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Wetland soils are heterogenous in nature, and biogeochemical proper-
ties show different spatial autocorrelation structures that translate into
fine- and coarse-scale spatial patterns. Understanding these patterns and
how they relate to other ecosystem properties (e.g., vegetation) is critical
to restore wetlands impacted by nutrient influx. Our goal was to
investigate Water Conservation Area 2A, a wetland in the Florida
Everglades, that has been impacted by nutrient influx and incursions of
cattail as well as biogeochemical cycling of nutrients, hydrologic
manipulation, and natural events (fire, hurricanes, and tropical storms).
The objective of this study was to characterize the spatial patterns of soil
and floc/detritus total phosphorus (TP), total inorganic phosphorus
(TPi), bulk density (BD), total nitrogen (TN), total calcium (TCa), total
carbon (TC), and floc depth in Water Conservation Area 2A. A total of
111 sites were sampled at three different depths (floc, 0- to 10-cm, and
10- to 20-cm depth). Geostatistical techniques were used to estimate and
map soil properties across the wetland. Observed TP ranged from 155 to
1702 mg kgj1 (0–10 cm) with a mean of 551 mg kgj1 and showed strong
spatial autocorrelation extending over long distances of 6864m (10–20 cm)
and 9669 m (floc). The nugget-to-sill ratio was less than 25% for all
observed properties except for TN, indicating strong spatial dependence.
This spatially explicit study provided insight into the variability of soil
properties generated by external and internal factors and establishes a
baseline framework for future management decisions involving the
restoration of this wetland. (Soil Science 2007;172:149–166)
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IN the Greater Everglades ecosystem in south
Florida, soil quality indicators and predictors

are subjects of particular interest, as performance

measures for the restoration planning efforts
occurring in this wetland area (U.S. Army
Corps of Engineers and South Florida Water
Management District, 2005). Anthropogenic
impact (e.g., nutrient inputs, controlled water
management) have had major influence on soils
in this area, along with other natural forcing
factors such as severe tropical storms and fires.
Phosphorus (P) in surface water, soils, and
vegetation has been identified as one of the
key factors affecting the recovery of the Ever-
glades wetland ecosystem (U.S. Army Corps of
Engineers and South Florida Water Manage-
ment District, 2005). It has been linked to vege-
tation growth and species composition (McCormick
et al., 1999), periphyton dynamics and composition
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(Browder et al., 1994; McCormick and Scinto,
1999), microbial community structures (DeBusk
and Reddy, 1998), and pedodiversity (DeBusk
et al., 2001; Grunwald et al., 2004) (e.g., di-
versity in soil physicochemical properties; peat
accretion rates).

The heterogeneous nature of the Everglades
landscape has been associated not only to the
persistence of natural population of flora and
fauna, but also to their sensitivity to P enrich-
ment (McCormick et al., 2002). To preserve
this habitat diversity requires that the ecosystem
be protected from human disturbances that
induce this nutrient enrichment driving it
toward spatial homogeneity (Turner et al.,
1989).

The mosaic of ecosystem structures and
functions distributed across a landscape represent
the combined effects and interactions of a
variety of biotic and abiotic factors. As a result,
existing landscape patterns implicitly contain
information about the processes that generated
these patterns (Grunwald et al., 2005a). Thus,
understanding the spatial variability and distri-
bution of soils and how they relate to other
ecosystem properties (e.g., vegetation) is of
paramount interest. Geospatial prediction mod-
els that account for the spatial autocorrelation
structure of mapped properties have been
suggested to be useful for characterization of
heterogeneous soils (Grunwald, 2005; Webster
and Oliver, 2001).

The few geospatial soil prediction models
that have been developed for selected hydro-
logic units in the Everglades demonstrated the
value of such models (DeBusk et al., 1994,
2001; Grunwald et al., 2004). For example,
previous studies in Water Conservation Area 2A
(WCA-2A) characterized the spatial patterns of
total phosphorus (TP), based on different sam-
pling designs and geostatistical techniques
(DeBusk et al., 2001; Grunwald et al., 2004).
DeBusk et al. (2001) characterized spatial pat-
terns of TP based on block kriging in 1990 and
1998. Grunwald et al. (2004) also described TP
spatial patterns in WCA-2A, using a different
modeling approach (conditional sequential
Gaussian simulation). Both studies were unidi-
mensional, with a focus on only one soil
property, TP. However, wetland soils are
characterized by multiple physicochemical
properties that form intricate and complex
patterns of short- and long-range spatial corre-
lation lengths. Our knowledge on spatial auto-
correlation lengths of biogeochemical soil

properties in subtropical wetland systems and
how they related to vegetation patterns and
other ecological factors is still very limited. In
particular, to document if spatial patterns,
variability, and correlation lengths of multiple
physicochemical soil properties pertain within
the same wetland and assess how they differ
when compared with other soil systems is still
poorly understood.

WCA-2A is one of the hydrologic units in
the Everglades that has been most impacted by
nutrient influx from upslope areas that are
predominantly in agricultural use. Therefore,
studies that analyze the spatial distribution and
variability of soil properties in WCA-2A and
how they relate to impact (e.g., nutrient influx
via water control structures), vegetation patterns,
and other ecological properties are of interest.
Wetlands adjacent to WCA-2A such as Water
Conservation Areas 3 and 1 (WCA-3 and
WCA-1, respectively) differ in terms of (i) hydrol-
ogy (overdrained, WCA-3 North; overflooded,
WCA-3 south; mainly rainfed system, WCA-1),
(ii) nutrient influx (that is higher in WCA-2A
when compared with WCA-3 and WCA-1), (iii)
acidity (e.g., WCA-1 is more acidic when com-
pared with WCA-2A), (iv) vegetation types (e.g.,
higher coverage of cattail in WCA-2A when
compared with WCA-1 and WCA-3; different
coverage of tree islands in WCA-1, WCA-2A,
and WCA-3), and (v) topography (e.g., sloughs
and ridge systems). Therefore, spatial studies
conducted in WCA-1 (Corstanje et al., 2006)
and WCA-3 (Bruland et al., 2006) or other
subtropical wetlands cannot be readily trans-
ferred to WCA-2A. It would be too simplistic
to state that spatial mapping results of wetland
soils in one hydrologic unit (e.g., WCA-1 or
WCA-3) or landscape can be readily transferred
to another (e.g., WCA-2A). Likewise, results
from spatial studies conducted in peat bogs or
freshwater marshes in northern regions are not
readily transferable to subtropical regions. Our
understanding of what causes different soil
patterns to emerge in wetlands that show differ-
ent landscape characteristics and different natural
and anthropogenic impacts is still quite limited.

