A. WEAKLEY, AND P.
CoMER. 2014. Eco-Veg: A new approach to vegetation
description and classification. Ecological Monographs
84: 533-561.

Frrter, A. H., anp R. K. M. Hay. 1987. Environmental
Physiology of Plants, 2nd ed. Academic Press. New
York, NY. 423 pp.

Foster, T. E., P. A. ScumaLzER, AND G. A. Fox. 2015.
Seasonal climate and its differential impact on growth
of co-occurring species. European Journal of Forest
Research 134: 497-510.

Grvens, K. T., J. N. LAYNE, W. G. ABRAHAMSON, AND S. C.
‘WhHITE-ScHULER. 1984. Structural changes and succes-
sional relationships of five Florida Lake Wales Ridge
plant communities. Bulletin of the Torrey Botanical
Club 111: 8-18.

Huckig, H. F., H. D. DoLLAR, aND R. F. PENDLETON. 1974.
Soil survey of Brevard County, Florida. USDA Soil
Conservation Service, Washington, DC. 123 pp.

HuaaerT, R. J. 1998. Soil chronosequences, soil develop-
ment, and soil evolution: A critical review. Catena 32:
155-172.

Ivester, A. H., D. S. LeigH, aND D. I. GODFREY-SMITH.
2001. Chronology of inland eolian dunes on the coastal
plain of Georgia, USA. Quaternary Research 55: 293—
302.

JeNNy, H. 1941. Factors of Soil Formation. McGraw-Hill,
New York, NY. 281 pp.

Jenny, H. 1980. The Soil Resource: Origin and Behavior.
Springer-Verlag, New York, NY. 377 pp.

Jounson, A. F., anp M. G. BarBour. 1990. Dunes and
maritime forests. pp. 429-480. In R. L. Myers and J. J.
Ewel, eds. Ecosystems of Florida. University of
Central Florida Press, Orlando, FL.

Kruskar, J. B. (1964a) Multidimensional scaling by
optimizing goodness of fit to a nonmetric hypothesis.
Psychometrika 29: 115-129.

Kruskar, J. B. (1964b) Nonmetric multidimensional
scaling: A numerical method. Psychometrika 29: 1-27.

SCHMALZER AND FOSTER: SCRUB VEGETATION ALONG SOIL PH GRADIENTS

153

Kurz, H. 1920. Hydrogen ion concentration in relation to
ecological factors. Botanical Gazette 76: 1-29.

Kurz, H. 1942. Florida dunes and scrub vegetation and
geology. Florida Geological Survey Bulletin 23: 15—
154.

LaEssLE, A. M. 1967. Relationship of sand pine scrub to
former shore lines. Quarterly Journal of the Florida
Academy of Sciences 30: 269-286.

L1, J., G. XionG, W. Xu, AND Z. XiE. 2016. Distribution of
shrublands in relation to soil and climate in mid-
subtropical China. Journal of Plant Ecology 9: 393—
401.

LicuTeRr, J. 1998. Rates of weathering and chemical
depletion in soils across a chronosequence of Lake
Michigan sand dunes. Geoderma 85: 255-282.

LunpstroMm, U. S., N. van BReEEmaN, anp D. Bam. 2000.
The podsolization process: A review. Geoderma 94:
91-107.

MAILANDER, J. L. 1990. Climate of the Kennedy Space
Center and Vicinity. NASA Technical Memorandum
103498. Kennedy Space Center, FL. 62 pp.

MaLLiNsoN, D., K. BURDETTE, S. MaHAN, aAND G. Brook.
2008. Optically stimulated luminescence age controls
on late Pleistocene and Holocene coastal lithosomes,
North Carolina, USA. Quaternary Research 69: 97—
109.

Manos, P. S., J. J. DovLg, anp K. C. Nixon. 1999.
Phylogeny, biogeography, and process of molecular
differentiation in Quercus section Quercus (Fagaceae).
Molecular Phylogeny and Evolution 12: 333-349.

MarkewicH, H. W., anp M. J. Pavicu. 1991. Soil
chronosequence studies in temperate to subtropical,
low-altitude, low-relief terrain with data from eastern
United States. Geoderma 51: 213-239.

