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ABSTRACT
Increased nutrient loading to the northern Everglades from the

nearby Everglades Agricultural Area (EAA) has raised concerns of
eutrophication of this oligotrophic wetland. A field study was conducted
to determine the influence of nutrient loading on spatial distribution
of P, N, C, and related physico-chemical parameters in the peat soils
(Histosols) of Water Conservation Area 2A (WCA-2A) in the northern
Everglades. Field sampling of the top 30 cm of soil was performed
at 74 sites across WCA-2A. Isarithmic plots of N and P forms based
on geostatistical analyses revealed widespread enrichment of P, espe-
cially in areas proximal to surface inflows importing nutrient-laden
water from the EAA. Enrichment of less magnitude was shown for
soil N, while spatial variability of C, bulk density, ash content, and
pH were minimal. Concentration of soil porewater NH/-N was typi-
cally in the 1.5 to 2.5 mg L"1 range in the interior (less impacted)
region of WCA-2A, compared with 4 to 8 mg N L'1 near surface
inflows at the northern end of WCA-2A. In contrast, soluble reactive
P in the porewater varied from = 100 ug L"1 or less in the interior
marsh to >1000 ug L'1 near inflow structures. Mean soil total P at
a depth of 0 to 10 cm was 473 mg kg ~' in the interior marsh, compared
with 1338 mg kg"1 in the areas adjacent to inflows. Results of this
study show that WCA-2A soil has served as a net storage for the
increased load of P in nutrient-laden surface inflows. Much of the
additional soil P is available for plant uptake, based on the magnitude
of P enrichment across a large area. Nutrient enrichment in the soil
corresponded with the occurrence of cattails (Typha domingensis Pers.
and T. latifoUa L.) in areas previously dominated by sawgrass (Cladium
jamaicense Crantz).

THE EVERGLADES represent a unique and complex
composite of ecosystems forming a vast wetland

covering a large portion of southeastern Florida. The
original Everglades, which encompassed an area of about
10000 km2, extended southward approximately 160 km
from the southern shore of Lake Okeechobee to Florida
Bay, with a width of up to 65 km (Davis, 1943). Surface
hydrology was characterized by a seasonal north-south
sheet flow driven by rainfall and pulsed loading from
Lake Okeechobee.

Currently, the Everglades consist of two major re-
gions: WC As to the north and the Everglades National
Park to the south (Fig. 1). The three WCAs were created
in the early 1960s for the purposes of water supply, flood
control, wildlife habitat, and recreation. The principal
vegetational communities found in the northern Ever-
glades are sawgrass marsh, wet prairies, sloughs, and
tree islands (also known as bayheads). The sawgrass
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marsh is the dominant plant community in terms of total
area, accounting for nearly two-thirds of the vegetative
cover in the Everglades (Davis, 1943; Loveless, 1959).

The Everglades have been impacted significantly in
recent years by a variety of human activities, resulting
in altered hydrology and nutrient loading (SFWMD,
1992). Large areas of the northern and eastern Everglades
have been converted to agricultural and urban uses.
An extensive system of canals and levees, constructed
primarily during the first half of this century, has dis-
rupted the natural sheet flow and significantly altered the
hydroperiod in large areas of the Everglades. Increased
nutrient loading from anthropogenic sources has occurred
hi many areas, especially in the northern Everglades.

The EAA, to the north and west of the WCAs, occupies
a large portion of the original northern Everglades, a
region characterized by extensive deposits of surficial
peat (Fig. 1). Principal agricultural products of the EAA
are sugar cane (Saccharum spp.), vegetables, and sod.
Nutrients derived from oxidation of organic soils and
application of fertilizer have been transported in runoff
into the system of canals, which supply water to the
WCAs. This has resulted in accelerated nutrient loading
in the WCAs, primarily in WCA-1 and WCA-2A.

Among the many concerns associated with increased
anthropogenic pressures on the Everglades is the wide-
spread encroachment of cattail into the sawgrass marsh
and other plant communities (SFWMD, 1992). Research
in south Florida has suggested dial the spread of cattail
is linked to increased P loading or extended hydroperiod,
or a combination of these factors (Davis, 1943, 1991;
Steward and Ornes, 1983; Toth, 1987, 1988). On a
broader scale, there is concern that accelerated nutrient
loading will lead to eutrophication of the naturally oligo-
trophic Everglades. Research and field observations sug-
gest that large-scale changes in trophic state have oc-
curred in some areas of the northern Everglades, resulting
in increased biomass production, changes in species com-
position, and a possible decrease in species diversity
(Swift and Nicholas, 1987; SFWMD, 1992).