Wetland soils, water levels, and flow patterns
continuously transform the system and transport
nutrients and suspended materials. This adds to
the complexity of soil spatial patterns in wetlands
when compared with terrestrial soils. Spatial
patterns and spatial correlation lengths in terres-
trial soils have been analyzed in many studies
(Cambardella et al., 1994; Hengl et al., 2004;
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McBratney and Pringle, 1999). However, to gain
insight into the soil-water interface in wetlands, it
is essential to map at least three components—
topsoil, floc/detritus material, and vegetation—
that was done in this study. This holistic mapping
approach enabled us to analyze how spatial
patterns emerge in a subtropical wetland in the
Florida Everglades that has been impacted by
external forcing functions including nutrient
influx and incursions of cattail vegetation as well
as internal biogeochemical cycling and hydro-
logic flow patterns.

Based on these ideas, the objectives of this
research were (i) to apply geostatistical tech-
niques to characterize the spatial patterns of soil
and floc/detritus TP and other physicochemical
properties and (ii) identify relationships between

soil and floc/detritus TP and vegetation species
in WCA-2A, Everglades.

STUDY AREA: WCA-2A

WCA-2A is a hydrologic unit located in the
northern portion of the Everglades (Fig. 1). It is
the smallest of the WCAs, covering 43,281 ha.
It accounts for 6.5% of the total area of the
Everglades. Overall, the WCAs cover a total
area of 348,451 ha, which represents approxi-
mately 43% of the Greater Everglades Area
(819,000 ha).

The Everglades is a heterogeneous land-
scape, composed of Cladium jamaicense Crantz
(sawgrass) marshes, shrub, and tree islands,
along with extended Typha domingensis Pers.

Fig. 1. Map of WCA-2A and its location within the Everglades and Florida.
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(cattail)-dominant communities (Wu et al., 1997).
This naturally oligotrophic system has been
impacted by nutrient inputs from the Everglades
Agricultural Area (EAA) through a complex
system of levees and canals since the beginning of
the century (McCormick et al., 2002). The WCAs
were constructed in the 1960s, as part of the
Central and South Florida Project with the
purpose of flood and water management control
and to provide water supply for agricultural,
urban, and environmental purposes in south
Florida (U.S. Department of Agriculture, 1997).
WCA-2A receives the majority of its water from
surface water inflows, which include drainage
from the EAA, Lake Okeechobee, and outflows
from WCA-1 (Davis, 1994; Porter and Porter,
2002).

The Everglades climate is characterized by
an average yearly temperature of 20-C and
average yearly precipitation between 1175 and
1550 mm (DeAngelis, 1994). Soils in the area
are Histosols and encompass the Everglades and
Loxahatchee peat formations that makes up the
ridge and slough system in the Everglades
(Davis, 1994; Gleason, 1974). Everglades peats
that are characteristic of the higher topography
areas or ridges are generally brown to black with
minimal mineral content, whereas Loxahatchee
peats characteristic of the sloughs or lower
topography areas are composed of remains of
the roots and rhizomes of Nymphea spp. (Brown
et al., 1991). In WCA-2A, elevation ranges
from 2.0 to 3.6 m above sea level (Wu et al.,
1997), generating slow sheet flow running
approximately northeast to southwest. Surface
hydrology is controlled by a system of levees and
water control structures along the perimeter of
WCA-2A (Fig. 1). The major surface water
inflow points are the S-7 pump station and the
S-10 water control structures in the Hillsboro
canal, a conduit for outflow from Lake Okee-
chobee and P-enriched runoff from the EAAs
(King et al., 2004). The S-10A, C, and D
structures have been the most significant inflows
with respect to nutrient loading to WCA-2A
(South Florida Water Management District,
2004). Surface water outflows along the south-
ern boundary of WCA-2A discharge primarily
into WCA-3 (DeBusk et al., 2001).

Soil and vegetative patterns in WCA-2A are
influenced by wet and dry periods, nutrient
influx, and introduction of invasive species, fire,
and other stresses. Major ecological changes in
WCA-2A are associated to the expansion of T.
domingensis Pers, particularly in areas close to

water control inflows, with conversions of
Cladium sp. communities to Typha/Cladium
mixes that have been attributed to elevated P
levels in soils and water (Jensen et al., 1995) and
replacement of endemic periphyton communi-
ties by algal species typical of more eutrophic
waters (McCormick et al., 1999).

MATERIALS AND METHODS

Soil Sampling and Analytical Methods

A total of 111 soil cores were collected with a
10-cm (inner diameter) thin-walled stainless-
steel coring tube to a depth of 20 cm beneath
the soil surface (Fig. 1). These samples were
collected across WCA-2A between May 27,
2003, and May 30, 2003, at 3 depths: floc, surface
(0–10 cm), and subsurface soils (10–20 cm). The
selection of sampling sites was based on a
stratified-random sampling design using historic
soil, hydrologic, and ecological data sets. The
average sampling density in WCA-2A was 0.27
samples kmj2. The stratified-random sampling
method was chosen to ensure that large zones
with low variability in physicochemical soil
properties were not oversampled and small
zones with high variability were not under-
sampled. In addition, findings from previous
studies conducted in WCA-2A by DeBusk
et al. (1994, 2001), which focused on spatial
mapping of soil TP, were considered in the
selection of sampling sites. Our observation sites
included herbaceous and open-water commu-
nities but excluded tree islands. Each sampling
site was located using a global positioning
system (Garmin International, Olathe, KS)
mounted to a helicopter and labeled with their
respective x and y coordinates in Albers Equal
Area Conic map projection. The global posi-
tioning system was equipped with a real-time
Wide Area Augmentation System to ensure a
positional accuracy of less than 3 m to locate
the sites.