MARSCHNER, H. 1986. Mineral Nutrition of Higher Plants.
Academic Press, New York, NY. 674 pp.

MARTINEZ, P., P. BuurMAN, J. M. Lores-MazzetT0, P. C. F.
GIANNINI, J. SCHELLEKENS, AND P. VIDAL-TORRADO.
2018. Geomorphological control on podzolisation—
An example from a tropical barrier island. Geomor-
phology 309: 86-97.

Mavuew, T. A., AND R. W. ParxinsoN. 2007. Holocene
evolution of the barrier island system, East-Central
Florida. Florida Scientist 70: 383-396.

McCung, B., anp J. B. Grace. 2002. Analysis of
Ecological Communities. MjM Software Design,
Gleneden Beach, OR. 300 pp.

McLEaN, E. O. 1982. Soil pH and lime requirement. /n A.
L. Page, R. H. Miller, and D. R. Keeney, eds. Methods
of Soil Analysis, Part 2. Chemical and Microbiological
Properties. Agronomy 9: 199-224. American Society
of Agronomy, Inc., Madison, WI.

MEHTA, A. J., aND H. K. Brooks. 1973. Mosquito Lagoon
barrier beach study. Shore and Beach 41(2): 26-34.
MENGESs, E. S. 1999. Ecology and conservation of Florida

scrub, pp. 7-22. In R. C. Anderson, J. S. Fralish, and J.
M. Baskin, eds. Savannas, Barrens and Rock Outcrop
Plant Communities of North America. Cambridge

University Press, New York, NY.

Menaes, E. S., C. W. WEeekLEy, S. I. HamzE, anp R. L.
Pickert. 2007. Soil preferences for Federally-listed
plants on the Lake Wales Ridge in Highlands County,
Florida. Florida Scientist 70: 24-39.

Downloaded From: https://bioone.org/journals/The-Journal-of-the-Torrey-Botanical-Society on 08 Aug 2020
Terms of Use: https://bioone.org/terms-of-uselAccess provided by Torrey Botanical Society



154

MenGes, E. S., W. G. ABranamsoN, K. T. Grvens, N. P.
GarLLo, AND J. N. Lavne. 1993. Twenty years of
vegetation change in five long-unburned Florida plant
communities. Journal of Vegetation Science 4: 375—
386.

MicHAELIS, J., A. PANNEK, AND M. DiekMANN. 2016. Soil
pH limits of forest vascular plants determine range size
and threat level. Journal of Vegetation Science 27:
535-544.

MiLLivaN, J. D. 1972. Atlantic Continental Shelf and
Slope of the United States—Petrology of the Sand
Fraction of Sediments, Northern New Jersey to
Southern Florida. U.S. Geologic Survey Professional
Paper 529-J. Washington, DC. 40 pp.

Monan, J.E. anp R.E. Evans. 2008. Quercus myrtifolia-
Quercus geminata-Lyonia lucida-Lyonia ferruginea
Shrubland Association. U.S. National Vegetation
Classification System. http://www.usnvc.org.

MUELLER-DomBoIs, D., AND H. ELLENBERG. 1974. Aims and
Methods of Vegetation Ecology. John Wiley & Sons,
New York, NY. 547 pp.

Munoz VaLLes, S., J. CAMBROLLE, aND J. B. GALLEGO-
FernanDEZ. 2015. Effect of soil characteristics on plant
distribution in coastal ecosystems of SW Iberian
Peninsula sand spits. Plant Ecology 216: 1551-1570.

MyeErs, R. L. 1990. Scrub and high pine. pp. 150-193. In
R. L. Myers and J. J. Ewell, eds. Ecosystems of
Florida. University of Central Florida Press, Orlando,
FL.

Nixon, K. C., R. J. Jensen, P. S. Manos, anp C. H.
MuLLER. 1997. Quercus Linnaeus. Oak. pp. 445-506.
In FLORA OF NORTH AMERICA EDITORIAL COMMITTEE, eds.
Flora of North America North of Mexico. Vol. 3.
Oxford University Press, New York, NY.

NorbmaN, C. anD A.S. WEAKLEY. 2014. Quercus gem-
inata-Quercus myrtifolia-Quercus chapmanii Scrub
Alliance. U.S. National Vegetation Classification
System. http://www.usnvc.org.