The impact of nutrient loading from external sources
on wetland biota is dependent on the pathways of nutrient
transport and transformation within the biotic and abiotic
components of the soil and floodwater. Nutrients in
surface inflows may be exported from the system in
surface outflows or may be retained in the water, soil
porewater, soil cation-anion exchange complex, soil and
water minerals, microbial biomass, algae, or mac-
rophytes.

A recent study demonstrated P enrichment in the soil
and plant tissue near water inflow structures hi WCA-2A

Abbreviations: EAA, Everglades Agricultural Area; WCA, Water Con-
servation Area; SFWMD, South Florida Water Management District; SRP,
soluble reactive P; ANOVA, analysis of variance; LSD, least significant
difference.
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Fig. 1. Everglades Water Conservation Area 2A and locations of
associated canals and surface inflow and outflow structures.

(Koch and Reddy, 1992). Analysis of water, soil, and
plant tissue at three study sites along a surface water
nutrient gradient revealed increased soil P concentration
and decreased plant tissue N/P ratio in a cattail marsh
(impacted area) compared with a mixed sawgrass-cattail
marsh and sawgrass marsh (unimpacted area). Results
of this study suggest that a front of soil P enrichment
existed along the northern portion WCA-2A, a result of
nutrient inputs from surface water inflows.

The current research was designed to provide a com-
prehensive and systematic physico-chemical character-
ization of soils in WCA-2A. Previous studies showing
nutrient enrichment in historically oligotrophic sites in
WCA-2A demonstrated the need for investigation of the
spatial extent and patterns of enrichment to determine
the overall magnitude of nutrient-related impacts in
WCA-2A. The specific objectives of this study were to
determine the spatial distribution of selected nutrients
and related parameters in the soil and to relate soil
nutrient enrichment to recently observed changes in plant
community structure in WCA-2A.

MATERIALS AND METHODS
Site Description

Water Conservation Area 2A, a 447-km2 region of the
northern Everglades, is located in southern Palm Beach and
northern Broward counties in south Florida (Fig. 1). Created
in the early 1960s for purposes of water supply and flood
control, WCA-2A is hydrologically managed by the SFWMD,
according to schedules developed by the U.S. Army Corps of
Engineers (SFWMD, 1992). Impoundment of surface water
in WCA-2A is accomplished by a system of levees, created
by on-site excavation of soil. The L-35B levee was constructed
in 1961 to create WCA-2A and WCA-2B from the original
Conservation Area 2 (Fig. 1).

The Hillsboro and North New River Canals, which drain
the EAA, border WCA-2A on the northeast and southwest,
respectively (Fig. 1). Surface water inflow to WCA-2A occurs
through the four S-10 control structures on the Hillsboro Canal
and pump station S-7 on the North New River Canal. Outflow
of surface water occurs through six control stuctures located
at the south end of WCA-2A, although virtually all outflow
is routed through the three S-ll structures into WCA-3A.

Soils in WCA-2A, consisting of highly organic Holocene
sediments, are represented by two principal types of peat
(Gleason et al., 1974). Everglades peat, a dark brown, finely
fibrous to granular peat, is associated with the sawgrass marsh
community and is the most abundant soil in the Everglades.
It is characteristically high in N and low in SiCh, Fe, and Al,
with pH near neutrality. Loxahatchee peat, associated with
aquatic sloughs, is light colored, fibrous, and spongy, with a
slightly lower pH, ash content, and labile organic matter content
than Everglades peat. Depth of the organic soil in WCA-2A
ranges from 1 to 2 m, with the age of basal peats estimated
to be 2000 to 4800 yr (Gleason et al., 1974). Calcitic mud
(freshwater marl), sandy clay, and quartz sand have been found
in various areas of WCA-2A underlying the peat. Beneath
these layers is a bedrock of Pleistocene limestone, a common
feature of south Florida.

Historically, the principal vegetational communities in the
vicinity of the present-day WCA-2A were sawgrass marsh,
wet prairie, slough, and tree island communities. These plant
communities have been described in detail by previous re-
searchers (Davis, 1943; Loveless, 1959). Protracted periods
of artificially high water levels in WCA-2A during the 1960s
and 1970s resulted in the loss of wet prairie and tree island
communities (Dineen, 1972; Goodrick, 1974). Presently, the
major plant communities in WCA-2A are sawgrass marsh,
cattail marsh, mixed sawgrass-cattail marsh, open water
sloughs, and remnant drowned tree islands (SFWMD, 1992).

Soil Sampling and Analysis
Extensive soil sampling was performed throughout WCA-2A

during a 2-d period in July 1990, at 74 sites on a rectangular
grid pattern (Fig. 2). Access to the predetermined sampling
locations was provided by helicopter, resulting in rapid sam-
pling of the area and minimization of temporal variability
among sites. Sampling sites were located using Loran C naviga-
tion, with an effective accuracy of ±0.3 km. Sampling was
performed exclusively in marsh communities (sawgrass and
cattail); sloughs and tree islands were avoided for the sake of
consistency in sampling, because they represent a relatively
minor portion of WCA-2A.