For the purpose of this study, floc was
defined as the unconsolidated material with
living and dead benthic periphyton and decom-
posing macrophyte tissue. In WCA-2A, this
layer has a variable depth that ranged from 3 to
25 cm, with a mean of 9 cm, according to data
from the 2003 sampling data set.

Soil samples were analyzed by the Wetland
Biogeochemistry Laboratory, Soil and Water
Science Department, University of Florida, for
11 basic soil chemical and physical properties
including bulk density (BD), loss on ignition
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(LOI), TP, total inorganic phosphorus (TPi),
total carbon (TC), total nitrogen (TN), total
calcium (TCa), total magnesium (TMg), total
iron (TFe), and total aluminum (TAl). Labo-
ratory procedures included these steps: (i)
samples were weighted and homogenized, and
subsamples were dried at 70-C for 72 hours to
determine the percent of solids; (ii) soil BD was
calculated on a dry weight basis, dividing it by
the volume of the soil corer (mL); (iii) TC and
TN contents of floc and soil were determined
on dried, ground samples using a Carlo-Erba
NA-1500 CNS analyzer (Haak-Buchler Intru-
ments, Saddlebrook, NJ); (iv) LOI was deter-
mined as the mass loss of soil after ashing at
550-C divided by the initial sample mass; (v) soil
TP was determined using an ignition method
(Anderson, 1976) followed by determination of
dissolved reactive P by an automated colorimet-
ric procedure (U. S. Environmental Protection
Agency, 1993a, Method 365.1); (vi) soil TPi
was determined in soil extracts with 1 M HCl
(Reddy et al., 1998); (vii) the solutions gener-
ated during TP ashing were also analyzed for
TCa, TMg, TFe, and TAl by inductively
coupled argon plasma spectrometry (U.S. Envi-
ronmental Protection Agency, 1993b, Method
2007).

Geostatistical Analyses

Semivariograms were used to assess the
spatial structure (spatial autocorrelation) of floc
and soil properties. A log transformation was
performed if necessary, to approximate a normal
distribution and stabilize variances. Point ordi-
nary point kriging (OK) was performed to
create a continuous prediction surface of soil
TP, BD, TN, and TCa, using a pixel size of
100 m length using the geostatistical software
package ISATIS version 4.1.0 (Geovariances,
Houston, TX). The methods of semivariogram
modeling, fitting, and kriging are described by
Goovaerts (1997), Isaaks and Srivastava (1989),
Wackernagel (2003), and Webster and Oliver
(2001). Visualization of results in the Albers
Equal Area map projection was performed in
ArcGIS Version 9.0 geographic information
system (Environmental Systems Research Insti-
tute, Redlands, CA). The effectiveness of the
interpolation method for each soil parameter
was measured using two statistical measures: the
mean error and the root mean square error
(RMSE). These two metrics provide the means
to compare predicted and observed soil physi-
cochemical property values.

Characterization of Soil TP Based on Land Cover/
Vegetation Units in WCA-2A

A zonal statistical analysis was performed,
using ArcGIS Spatial Analyst extension (Envi-
ronmental Systems Research Institute) to char-
acterize TP concentrations (mean and standard
deviation) at each layer (floc, surface, and
subsurface soil) within each land cover/vegeta-
tion zone. These zones were obtained from a
land cover/vegetation digital data set produced
by the Florida Fish and Wildlife Conservation
Commission (FWC). This data set was derived
from 2003 Landsat Enhanced Thematic Mapper
satellite imagery through a series of iterative
remote sensing procedures applied on the Land-
sat image along with ancillary data sets, includ-
ing a 1995 land use/land cover layer created by
Florida’s water management districts and the
Florida Department of Environmental Protec-
tion, National Wetlands Inventory, detailed
digital soils data sets (SSURGO), the FWC
1985–1989 land cover map (Kautz et al., 1993),
and 1999 digital orthographic quarter quadran-
gle aerial photography (Stys et al., 2004).

A total of five land cover categories were
identified for WCA-2A. A boundary raster file
was used to clip the statewide land cover grid to
the boundaries of the conservation area. Vege-
tation and land cover types were defined by
FWC as follows (Gilbert and Stys, 2004): (1)
freshwater marsh and wet prairie: wet prairies
occur as scattered, shallow depressions within
dry prairie areas and on marl prairie areas in
south Florida; (2) sawgrass marsh: freshwater
marshes dominated by sawgrass (Cladium jamai-
cense Crantz); (3) cattail marsh: freshwater marsh
areas dominated by cattails (T. domingensis spp.);
(4) shrub swamp: wetland communities domi-
nated by dense, low-growing woody shrubs or
small trees. Shrub swamps are usually character-
istic of wetland areas that are experiencing
environmental change and are early to midsuc-
cessional in species complement and structure.
These changes are a result of natural or man-
induced perturbations due to increased or
decreased hydroperiod, fire, clear cutting, or
land clearing and siltation; and (5) hardwood
swamp: wooded wetland communities com-
posed of either pure stands of hardwoods or
mixture of hardwoods and cypress where hard-
woods achieve dominance. This association of
wetland-adapted trees occurs throughout the
state on organic soils and forms the forested
floodplains of nonalluvial rivers, creeks, and
broad lake basins.