Norman, E. M. 1976. An analysis of the vegetation at
Turtle Mound. Florida Scientist 39: 19-31.

Noss, R. F., anp R. L. Peters. 1995. Endangered
Ecosystems of the United States: A Status Report
and Plan for Action. Defenders of Wildlife, Wash-
ington, D.C. 132 pp.

OLson, J. S. 1958. Rates of succession and soil changes on
Southern Lake Michigan sand dunes. Botanical
Gazette 119: 125-170.

OsMmonD, J. K., J. P. May, anp W. F. Tanner. 1970. Age of
the Cape Kennedy barrier-and-lagoon complex. Jour-
nal of Geophysical Research 75: 469-479.

Peer, R. K., J. D. FrRIDLEY, AND J. M. GRAMLING. 2003.
Variation in species richness and species pool size
across a pH gradient in forests of the Southern Blue
Ridge Mountains. Folia Geobotanica 38: 391-401.

PertzeEr, D. A., D. A. WarpLE, V. J. ALLison, W. T.
Baispen, R. D. Barcert, O. A. CuHapwick, L. M.
ConDRON, R. L. PARFITT, S. PORDER, S. J. RICHARDSON,
B. L. TUurRNER, P. M. ViTousek, J. WALKER, AND L. R.
WaLker. 2010. Understanding ecosystem retrogres-
sion. Ecological Monographs 80: 509-529.

RanweLL, D. S. 1972. Ecology of salt marshes and sand
dunes. Chapman and Hall. London, UK. 258 pp.

JOURNAL OF THE TORREY BOTANICAL SOCIETY

[VoL. 147

REINECKE, J., M. WULF, L. BAETEN, J. BRUNET, G. DEcocq, P.
DE FrRENNE, M. DiekManN, B. J. GraaE, T. HEINKEN, M.
HEerMY, A. JAMONEAU, J. LENOIR, J. PLUE, A. ORCZEWSKA,
H. Van CaLster, K. VERHEYEN, AND T. NaAr. 2016.
Acido- and neutrophilic temperate forest plants display
distinct shifts in ecological pH niche across north-
western Europe. Ecography 39: 1164-1175.

Rink, W. J., aND B. Forrest. 2005. Dating evidence for the
accretion history of beach ridges on Cape Canaveral
and Merritt Island, Florida, USA. Journal of Coastal
Research 21: 1000-1008.

Rossi, A. M., anpD M. C. RABENHORST. 2016. Pedogenesis
and landscape relations of a Holocene age barrier
island. Geoderma 262: 71-84.

SALISBURY, E. J. 1920. The significance of the calcicolous
habit. Journal of Ecology 8: 202-215.

SALISBURY, E. J. 1925. Note on the edaphic succession in
some dune soils with special reference to the time
factor. Journal of Ecology 13: 322-328.

Sanrtos-FiLno, F. S., E. B. ALMEDA JR., AND C. S. ZICKEL.
2013. Do edaphic aspects alter vegetation structures in
the Brazilian restinga. Acta Botanica Brasilica 27:
613-623.

SAUER, D., I. SCHULLI-MAURER, R. SPERSTAD, R. SORENSEN,
AND K. StaHr. 2008. Podzol development with time in
sandy beach deposits in southern Norway. Journal of
Plant Nutrition and Soil Science 171: 483—497.

SAUER, D., H. SpoNAGEL, M. SomMER, L. Giani, R. JAHN,
AND K. StaHR. 2007. Podzol: Soil of the year 2007. A
review on its genesis, occurrence, and functions.
Journal of Plant Nutrition and Soil Science 170:
581-597.

ScHAETZL, R., AND W. Harris. 2011. Spodosols. pp. 33-
113-33-137. In P. M. Huang, Y. Li, and M. E. Sumner,
eds. Handbook of Soil Sciences, 2nd ed. CRC Press,
Boca Raton, FL.

SCHAFER, J. L., AND M. C. Mack. 2010. Short-term effects
of fire on soil and plant nutrients in palmetto flatwoods.
Plant and Soil 334: 433-447.