A soil core was obtained at each station by driving a plastic
(polyvinyl chloride) coring tube, 7.5-cm i.d., into the soil and
extracting the tube with the soil core intact. The coring tubes
were plugged at the top and bottom with rubber stoppers for
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Dominant vegetation:

|H Cattail

III Mixed sawgrass-cattail

Sawgrass

Table 1. Soil physico-chemical characteristics hi Water Conserva-
tion Area 2A in the northern Florida Everglades.

Ml °_L_I_34

Fig. 2. Distribution of sawgrass, cattail, and mixed sawgrass-cattail
marshes in Water Conservation Area-2A (Rutchey and Vilcheck,
1994), with overlay of soil sampling grid.

transport to the laboratory. Core samples were extruded from
the coring tubes in the laboratory and partitioned into depth
increments of 0 to 10, 10 to 20, and 20 to 30 cm for chemical
analysis. Soil samples were placed in airtight polyethylene
bottles, which were purged with N2 gas to maintain anaerobic
conditions and refrigerated at 4°C.

The following physical and chemical parameters were mea-
sured on soil samples: porewater pH, NH/-N and SRP, HC1-
extractable P and total P, N, and C. Soil porewater extraction
was accomplished by centrifuging a portion of fresh sample
maintained under a N2 atmosphere, decanting the supernatant
solution, and filtering through a 0.45-u,m pore-size membrane.
Ammonium N was determined using EPA Method 351.2 (U.S.
Environmental Protection Agency, 1983); analysis of SRP, an
approximation of orthophosphate, was performed according
to EPA Method 365.1 (U.S. Environmental Protection Agency,
1983).

Inorganic P was determined by an HCl-extraction procedure,
in which a 0.5-g subsample of dry soil was extracted with 25
mL of 1 M HC1 for 3 h, then filtered through a 0.45-|im
pore-size membrane. The extract was analyzed for SRP using
the automated ascorbic acid method (Method 365.1, U.S.
Environmental Protection Agency, 1983). This procedure has
been used previously for organic soils as a single step for
inorganic P extraction in a P fractionation scheme (Sommers
et al., 1972). The HC1 extract was also analyzed for Ca, Mg,
Fe, and Al using inductively coupled plasma spectrometry
(Method 200.7, U.S. Environmental Protection Agency,
1983).

Sample digestion for total P analysis involved combustion
of soil samples at 550 °C for 4 h in a muffle furnace followed
by dissolution of the ash in 6 AfHCl (Andersen, 1976). Analysis
of the digestate for P was performed using the automated
ascorbic acid method (Method 365.4, U.S. Environmental
Protection Agency, 1983). Organic P was calculated as the
difference between total P and inorganic P. Finely ground (150
um) subsamples of soil were analyzed for total N and C

Soil constituent

Bulk density, gem"3

Ash content, g kg'1

Total C, g kg-'

pH

Depth
cm
0-10

10-20
20-30
0-10

10-20
20-30
0-10

10-20
20-30
0-10

10-20
20-30

Meant

0.068
0.068
0.078
188
142
153
420
450
458
7.0
7.0
7.0

Median

0.064
0.062
0.065
148
116
112
434
459
479
7.2
7.2
7.2

Range

0.032-0.153
0.037-0.173
0.040-0.726

90-792
81-688
75-940

178-481
197-501
31-524

6.4-7.6
6.0-7.6
6.2-7.7

t Mean values based on core sampling of 74 sites.

using a Carlo-Erba NA-1500 C-N-S Analyzer (Haak-Buchler
Instruments, Saddlebrook, NJ).

Data Analysis
Spatial distribution of soil constituents was determined by

geostatistical analysis. Autocorrelation analysis of data was
performed using semivariograms to evaluate the spatial depen-
dence of the data points and to optimize best-fit models to
predict data points. A kriging algorithm was used to create
an interpolated grid for development of isarithmic (contour)
maps of selected parameters. Kriging, developed for mining
and geological applications, has been used extensively to de-
scribe spatial variability of soil characteristics (Yost et al.,
1982; Webster, 1985; Marx and Thompson, 1987; Oliver,
1987).

Sampling sites were grouped into three categories based on
vegetation type. A vegetation map developed from remote
sensing data (Rutchey and Vilcheck, 1994) was used as the
basis for inclusion of sampling sites into one of the following
areas: (i) sawgrass marsh, (ii) sawgrass mixed with cattail,
and (iii) cattail marsh (Fig. 2). Forty-nine of the 74 soil
sampling sites were located within the sawgrass marsh, 13 in
the mixed sawgrass-cattail marsh, and 12 in the cattail marsh.
Mean values of selected soil chemical parameters in the three
groups were compared using a one-way ANOVA procedure
with calculation of LSD (P = 0.05 level of significance).