VOL. 172 ~ NO. 2 CHARACTERIZATION OF THE SPATIAL DISTRIBUTION 153

Copyr ight © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



RESULTS AND DISCUSSION

Descriptive statistics for the 11 soil proper-

ties for each layer (floc, surface, and subsurface)

sampled in WCA-2A are shown in Table 1.

Mean soil TP values indicated a notable

difference between layers: 827 mg kgj1 in floc,

551 mg kgj1 in the surface, and 296 mg kgj1 in

the subsurface layer. Maximum observed TP

values were very high, with 1865 mg kgj1 (floc),

1702 mg kgj1 (surface soil), and 1216 mg kgj1

(subsurface soil), exceeding historic threshold

values of 450 mg kgj1, 500 mg kgj1, and 650

mgkgj1 suggested by several authors (DeBusk et al.,

2001; Wu et al., 1997). These TP values, along

with very wide ranges (1671 mg kgj1 in floc,

1546 mg kgj1 in surface soil, and 1130 mg kgj1 in

subsurface soil), and high standard deviations

across all layers indicated the presence of high

variability in WCA-2A comprising nutrient-

enriched and natural zones, as has been reported

by many authors (DeBusk et al., 2001; Noe et al.,

2001; Wu et al., 1997). Such results contrast the

low minimum values found in nonimpacted

areas of WCA-2A, which resemble historical,

natural conditions of the Everglades, with TP

values as low as 155 mg kgj1 in the surface soil

and 85 mg kgj1 in the subsurface soil.
The spatial distribution of surface water P in

the Greater Everglades ecosystem takes the form
of a concentration gradient from high P con-
centrations at or near inflow points to low
concentrations within interior marsh areas.
Davis (1994) pinpointed that the marsh effec-
tively reduces surface water P concentrations
within a 7.0-km distance along a nutrient

TABLE 1

Summary statistics for floc, surface (0–10 cm), and subsurface (10–20 cm) soil samples collected from WCA-2A

BD

(g cmj3)

LOI

(%)

TP

(mg kgj1)

TPi

(mg kgj1)

TN

(g kgj1)

TC

(g kgj1)

TCa

(mg kgj1)

TMg

(mg kgj1)

TFe

(mg kgj1)

TAl

(mg kgj1)

Floc (n = 111)

Mean 0.046 83.7 827.2 248.7 26.6 402.1 54,132 4,686 2,110 1,757

Standard error

of mean

0.003 1.0 36.2 13.2 0.5 4.1 4,682 184 147 152

Median 0.040 87.1 751.3 215.6 27.7 411.5 33,911 4,590 1,750 1,356

Standard

deviation

0.031 10.7 381.4 139.2 5.2 43.7 49,329 1,935 1,543 1,600

Skewness 5.0 j2.2 0.6 2.3 j0.5 j1.9 2.4 5.4 3.3 3.2

Range 0.295 55.3 1671.2 916.9 26.0 238.2 259,383 17,825 11,637 10,928

Minimum 0.005 38.5 194.1 81.7 11.9 229.4 17,143 2,660 305 242

Maximum 0.300 93.8 1865.3 998.6 37.9 467.6 276,526 20,485 11,942 11,170

Surface, 0–10 cm (n = 111)

Mean 0.110 86.7 550.7 136.5 27.1 426.7 39,249 4,489 2,983 2,366

Standard error

of mean

0.003 0.7 30.0 13.9 0.6 3.4 2,612 215 204 204

Median 0.110 88.8 432.8 91.0 28.3 435.4 29,983 4,370 2,308 1,842

Standard

deviation

0.033 7.0 316.2 146.6 5.9 35.5 27,517 2,263 2,153 2,147

Skewness 3.0 j2.9 1.3 4.8 j0.5 j2.6 3.1 4.8 2.6 3.3

Range 0.270 41.2 1546.2 1252.9 27.7 227.6 176,794 20,039 14,289 13,166

Minimum 0.061 52.5 155.3 24.2 11.9 246.6 17,167 1,015 539 265

Maximum 0.331 93.7 1701.5 1277.1 39.6 474.2 193,961 21,054 14,828 13,431

Subsurface, 10–20 cm (n = 110)

Mean 0.118 88.0 296.0 52.0 27.9 444.1 30,567 4,270 2,986 2,560

Standard error

of mean

0.004 0.8 19.0 5.6 0.5 4.2 1,447 230 231 245

Median 0.112 90.2 227.1 35.3 28.3 454.9 28,222 3,960 2,255 1,930

Standard

deviation

0.039 7.9 199.6 59.0 5.6 43.7 15,174 2,407 2,426 2,565

Skewness 2.7 j3.0 2.6 4.0 j0.6 j2.6 4.3 4.8 2.8 3.1

Range 0.268 40.4 1130.4 355.0 28.9 238.4 114,537 20,345 14,425 14,122

Minimum 0.057 53.7 85.4 12.2 11.2 258.1 13,268 1,557 599 415

Maximum 0.325 94.1 1215.8 367.2 40.1 496.5 127,805 21,902 15,024 14,537
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gradient from points where inflows enter
WCA-2A. Previous studies (DeBusk et al.,
1994, 2001; Reddy et al., 1998) determined

the location of a major portion of soil P
enrichment close to the water control structures
S-10 C, and S-10 D (Fig. 1) that are the main

Fig. 2. Total phosphorus maps and semivariograms for each layer in WCA-2A: floc, surface (0–10 cm), and
subsurface (10–20 cm) soils.
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sources of surface water and nutrient loading
into WCA-2A. A slight topographic gradient
and surface water inflow extending from north
to south caused the expansion of soil P enrich-
ment to the south. We found TP values
exceeding 650 mg kgj1 in floc and exceeding
450 mg kgj1 in surface soil approximately 5 km
south of major inflow points (S10 control
structures) in WCA-2A. DeBusk et al. (2001)
reported this distance to be as long as 7 km.
King et al. (2004) documented an impacted, a
transition, and a reference zone. The impacted
zone, 0–3 km downstream of the canal inflow
structures, was characterized by P-enriched soil
and water and dense stands of cattail (T.
domingensis Pers.); the transition zone, ranging
from 3 to 7 km from the canal, showed smaller
P concentrations but still elevated, and vegeta-
tion is a mix of cattail (T. domingensis Pers.),
sawgrass (Cladium jamaicense Crantz), and infre-
quent open-water slough habitats; and a refer-
ence zone, relatively unaffected and beyond
7 km from the canal, has a mosaic of sawgrass
interlaced with open-water sloughs.