ScHAFER, J. L., aND M. C. Mack. 2013. Effects of time-
since-fire on soil nutrient dynamics in Florida scrubby
flatwoods. Florida Scientist 76: 417—435.

ScHAFER, J. L., aAND M. C. Mack. 2014. Foliar nutrient
concentrations and ratios of scrubby flatwoods species
change with time after fire. Castanea 79: 237-245.

SCHAFER, J. L., AND M. C. MAck. 2018. Nutrient limitation
of plant productivity in scrubby flatwoods: Does fire
shift nitrogen versus phosphorus limitations. Plant
Ecology 219: 1063-1079.

ScHaFFERS, A. P, anD K. V. Sykora. 2000. Reliability of
Ellenberg indicator values for moisture, nitrogen and
soil reaction: A comparison with field measurements.
Journal of Vegetation Science 11: 225-244.

ScHMALZER, P. A. 2003. Growth and recovery of oak-saw
palmetto scrub through ten years after fire. Natural
Areas Journal 23: 5-13.

ScumaLzer, P. A., aNnDp T. E. Foster. 2016. Flora and
threatened and endangered plants of Canaveral Na-
tional Seashore, Florida. Castanea 81: 91-127.

ScHMALZER, P. A., axD C. R. HINKLE. 1992a. Recovery of
oak-saw palmetto scrub after fire. Castanea 57: 158—
173.

Downloaded From: https://bioone.org/journals/The-Journal-of-the-Torrey-Botanical-Society on 08 Aug 2020
Terms of Use: https://bioone.org/terms-of-uselAccess provided by Torrey Botanical Society



2020]

ScumaLzer, P. A., axp C. R. Hkie. 1992b. Species
composition and structure of oak-saw palmetto scrub
vegetation. Castanea 57: 220-251.

ScHMALZER, P. A., S. R. BoyLE, AND H. M. SwaIN. 1999.
Scrub ecosystems of Brevard County, Florida: A
regional characterization. Florida Scientist 62: 13-47.

ScHMmALZER, P. A., M. A. HEensLEy, AND C. A. DUNLEVY.
2001. Background characteristics of soils of Kennedy
Space Center, Merritt Island, Florida: Selected ele-
ments and physical properties. Florida Scientist 64:
161-190.

ScHMALZER, P. A., D. R. BREININGER, F. ADRIAN, R. SCHAUB,
AaND B. W. Duncan. 1994. Development and Imple-
mentation of a Scrub Habitat Compensation Plan for
Kennedy Space Center. NASA Technical Memoran-
dum 109202. Kennedy Space Center, FL. 54 pp.

ScHMIDTLEN, S., AND J. Ewarp. 2003. Landscape patterns
of indicator plants for soil acidity in the Bavarian Alps.
Journal of Biogeography 30: 1493-1503.

Sivon, D. M. 1986. Fire Effects in Coastal Habitats of East
Central Florida. National Park Service Cooperative
Park Studies Unit Technical Report 27. Institute of
Ecology, University of Georgia, Athens, GA. 139 pp.

Smarr, J. K. 1923. Green deserts and dead gardens.
Journal of the New York Botanical Garden 24: 193—
246.

SoiL Science Division STarr. 2017. Soil Survey Manual. C.
Ditzler, K. Scheffe, and H. C. Monger, eds. U.S.
Department of Agriculture Handbook No. 18. Wash-
ington, DC. 603 pp.

STALTER, R., AND D. Kincaip. 2004. The vascular flora of
five Florida shell middens. Journal of the Torrey
Botanical Society 131: 93—103.

Stour, I. J. 1980. A Continuation of Base-line Studies for
Environmentally Monitoring Space Transportation
Systems (STS) at John F. Kennedy Space Center.
Volume 1. Terrestrial Community Ecology. NASA
Contract No. NAS 10-8986. NASA Contract Report
163122. Kennedy Space Center, FL.

Stour, 1. J. 2001. Rare plants of the Florida scrub. Natural
Areas Journal 21: 50-60.

Summer, H. 2007. Quercus virginiana-Serenoa repens-
(Ilex vomitoria) Shrubland Association. U.S. National
Vegetation Classification System. http://www.usnvc.
org.