RESULTS
Soils in WCA-2A were characterized by high organic

matter content and low bulk density, which is typical
for peat soils. Mean dry bulk density for the 74 sample
sites was 0.068 g cm"3 at 0- to 10- and 10- to 20-cm
depths, increasing slightly to 0.078 g cm~3 at 20- to
30-cm depth (Table 1). Mean ash content of the soil at
the 74 sampling sites was 18.8% at 0- to 10-cm depth,
14.2% at 10 to 20 cm, and 15.3% at 20 to 30 cm. The
mean soil total C content was 420 g kg"1 at 0 to 10 cm,
compared with 450 g kg"1 at 10 to 20 cm and 458 g
kg"1 at 20 to 30 cm. Total C was not significantly different
(P = 0.05) among the sawgrass, mixed sawgrass-cattail,
and cattail marshes at any sample depth (Table 2). No
distinction was made between organic and inorganic C
during analysis; however, low ash content of the soil
was indicative of low inorganic C content.

Mean soil porewater pH at the 74 sampling sites was
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Table 2. Selected chemical parameters of peat soil among three plant communities in Water Conservation Area 2A.

Plant
communityt

Sawgrass
Sawgrass-cattail
Cattail

7.2
7.2
7.3

PH

±0.3*
±0.3
±0.2

Porewater

NH/-N

mgL-'

2.33 ± 1.22
2.84 + 1.21
3.62 ± 1.44

SRP
I •'

Inorganic P

<MO cm depth

107 ± 19
449 ± 42
611 ± 34

152
302
429

±77
± 292
± 116

Organic P

—— mg kg-' —

322 ± 92
500 ± 202
909 ± 340

Total P Total N Total C
i -i8 K8

473
802

1338

± 134
± 444
± 381

28.7 ± 4.7
28.1 ± 4.9
23.8 ± 5.0

426 ± 49
426 ± 40
386 ±71

10-20 cm depth
Sawgrass
Sawgrass-cattail
Cattail

Sawgrass
Sawgrass-cattail
Cattail

7.2
7.3
7.4

7.2
7.4
7.4

±0.3
±0.2
±0.1

±0.3
±0.3
± 0.2

1.70 ± 1.19
1.65 ± 0.84
2.18 ± 1.00

1.67 ± 1.58
1.29 ± 0.49
2.19 ± 1.52

91 ± 7
176 ± 14
312 ± 20

6 0 ± 5
72 ± 6

188 ± 13

61
67

190
20-30 ™

31
37

129

±36
±27
± 129
depth

±20
± 19
± 128

212 ± 61
271 ± 105
555 ± 354

141 ± 39
155 ± 59
343 ± 187

273
338
745

172
191
472

±76
± 129
± 471

±51
±69
± 310

29.6 ± 5.4
31.3 ± 4.2
26.5 ± 4.3

27.3 ± 6.2
30.9 ± 6.3
27.1 ± 5.0

454 ± 49
465 ± 16
418 ± 49

461 ± 80
472 ± 25
434 ± 55

t Sawgrass, n = 49; sawgrass-cattail, n = 13; cattail, n
t Values represent means ± standard deviation.

= 12.

7.0 at all three sample depths. Slightly higher values
were observed in the central marsh, with somewhat lower
values occurring in the northwestern and eastern portions
of WCA-2A (Table 1). Previous studies have found that
Everglades and Loxahatchee peats are significantly less
acidic than northern peatlands (Davis, 1943; Gleason et
al., 1974), caused in part by the ubiquity of CaCOs in
the marl and limestone substrata and in the floodwater,
associated with extensive mats of periphyton (Gleason
and Spackman, 1974). Soil porewater pH was only
slightly higher in the cattail marsh than in the sawgrass
and mixed sawgrass-cattail marshes, but differences were
statistically significant (Table 2).

Porewater NH/-N concentration was relatively uni-
form throughout most of WCA-2A; however, elevated
levels were found near inflows and at the southern tip
of the study area (Fig. 3). Concentration of NH|-N
typically decreased with increasing soil depth; mean
concentrations at the 74 sampling sites for the 0- to 10-,
10- to 20-, and 20- to 30-cm depth intervals,were 2.7,
1.7, and 1.7mgNL"', respectively. Substantially higher
NH^-N concentrations (in the range of 4-8 mg L~')
were found at sampling sites located near the S-10 inflow
structures, the S-7 pump station, and the S-ll and S-144
outflows. Porewater NH/-N concentrations in the 1.5
to 2.5 mg L~l range were common in the interior region
of WCA-2A. Mean porewater NH^-N concentration (0-
10-cm depth) was significantly different in the cattail and
sawgrass marshes (Table 2). There was no significant
difference in porewater NHf-N in sawgrass, mixed saw-
grass-cattail, and cattail communities in the 10- to 20-
and 20- to 30-cm depths (Table 2). Mean porewater
NH^-N concentration at the 0- to 10-cm depth was 3.6
mg L"1 in the cattail marsh, compared with 2.3 mg Lr1