The spatial distribution of TP, based on the
2003 observations, showed similar spatial pat-
terns across floc, surface, and subsurface soils
(Fig. 2). Highest TP concentrations, with values
between 1100 and 1600 mg kgj1 for floc,
between 650 and 1090 kgj1 for surface soil,
and between 320 and 685 mg kgj1 for subsur-
face soil, were found in the eastern part of
WCA-2A in proximity to the S-10A, C and, D
water control structures, along the Hillsboro
Canal, with a smaller patch in the western
portion, near water control structure S7, in
proximity to the North New River Canal.

The TP expansion in the northern portion,
close to the S10E structure, has diminished
probably due to the fact that this structure was
closed in 1996. Semivariograms showed long-
range variability in TP with the longest range
for floc (9.6 km) and the shortest range
(6.8 km) in the subsurface layer (Fig. 2; Table 2).
The top soil layer (0–10 cm) showed an inter-
mediate range of 7.5 km. These results indicate
that TP showed regional spatial autocorrelation
due to ecosystem processes operating at the
landscape-scale such as transport processes of P
and natural events such as fires and thunder-
storms. These long ranges indicate spatial
autocorrelation for soil P extending over long
distances and also a more uniform distribution
of properties, whereas a short range is indica-
tive of less uniform and more variable distri-
bution of properties. DeBusk et al. (2001)
found similar regional spatial autocorrelation
for soil TP with a range of 9.3 km in 1990 and
11.3 km in 1998 in WCA-2A. In other
wetland ecosystems, similar spatial structures
for soil TP were found with a range of 7.2 km
for TP in a subtropical wetland in east-central
Florida (Grunwald et al., 2005b).

The nugget-to-sill ratio is another parameter
used to characterize the spatial dependence of
soil properties. If the ratio is less than 25%, the
variable has strong dependence; between 25%
and 75%, the variable has moderate dependence;
and greater than 75%, the variable only shows
weak dependence (Cambardella et al., 1994). In
WCA-2A, the nugget-to-sill ratio was less than
25% for almost all properties, indicating strong
spatial dependence, except for TN, which
showed 31.5% (Table 2). The nugget for TP

TABLE 2

Summary of interpolation parameters and crossvalidation statistics for physicochemical properties in WCA-2A

Parameter Soil depth
Data

transformation
Model Nugget Sill

Range

(m)

Mean

error
RMSE

Floc depth Log Spherical 0.01881 0.04654 6,518 j0.71 4.0812

TP (mg kgj1) Floc Log Spherical 0.00268 0.04971 9,669 j27.28 206.10

0–10 Log Exponential 0.01852 0.05118 7,468 j41.77 257.53

10–20 Log Stable 0.02201 0.04387 6,864 j31.54 166.32

TPi (mg kgj1) Floc Log Spherical 0.00856 0.04750 7,873 j9.96 108.04

0–10 Log Spherical 0.05068 0.09642 8,336 j24.28 134.96

10–20 Log Spherical 0.02802 0.07040 5,453 j9.38 52.17

BD (g cmj3) Floc No Exponential 0.00005 0.00028 3,428 j0.0003 0.0301

0–10 No Spherical 0.00030 0.00192 4,075 j0.0012 0.0372

10–20 No Exponential 0.00025 0.00145 5,730 j0.0018 0.0362

TN (mg kgj1) 0–10 No Spherical 12.66 40.22 8,520 0.0328 4.6787

TCa (mg kgj1) 0–10 Log Spherical 0.00411 0.03918 3,644 j4,114.77 20,694.80

TC (g kgj1) 0–10 No Spherical 146.90 610.30 3,722 2.16 35.73
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subsurface soil was higher with a value of 0.022
when compared with surface soil (0.018) and floc
(0.002), suggesting that unexplained short-range
variability and measurement errors were lower in
floc when compared with surface and subsurface
soils. The sill variance was comparable among
floc and soil layers, indicating no major differ-
ences in overall variability in TP.

To identify how much of the TP was
mapped into the inorganic and organic compo-
nents, we predicted TPi across WCA-2A (Fig. 3).
Overall, regional TPi patterns corresponded well
with spatial patterns of TP in soils, but somewhat
less in floc. Total inorganic P accounted for about
one-third of the TP in this wetland, indicating
that most of the P was present in organic form.
The mean value of TP in floc was 827 mg kgj1,
and TPi was 249 mg kgj1. Similarly, mean
TP in the 0- to 10-cm soil layer was much
higher, with 551 mg kgj1 TP as compared
with a mean TPi of 137 mg kgj1. This ratio of
one-third inorganic P to two-thirds organic P
was also found in TP and TPi prediction maps.
The area south of control structures S10
showed TP values in floc in the range of
1000 to 1600 mg kgj1 and TPi values in floc in
the range of 300 to 620 mg kgj1. The interior
marsh showed TPi as low as 95 mg kgj1 and TP
of 341 mg kgj1 in floc. These results are
consistent with those from earlier studies (Koch
and Reddy, 1992; Qualls and Richardson, 1995;
Reddy et al., 1998), where impacted soils
generally had a greater percentage of TP as
TPi than unimpacted soils, suggesting the
influence of inorganic P loading from surface
water and remineralization of organic P. The
smallest measured TP floc was 194 mg kgj1,
and for TPi floc, 82 mg kgj1, indicating the
same ratio between organic and inorganic P.
This was also confirmed in the subsurface layer
that showed a mean TP of 296 and 52 mg kgj1.
Interestingly, the spatial patterns of TPi and TP
in soils coincided, indicating that across the
marsh in nutrient enriched as well as oligotro-
phic areas, in sloughs and ridges, in areas close
and far from control structures, this ratio
between TP and TPi was persistent. Reddy
et al. (1998) found that the TPo/TPi ratio was
narrow in near-surface soils and increased with
depth, suggesting accumulation of inorganic P
in surface-soil layers. Also, significant gradients,
both as a function of distance from water
inflows and soil depth were observed.