Tackert, N. W, anp C.B. Crart. 2010. Ecosystem
development on a coastal barrier island dune chro-
nosequence. Journal of Coastal Research 26: 736-742.

TrompsoN, C. H. 1992. Genesis of podzols on coastal
dunes in Southern Queensland. I. Field relationships
and profile morphology. Australian Journal of Soil
Research 30: 593-613.

Tucker, G. C. 2009. Ericaceae Jussieu heath family, pp.
370-535. In FLorA OF NORTH AMERICA EDITORIAL
ComMITTEE, eds. Flora of North America North of

SCHMALZER AND FOSTER: SCRUB VEGETATION ALONG SOIL PH GRADIENTS

155

Mexico. Volume 8. Magnoliophyta: Paenoiaceae to
Ericaceae. Oxford University Press, New York, NY.
TURNER, B. L., AND E. LALBERTE. 2015. Soil development
and nutrient availability along a 2 million-year coastal
dune chronosequence under species-rich Mediterra-
nean shrubland in Southwestern Australia. Ecosystems

18: 287-309.

TurNER, B. L., L. M. ConproN, A. WELLS, aAND K. M.
ANDERSEN. 2012. Soil nutrient dynamics during podzol
development under lowland temperate rain forest in
New Zealand. Catena 97: 50-62.

TyLer. G., anD U. FALKENGREN-GRERUP. 1998. Soil
chemistry and plant performance—Ecological consid-
erations. Progress in Botany 59: 634-658.

Viani, R. A. G., R. R. Roprigues, T. E. Dawson, H.
LamBERrs, AND R. S. OLIvEIRA. 2014. Soil pH accounts
for differences in species distribution and leaf nutrient
concentrations of Brazilian woodland savannah and
seasonally dry forest species. Perspectives in Plant
Ecology, Evolution and Systematics 16: 64—74.

WAGNER, V., M. CHYTRY, D. ZELENY, H. vON WEHRDEN, A.
BRINKERT, J. DANIHHELKA, N. HorzeL, F. JANSEN, J.
Kawmp, P. Lustyk, K. MERUNKOVA, S. PALPURINA, Z.
PreisLEROVA, AND K. WEscHE. 2017. Regional differ-
ences in soil pH niche among dry grassland plants in
Eurasia. Oikos 126: 660-670.

WALKER, L. R., D. A. WARDLE, R. D. BARDGETT, AND B. D.
CrarksoN. 2010. The use of chronosequences in
studies of ecological succession and soil development.
Journal of Ecology 98: 725-736.

WALTER, H. 1979. Vegetation of the Earth and Ecological
Systems of the Geo-Biosphere, 2nd ed. [translation of
the 3rd German edition by J. Wieser]. Springer-Verlag,
New York, NY. 274 pp.

WEAKLEY, A.S. 2012. Quercus myrtifolia-Quercus gem-
inata-Quercus chapmanii Shrubland Association. U.S.
National Vegetation Classification System. http://www.
usnve.org.

WEEKLEY, C. W., E. S. MENGES, AND R. L. Pickert. 2008.
An ecological map of Florida’s Lake Wales Ridge: A
new boundary delineation and an assessment of post-
Columbian habitat loss. Florida Scientist 71: 45-64.

Whaite, W. A. 1958. Some Geomorphic Features of Central
Peninsular Florida. Geological Bulletin No. 41. Florida
Geological Survey, Tallahassee, FL. 92 pp.

Warte, W. A. 1970. The Geomorphology of the Florida
Peninsula. Geological Bulletin No. 51. Bureau of
Geology, Florida Department of Natural Resources.
Tallahassee, FL. 164 pp.

Woobpwarp, F. 1. 1986. Climate and plant distribution.
Cambridge University Press, New York, NY. 174 pp.

WunDERLIN, R. P., AND B. F. HanseN. 2011. Guide to the
vascular plants of Florida, 3rd ed. University Presses of
Florida, Gainesville, FL. 783 pp.

Downloaded From: https://bioone.org/journals/The-Journal-of-the-Torrey-Botanical-Society on 08 Aug 2020
Terms of Use: https://bioone.org/terms-of-uselAccess provided by Torrey Botanical Society