in the sawgrass marsh.
Total soil N content in WCA-2A exhibited only minor

spatial variability (Fig. 4). The mean total N concentra-
tion for all sites in the top 10 cm of soil was 28 g kg"1.
Total N concentration showed minimal change with depth
in the top 30-cm portion of the profile. Mean values for

the 74 sampling stations were 30 and 29 g kg ' within
the 10- to 20- and 20- to 30-cm depth ranges, respectively.
Concentration of total N was lower near the southwestern
boundary, along the L-38E levee. The decreased soil N
content in this region corresponded to decreased total C
concentrations and increased ash content and bulk den-
sity, which are indicators of elevated soil mineral content.
Higher mineral content in the soil profile may be attrib-
uted to pumping activities at S-7, during which canal
water, containing a high suspended solids load created
by the pumping, is discharged into the interior canal
parallel to the L-38E levee. Paniculate matter, including
sand, clay, and marl, transported from the interior canal
into the adjacent marsh may have accumulated in the
soil profile during the past three decades. Mean total N
at 0 to 10 cm was slightly, but significantly, lower in
the cattail marsh than in the sawgrass marsh (23.8 and
28.7 g kg~', respectively). Differences among means at
depths of 10 to 20 and 20 to 30 cm were not significant
(Table 2).

Spatial variability of soil porewater SRP was highly
significant (Fig. 5). Steep concentration gradients were
found along the northern and western portions of WCA-
2A, while minimum spatial variability was found in
the interior marsh. Porewater SRP concentration was
typically <100 |j.g L"1 near the soil surface (0-10 cm)
at interior sites in WCA-2A. Concentration of SRP de-
creased with soil depth; values of 50 u,g L"1 or less
were common at 20 to 30 cm at interior marsh sites.
Significantly higher porewater SRP concentration near
the S-10 and S-7 inflows resulted in steep gradients
toward the interior of WCA-2A. This pattern was most
pronounced in the top 10 cm of soil but was also detected
in the 10- to 20- and 20- to 30-cm depth intervals (Fig.
5). Highest porewater SRP concentrations occurred near
the S-10A-C surface water inflow structures. Porewater
SRP levels in excess of 1000 \ig L"1 were detected near
the soil surface (0-10-cm depth) at several sampling
sites. Porewater P enrichment was most pronounced
within the top 10 cm of soil; however, SRP concentrations
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Porewater
NH4-N
(mgL-1)

20-30 cm

Fig. 3. Spatial distribution of porewater NW-N in Water Conserva-
tion Area 2A peat soil at three depth intervals, as determined by
geostatistical analysis.

of 500 to 600 ng L~l were observed at the 10- to 20-cm
depth and 200 to 400 ng L"1 at a depth of 20 to 30 cm
at several stations near the inflows. Differences in SRP
concentration were detected among sampling sites hi the
cattail, mixed, and sawgrass marshes (Table 2). The
mean SRP concentration at 0- to 10-cm depth for the
cattail marsh sites was more than four times greater than
that for the mixed cattail-sawgrass marsh and nearly an
order of magnitude greater than that for the sawgrass
marsh.

The pattern of total inorganic P distribution in the soil
was similar to that of porewater SRP (Fig. 6). Soil
inorganic P content was low and relatively uniform across
the ulterior of WCA-2A. In contrast, significantly higher
inorganic P levels were found near the S-10 inflows.
Concentration of inorganic P hi the interior region was
typically in the 150 to 200 mg kg"1 range at 0- to 10-cm
depth, decreasing to <50 mg kg"1 at 20 to 30 cm. In
general, inorganic P content of the top 10 cm of soil in
the P-enriched areas was hi the range of 400 to 500

Total N
(gkg'1)

20-30 cm

Fig. 4. Spatial distribution of total N in Water Conservation Area
2A peat soil at three depth intervals, as determined by geostatistical
analysis.

mg kg"1, with values decreasing slightly with depth.
Inorganic P concentrations in the vicinity of the L-38E
levee along the southwestern boundary were comparable
to those near the S-10 inflows, hi contrast to the distribu-
tion pattern of SRP. Mean concentration of soil inorganic
P hi the sawgrass marsh was significantly lower than
that hi the cattail marsh, for all sample depths (Table
2). Inorganic P concentrations at a depth of 0 to 10 cm
averaged 152, 302, and 429 mg kg"1, in the sawgrass,
mixed sawgrass-cattail, and cattail marshes, respec-
tively.