The spatial autocorrelation values for TPi were
high with 7.8 km (floc), 8.3 km (0–10 cm soil), and

5.5 km (10–20 cm soil), indicating regional
autocorrelation lengths. The nugget-to-sill ratio
was 18% in floc, indicating strong dependence,
with a moderate dependence for surface and
subsurface soils (53% and 40%, respectively).

The highest floc depths (910 cm depth) were
found south of control structure S10, along the
North New River canal and the most southern
tip of WCA-2A, which represents the drainage
outlet (Fig. 4). It is important to note that floc
was present at all observation sites, which
differed from other studies in the Everglades,
such as WCA-3, where floc was measured at
only 148 of 388 observations sites (Bruland et al.,
2006). In Bruland et al.’s (2006) study, the
deepest floc was generally located in the south-
eastern section of 3AS, the part of WCA-3 that
has been least impacted by nutrient loading. Floc
forms an interface among atmosphere, pedo-
sphere, and biosphere and responds to hydro-
periods and nutrient input (McCormick and
Stevenson, 1998). It differs from soils in respect
of nutrient storage that is typically much higher
in floc when compared with top and surface soils
(Bruland et al., 2006; Corstanje et al., 2006).
Reddy et al. (1999) indicated that the composi-
tion and characteristics of the periphyton mats
and detritus layers that comprise the floc may
provide an indication of recent (G3 years)
impacts from added nutrients. The patterns of
floc depth and floc TP were mirror images
showing close correspondence between high
floc depth (910 cm) and high TP in floc
(91000 mg kgj1), whereas areas that showed
floc depths of less than 5 cm coincided with low
TP values measured in floc (G500 mg kgj1).

The area south of control structure S10,
which showed the highest floc depth and TP
floc values, has been dominated by T. domi-
ngensis Pers. vegetation (DeBusk et al., 2001;
Jensen et al., 1995) and may likewise contribute
to floc production. Hydropatterns and hydro-
periods have been also suggested as important
drivers for floc production, resulting in seasonal
floc patterns. Our sampling was conducted at
the end of May 2003, a relatively dry period
that might have been less influential to drive
floc production when compared with nutrient
input. Although floc depth is a sensitive indi-
cator, it is a surrogate property that depends
on multiple factors—nutrients, hydrology, and
vegetation— therefore, less well suited as an
ecological indicator. According to Gaiser et al.
(2005), rapid P assimilation by periphyton and
floc detritus stimulates other significant biotic
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Fig. 3. Total inorganic phosphorus maps and semivariograms for each layer in WCA-2A: floc, surface (0–10 cm), and
subsurface (10–20 cm) soils.
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alterations, indicative of significant ecosystem
state change. As the periphyton mat collapses, it
contributes to the detrital floc production,
which moves downstream with water flow and
is incorporated eventually into the soils. This is
indicative of the low assimilative capacity of
Everglades’ wetlands. Even if the ecosystem
assimilate all added P, downstream transport in
the water column is not detected until after a
broad range of biotic changes had occurred
(Gaiser et al., 2005).

Bulk density predictions in floc, surface,
and subsurface soils are shown in Fig. 5. These
maps have a common scale of representation
from 0.02 to 0.30 g cmj3. The most notable
difference in values was found between the
floc and the surface/subsurface maps. This is
consistent with the observed mean BD values

shown in Table 1, with a mean of 0.046 g cmj3

for floc, 0.110 g cmj3 for surface soil, and
0.118 g cmj3 for subsurface soil. In all three
maps, BD concentrations were highest near the
S10D structure and also at the southern tip,
possibly because of disturbances in those areas.
Bulk density values were muted in all three layers
resembling typical organic soils with BD lower
than 0.3 g cmj3. The spatial autocorrelation
structure for BD showed medium ranges with
3.4 km in floc, 4.1 km in surface soil, and
5.7 km in subsurface soil. The nugget-to-sill
ratios for BD were below 17% for all three
layers, suggesting a strong spatial dependence.

Total Ca and TC showed inverse spatial
patterns as shown in Fig. 6. This is consistent with
significant negative correlations between TC and
TCa in floc (j0.82) and surface soil (j0.59) at the

Fig. 4. Floc depth map and semivariogram for WCA-2A.
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0.01 confidence level (Table 3). Higher values of
TCa were found in small concentric areas located
in proximity to the S10 water control structures in
the northern fringe of the study area (S10A, C, and
D), and also north of S11C. Additionally, three
hot spot areas, with TCa values as high as 190 g
kgj1, were found in the center of WCA-2A
possibly due to limestone outcrops or updwelling
of calcium-rich groundwater.

Similar high TCa values were found by
Reddy et al. (1998), with 22 g kgj1 in WCA-
1, 45 g kgj1 in WCA-2, and 42 g kgj1 in
WCA-3 resembling wetlands formed in lime-

stone parent material. Transects extending from
the Hillsboro canal north into the marsh interior
showed high HCl inorganic P near the canal,
with values as high as 7.5 g mj2 P (0.3 km) that
exponentially declined to 2.5 g mj2 P (1.9 km)
to about 1 g mj2 P (14.7 km) (Reddy et al.,
1998). Our map representing TCa in surface soil
characterized the complex patterns that emerged
presumably due to flow patterns, soil layers
(depth to limestone bedrock), proximity to
canals, and other factors.

Richardson (1999) indicated that calcium
and magnesium provide important P-binding

Fig. 5. Bulk density maps and semivariograms for each soil layer in WCA-2A: floc, surface (0–10 cm), and subsurface
(10–20 cm).
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mechanisms in alkaline wetlands systems, such as
WCA-2A. This mechanism seems to be con-
founded when comparing TP and TCa maps
(Figs. 2 and 6), which show different spatial
patterns, particularly in the zone of elevated TP
extending south of S10 structures into the

interior of the marsh. The low correlation
coefficients between TP and TCa of j0.02
(floc) and 0.26 (surface soil) confirm the weak
linkages between TP and TCa.

Spatial patterns of TC in surface soils behaved
inversely to those of TCa. Predicted values for
TC ranged between 288 and 463 g kgj1.
Mean TC observed values are 402 g kgj1 for
floc, 427 g kgj1 for surface soil, and 444 g kgj1

for subsurface soil. Total carbon values were low
(G400 g kgj1) near the Hillsboro canal and
water control structures, but high in the north-
west and eastern sections of WCA-2 with values
up to 463 g kgj1. Similar to TC the spatial
variation was complex and intricate throughout
WCA-2A. For both TCa and TC, the ranges
were shorter, with 3.6 and 3.7 km, respectively,
when compared with TP and BD (Table 2).
This suggests that processes operating at medium
spatial scale generated TC and TCa patterns.
The slough-ridge system might explain some of
the medium scale variation in TC and TCa with
linear repeating patterns extending north-south.
However, other factors operating at finer scales,
such as hydropatterns, and the decomposition
of organic material from different vegetation
species might explain localized heterogeneity.
Miao and DeBusk (1999) found significantly
higher cellulose content in cattail when com-
pared with sawgrass subsequently causing varia-
tion in mineralization of organic carbon. Other
microbial-induced processes are likely to oper-
ate at finer scales, reducing the spatial autocor-
relation of TC and TCa. The nugget-to-sill
ratio was 10% for TCa and 24% for TC,
indicating strong spatial dependence.

The spatial distribution of TN values is
shown in Fig. 6 and resembled somewhat
opposing patterns to TP. This is supported by
a negative correlation coefficient of j0.50
between TP and TN in surface soils (Table 3).
Predicted TN showed muted spatial patterns,
with values ranging from 15 to 36 g kgj1. These
patterns are consistent with other studies that
showed relatively homogeneous patterns of ni-
trogen in the Everglades (Craft and Richardson,
1998; Vaithiyanathan and Richardson, 1999).
Amador and Jones (1997) illustrated that nitro-
gen is limiting to microbial activities in soils
enriched in P. TN in surface soils showed long-
range variability, with a range of 8.5 km similar
to the long ranges found for TP in floc and soil
layers. The nugget-to-sill ratio for TN was 31%,
indicating moderate spatial dependence. At the
surface (0–10 cm), TN showed a significant

Fig. 6. Total calcium, TC, and TN maps for soil surface
(0–10 cm) in WCA-2A.
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positive correlation to TC, with a coefficient of
0.57 and a significant negative correlation to
TCa with a coefficient of j0.53 (Table 3).
Spatial patterns and relationships between soil
physicochemical properties inferred from maps
were better suited in documenting the variation
across WCA-2A. The correlation coefficients
have limited ability to infer on relationships
between properties because they tend to average
out relationships extending over the whole
wetland. A complete list of correlation coeffi-
cients can be found in Table 3. Overall,
although significant, most correlations were
weak, with values below T0.6, except for TP-
TPi (0.88), TC-LOI (0.69), TCa-LOI (j0.69),
and TMg-TCa (0.60).

Cross-validation results are documented in
Table 2. High mean errors and RMSE suggest
that the interpolation method failed to capture
the underlying spatial variability of the observed
parameters highlighting uncertainties in the pre-
diction process due to sampling design, measure-
ment errors, spacing of observations, and other
factors. The errors have to be interpreted relative
to the range of measured values.

To evaluate how much TP predictions
deviated from reference conditions, we selected
three cutoff values: 450, 500, and 600 mg kgj1.
We reclassified each of the interpolated TP maps

based on these three values for each layer, as
shown in Fig. 7. One-to-one comparisons to
other studies are confounded due to the fact of
different sampling protocols, strategies, and
designs. For example, DeBusk et al. (2001) used
grid-based sampling in WCA-2 in 1990 and
1998, a smaller data set (74 and 56 sites,
respectively), and a different sampling protocol.
In DeBusk et al.’s (2001) study, depth increments
were delineated from the upper boundary of floc
in 10-cm-interval down profiles, whereas in our
study, floc was mapped separately from soils. In
1990, 48% of the total area for WCA-2A was
considered P-enriched (20,829 ha), compared
with 73% in 1998 (31,377 ha), assuming a cutoff
value for the soil top layer of 500 mg kgj1

(DeBusk et al., 2001). In contrast, in 2003, we
found 65% (27,924 ha) in floc and 26% (11,220
ha) in surface soils that exceeded a cutoff value
of 500 mg kgj1. A conservative interpretation
seems to support the conclusion that TP values
tended to decline over the past years, which can
be supported by reduced P inputs from water
control structures.

Wu et al. (1997) used a different TP cutoff
value of 650 mg kgj1, which resembles the effect
of soil TP on cattail dispersal. Although deep
water and disturbed areas along canal and levee
structures were found to favor cattail, Wu et al.