The spatial distribution of soil organic P was, as with
inorganic P, indicative of enrichment near surface inflows
(Fig. 7). In contrast to inorganic P distribution, enrich-
ment of organic P was much less extensive along the
southwestern boundary (L-38E) than in the vicinity of
the S-10 inflows. Organic P concentrations of =300
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Porewater
SRP

20-30 cm

Fig. 5. Spatial distribution of porewater soluble P (SRP) in Water
Conservation Area-2A peat soil at three depth intervals, as deter-
mined by geostatistical analysis.

mg kg"1 in the interior region (0-10-cm depth) were
contrasted with concentrations of up to 800 to 900 mg
kg"1 near S-7 and 1000 to 1500 mg kg'1 near S-10C
and S-10D. Concentration of organic P decreased with
depth, averaging about 200 and 150 mg kg"1 at 10- to
20-cm and 20- to 30-cm depths, respectively, in the
interior, and about 1200 and 400 mg kg"1 at 10- to 20-
and 20- to 30-cm depths near the S-10 inflows. Mean
organic P concentrations in the 0- to 10-, 10- to 20-,
and 20- to 30-cm soil layers were significantly lower in
the sawgrass marsh than in the cattail marsh (Table 2).
Organic P content of the top 10 cm of soil averaged
322, 500, and 909 mg kg"1 in the sawgrass, mixed
sawgrass-cattail, and cattail marshes, respectively.

Spatial distribution of total soil P (Fig. 8) reflects the
sum of the distribution of inorganic and organic forms
of P. Total P concentration in the top 10 cm of soil

Inorganic P
(mg kg-1)

20-30 cm

Fig. 6. Spatial distribution of inorganic P in Water Conservation Area
2A peat soil at three depth intervals, as determined by geostatistical
analysis.

ranged from 217 to 2100 mg kg"1 at the 74 sampling
sites. Maximum concentration of total P occurred near
the S-10 inflows («1200-1600 mg kg"1 at 0-10 cm),
with elevated concentration also occurring along the
southwestern boundary («800-1200 mg kg"1 at 0-10
cm). Spatial patterns of total P concentration suggested
significant localized P enrichment into the 10- to 20-
and 20- to 30-cm soil depths. For example, in the 20-
to 30-cm soil depth range, total P concentrations near
surface inflows were more than twice those found in
the interior marsh. Mean total P concentration for all
sampling sites decreased sharply with depth: 671 mg
kg"1 at 0- to 10-cm depth, 361 mg kg"1 at 10 to 20 cm,
and 224 mg kg"1 at 20 to 30 cm. Total P concentrations
for sites in the sawgrass, mixed sawgrass-cattail, and
cattail marshes were significantly different at the 0- to
10-cm depth, ranging from 473 mg kg"1 in the interior
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Organic P
(mg kg'1)

20-30 cm

Total P
(mg kg-1)

20-30 cm

Fig. 7. Spatial distribution of organic P in Water Conservation Area
2A peat soil at three depth intervals, as determined by geostatistical

• analysis.

Fig. 8. Spatial distribution of total P in Water Conservation Area 2A
peat soil at three depth intervals, as determined by geostatistical
analysis.

sawgrass marsh to 1338 mg kg"1 in the cattail marsh
(Table 2). Total P levels also differed significantly be-
tween sawgrass and cattail marsh sites for soil depths
of 10 to 20 and 20 to 30 cm.

Concentrations of HCl-extractable Ca and Mg were
significantly different among sites in the cattail, sawgrass,
and mixed cattail-sawgrass marshes (Table 3). Mean
Ca concentration in the cattail marsh was twice the
concentration measured for the remaining sites. High
levels of extractable Al were observed at 10- to 20- and
20- to 30-cm depths in the cattail marsh. No significant
differences were found for Fe concentration among the
three areas, at any depth.

Distribution of total P storage, expressed as grams of
P per square meter, in the top 30 cm of soil was deter-
mined from total P concentration and bulk density data
(Fig. 9). The spatial pattern of total P storage is similar

to that of total P concentration; however, the incorpora-
tion of bulk density into the value of areal storage results
in a more accurate description of the total mass of P
within a given area. The areal distribution of total P
(Fig. 9) contrasts the relative magnitude of P storage near
surface inflows and the interior marsh. The distribution of
P is more heavily weighted toward the S-7 vicinity and
the southwest boundary (L-38E) when presented on an
areal basis than on a concentration basis, resulting from
increased bulk density of the soil in that region of
WCA-2A.