TABLE 3

Spearman correlation coefficients of 10 soil properties for floc and surface (0–10 cm depth) layers in WCA-2A

BD LOI TP TPi TN TC TCa TMg TFe TAl

Floc

BD 1 j0.277** 0.16 j0.004 j0.163 j0.123 0.228* 0.311** 0.135 0.241*

LOI 1 0.11 j0.155 0.364** 0.863** j0.887** j0.619** 0.031 j0.113

TP 1 0.816** j0.321** 0.164 j0.02 0.019 j0.041 j0.207*

TPi 1 j0.328** j0.142 0.206* 0.036 j0.169 j0.331**

TN 1 0.318** j0.480** j0.421** 0.153 0.201*

TC 1 j0.819** j0.510** 0.173 0.002

TCa 1 0.648** j0.165 j0.059

TMg 1 0.07 0.238*

TFe 1 0.755**

TAl 1

Surface (0–10 cm)

BD 1 j0.245** j0.297** j0.241* j0.049 j0.058 0.251** 0.254** 0.146 0.493**

LOI 1 j0.093 j0.295** 0.405** 0.693** j0.687** j0.362** j0.104 j0.228*

TP 1 0.879** j0.504** j0.392** 0.256** 0.318** j0.116 j0.301**

TPi 1 j0.592** j0.504** 0.417** 0.342** j0.133 j0.271**

TN 1 0.569** j0.526** j0.514** 0.193* 0.148

TC 1 j0.592** j0.447** 0.097 0.035

TCa 1 0.603** j0.206* j0.027

TMg 1 j0.206* 0.172

TFe 1 0.526**

TAl 1

Correlation is significant at the **0.01 level (two-tailed) and at *0.05 level (two-tailed).
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(1997) concluded that soil TP might overshadow
the hydrologic effect. Grunwald et al. (2004)
used a cutoff value of 450 mg kgj1 and showed
exceedance probabilities for TP in WCA-2A
resembling similar patterns found in our study. In
Fig. 7, we show results from multiple scenarios
based on three different TP cutoff values illus-
trating that 80% for floc and 31% for surface soil,
from the total area, exceeded 450 mg kgj1, and
56% for floc and 12% for surface soil, from the
total area, exceeded 650 mg kgj1.

To relate and quantify the relationship
between soil physicochemical properties and
vegetative communities, particularly those areas
with dominance of cattail, we used a geographic
information system zonal statistics technique. T.
domingensis Pers. represents a deep-water species
of cattail, which is often located near canals and
a common community on tree islands that were
burned before construction of WCAs and
flooded thereafter (Davis, 1994). According to
Davis (1994) cattail expands in areas that are P-
enriched in conjunction with other factors such

as climate, hydrology, and fire. Newman et al.
(1996) showed that along with P, water depth is
another important driving force for cattail
invasion in the Everglades. The vegetation and
land cover for 2003 from the FWC (Stys et al.,
2004) resembled patterns that emerged on the
TP floc and soil maps. This corroborates the
idea that cattail expansion and soil TP are highly
correlated (Wu et al., 1997).

Mean TP values were derived based on the
2003 vegetation and land cover categories, as
shown in Table 4. Total P mean values in areas
defined as cattail marsh reached the highest
values: 1108 mg kgj1 in floc, 667 mg kgj1 in
surface, and 316 mg kgj1 in subsurface soil.
Contrasting with these values, TP mean values
in sawgrass marsh were considerable lower:
606 mg kgj1 in floc, 394 mg kgj1 in surface
soil, and 225 mg kgj1 in subsurface soil. Simi-
lar mean TP values were found in freshwater
mash and wet prairie (534 mg kgj1 in floc,
363 mg kgj1 in surface, and 211 mg kgj1

in subsurface).

Fig. 7. Soil TP maps for floc and soil surface (0- to 10-cm depth) based on threshold values of 450, 500, and 650
mg kgj1. The gray gradient indicates extension of TP enrichment areas based on threshold values; black, values
larger than 650 mg kgj1; dark gray, values larger than 500 mg kgj1; medium gray, values larger than 450 mg kgj1;
and light gray, less than 450 mg kgj1.
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Differences in TP mean values between
zones were more accentuated in floc from
1108 mg kgj1 in cattail marsh to 534 mg kgj1

in freshwater mash and wet prairie (a difference
of 574 mg kgj1), whereas in surface soils, values
varied from 688 mg kgj1 in hardwood swamp
(characteristic of tree islands) to 363 mg kgj1 in
freshwater mash and wet prairie (a difference of
325 mg kgj1), and in subsurface soils, values
varied from 364 mg kgj1 in hardwood swamp
to 211 mg kgj1 in freshwater mash and wet
prairie (a difference of 153 mg kgj1). Higher
standard deviations and higher ranges in cattail
and freshwater marshes indicated that there is
more variability in these areas. Rutchey and
Vilchek (1999) confirm that cattail-dominant
zones that are prevailing in impacted zones tend
to be more homogeneous than nonimpacted
areas, with cattail mixed or sawgrass domi-
nance. However, it is expected that improve-
ments in the use of higher resolution satellite
imagery will improve our understanding of
fine-scale patterns in both vegetation and soils
and in their relationship (King et al., 2004).

CONCLUSIONS

In this study, the spatial distribution and
variability of TP, TPi, TN, TC, BD, TCa, and
floc depth was characterized in WCA-2A.
Spatially explicit mapping of soil properties
provided insight into the underlying heteroge-
neity and variation of soil properties. We were
able to delineate medium- and long-range
variability of soil properties from our spatially
optimized sampling design, with a sampling
density of 0.27 samples kmj2. All considered
properties showed strong spatial dependence.
This illustrates that spatially explicit sampling is
needed to capture the underlying variability of
soil properties. Documenting regional spatial

patterns of physicochemical properties in floc
and soils provide baseline data that can be
streamlined to optimize the management of
WCA-2A. Fine-scale variability of the mapped
properties is likely to exist but could only be
characterized by sampling densities smaller than
0.27 samples kmj2. Complimentary studies that
combine inductive and deductive methods are
needed to close the research gaps linking bio-
geochemical processes operating at multiple
spatial scales to geospatial properties mapped at
landscape scale. The integration of dense ancillary
environmental data sets (e.g., derived from
remote sensing, diffuse reflectance spectroscopy)
will play a key role in future studies to character-
ize the heterogeneity of these ecosystems.
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