DISCUSSION
Historical water quality data for WCA-2A reflect a

spatial distribution pattern for surface water P that is
similar to the distribution of soil P presented in this
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Table 3. Concentration of HCl-extractable metals in peat soil
among three plant communities of Water Conservation Area
2A.

Plant
communityt Ca Mg Al Fe

Sawgrass-Cattail
Cattail

Sawgrass
Sawgrass-Cattail
Cattail

Sawgrass-Cattail
Cattail

————— gkg-' —————
0-10-cm depth

38.6 ± 37.3:f 3.12 ± 0.74
43.4 ± 24.4 2.98 ± 0.62
83.7 ± 62.4 4.20 + 1.46

10-20-cm depth

26.1 + 7.0 3.00 ± 0.62
25.7 ± 8.5 2.78 ± 0.94
44.8 ± 20.9 3.97 ± 1.43

20-30-cm depth
27.3 ± 11.5 3.10 ± 0.77
23.4 + 9.7 2.73 ± 1.20
40.4 ± 25.4 3.70 ± 1.34

-mgkg

603 ±264 661 + 272
430 ± 180 731 ± 364
650 ± 458 714 ± 458

667 ± 386 615 ± 228
575 ± 197 727 ± 299
964 ± 556 645 ± 515

720 ± 322 736 ± 381
602 ± 241 826 + 492

1149 + 637 551 ± 395

t Sawgrass, n = 49; sawgrass-cattail, n = 13; cattail, n = 12.
| Values represent means + standard deviation.

study (Gleason, 1974; SFWMD, 1992). In addition,
previous studies have shown significant nutrient enrich-
ment of surface water and soil associated with surface
water inflows in WCA-2A (Koch and Reddy, 1992;
Reddy et al., 1993). The general flow pattern of surface
water in WCA-2A is affected by factors such as topogra-
phy, plant density, and airboat trails. A slight north-
south topographic gradient exists in WCA-2A, averaging
about 6 cm km"l. Surface inflow from the S-10 structures
moves to the south hi a sheet flow, while inflow from
the S-7 pump station moves primarily along an interior
conveyance channel parallel to the L-38E levee (Lutz,
1977). Hydraulic gradients may cause water to travel
against the topographic gradient, resulting in a lateral
spread of water-borne nutrients, for example, from the
L-38E conveyance channel into the adjacent marsh. Addi-
tional nutrient flux into WCA-2A may occur through
seepage under levees (Gleason, 1974).

About 50% of the mean annual hydrologic loading of
N (36401 yr~' total N loading) to WCA-2A was supplied
by the four S-10 inflow structures during 1979 to 1988,
while 34% was contributed by pumping from S-7. Direct
rainfall provided the remaining 16% of hydrologic N
loading (SFWMD, 1992). These figures refer to hydro-
logic loading of N and do not account for N input through
N2 fixation. An estimated 60 t of P (53% of total P
loading) enters WCA-2A annually through the S-10 struc-
tures, compared with 28 t (25% of total) and 25 t (22%
of total) of P from the S-7 pump station and direct
rainfall, respectively (SFWMD, 1992).

Total N concentration in surface inflows to WCA-2A
have averaged «3 to 5 mg L"1 in recent years (Lutz,
1977; SFWMD, 1992). Nitrogen in inflow water is pri-
marily organic, and most of the inorganic N in the water
occurs as ammonia-N (Gleason, 1974). Mean concentra-
tion of total N in the interior marsh of WCA-2A was
reported as «3 mg L"1 (SFWMD, 1992), mostly as
organic N, with the small inorganic component com-
prised primarily of ammonia-N (Gleason, 1974). Nitrogen
in wetlands undergoes numerous biochemical and geo-

Total P storage
0-30 cm

(gm-2)

Fig. 9. Areal distribution of total P in Water Conservation Area 2A
in the 0- to 30-cm layer of peat soil, as determined by geostatistical
analysis.

chemical transformations, resulting in accumulation hi
the biotic or mineral components or loss from the system
as gaseous end products. Added N is subject to losses
through microbiological and physico-chemical processes
such as denitrification and NH3 volatilization (Reddy and
Patrick, 1984), while other nutrients (such as P) and cations
tend to accumulate in the system. Net accumulation of
N in the system is directly related to vegetative uptake
and subsequent deposition of detrital tissue on the soil
surface (accretion) (Davis, 1991; Reddy et al., 1993).

Total P concentration in surface inflows have fluctuated
considerably, but levels during the past two decades have
averaged well over 100 ng L"1, with values >200 \ig
L'1 frequently occurring (Lutz, 1977; SFWMD, 1992).
Approximately two-thirds of inflow P was in the form
of orthophosphate (SRP). In contrast, the concentration
of floodwater total P hi the ulterior marsh averaged 12
Hg L"1 (SFWMD, 1992). Chemical precipitation of P
with Ca and Mg compounds and microbial immobiliza-
tion of P during decomposition of organic matter proba-
bly serve as the major P sinks hi WCA-2A soils. High
levels of HCl-extractable P in the soil and a significant
correlation between P and Ca (P < 0.01) in the soil
extracts were evidence of significant calcium phosphate
formation hi WCA-2A. The ratio of inorganic to organic
P decreased with soil depth, suggesting that P precipita-
tion was most extensive near the soil surface. Precipita-
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tion of P in the interior sawgrass marsh of WCA-2A is
associated primarily with periphyton mats. These algal
mats can effectively bind phosphates through coprecipita-
tion with CaCOs and probably are an important mecha-
nism for inorganic P storage in the Everglades (Otsuki
and Wetzel, 1972; Gleason and Spademan, 1974). Cal-
cium phosphate formation near surface inflows occurs in
the relative absence of periphyton mats, which apparently
have been shaded out by a dense cover of floating and
submersed macrophytes, as a result of high concentra-
tions of both Ca2+ ( « 100 mg L~ l ) and P in the canal water
(Diaz et al., 1994). Soils data suggest that additional Ca
loading, in paniculate form, may occur near L-38E along
the southwestern boundary as a result of turbulence
generated by pumping activities at S-7. Inorganic sedi-
ments composed of limestone and calcitic mud may
provide a substrate for precipitation and adsorption of
P. High organic P concentrations in soils near surface
inflows are indicative of P assimilation by microbial
decomposers. Buildup of partially decomposed organic
matter has led to the formation of a flocculent layer of
organic sediment in these areas (primarily in the cattail
marsh). An interesting result of the concomitant increase
in organic P accumulation and inorganic P formation in
soils near surface inflows was the absence of significant
spatial variation in the ratio of inorganic to organic P
in WCA-2A soils.

Results of this study suggest that a significant portion
of the total P added to WCA-2A through surface inflows
has been retained in the surficial peat. A substantial
amount of P is also stored in live plant tissue, particularly
in nutrient-enriched areas. Davis (1982) found that >50%
of 32P added to surface water in WCA-2A was incorpo-
rated into the soil after 10 d, with 30% assimilated by
cattail leaf litter in a nutrient-enriched area and 12 to
15% by sawgrass leaf litter in a nonenriched area. Mass
balance for P in the surface water (inflow minus outflow)
during 1979 to 1988 indicated a 71% retention rate for
total P, with a P loading rate of 87 t yr"1 from surface
inflows (SFWMD, 1992).

Data from this study indicate that the distribution
of cattails in WCA-2A coincides closely with soil P
enrichment. Recent studies have suggested that increased
nutrient availability offers a competitive advantage to
cattail over sawgrass (Toth, 1988; Davis, 1991). Al-
though it is highly likely that P availability has played
a significant role in the distribution of cattail in WCA-2A,
other factors, primarily hydrology, also must be consid-
ered. There is ample evidence to suggest that sawgrass
is at a competitive disadvantage to cattail as water depth
and hydroperiod are increased (Davis, 1943; Toth,
1987). Controlled studies, rather than field observations,
are needed to determine the relationships between marsh
plant succession and nutrient availability-hydrology, be-
cause nutrient loading and hydrology are inseparably
related in WCA-2A.

CONCLUSIONS
The relative distribution of C, N, and P in WCA-2A

suggested a significant accumulation of P in the soil.
Spatial patterns of soluble P and total inorganic and

organic P indicated that the primary sources of P enrich-
ment were the S-10C, S-10D, and S-7 inflows. Compari-
son of the distribution of porewater P with total soil P
suggests that dynamic fronts of P enrichment exist to
the south of the S-10 structures and, to a lesser degree,
to the east of the S-7 pump station. The WCA-2A soil-
water-plant complex is currently serving as a nutrient
sink for anthropogenically contaminated surface water.
While N is presumably lost from the system (in gaseous
form), P is recycled in the biotic system or immobilized,
probably as calcium phosphates and refractory organic
compounds.

Extensive encroachment of cattails into the sawgrass
marsh community has been previously documented. Data
from the present study showed that concentrations of
porewater inorganic N, porewater SRP, and total inor-
ganic and organic soil P were significantly higher in
areas of WCA-2A dominated by cattail than in the saw-
grass marsh. Although the distribution of cattail closely
corresponded to areas of soil P enrichment, it cannot be
concluded from this study that elevated P levels are the
primary causal factor in the transition of sawgrass marsh
to cattail marsh. However, the current findings suggest
that cattail encroachment in WCA-2A is affected by soil
P enrichment. Future studies in this area are needed to
substantiate the role of nutrients and hydrology on plant
succession in the Everglades.
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