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ABSTRACT
The Florida Everglades wetland ecosystem is subject to changes

in hydroperiod and nutrient loading, resulting in soil P enrichment
and changes in vegetation communities. The objectives of this study
were to: (i) quantify the forms of inorganic and organic P in soils from
four hydrologic units of the Everglades, and (ii) develop empirical
relationships among various soil P forms. Soil samples from selected
hydrologic units, including the Water Conservation Areas (WCAs)
and the Holey Land Wildlife Management Area (HWMA), were
obtained at various locations along transects perpendicular to each
nutrient input source, while selected field sites were sampled in the
Everglades Agricultural Area (EAA). Spatial distribution of total P
in the surface 0- to 10-cm soil depth showed distinct gradients in the
WCAs and HWMA soils, with high total P in soils closer to sources
(canals and inflow structures) than in interior, unimpacted areas. Soil
ash content and bulk density were also altered as a result of soil
subsidence (for EAA soils), hydrology, and nutrient loading (for the
WCAs and the HWMA soils). Influence of P loading was primarily
confined to the top 30-cin soil depth, with about one-third of the P
stored in the inorganic pool (primarily as Ca- and Mg-bound P), and
the remainder present as organic P. Inorganic P content was higher
in surface soils and decreased with depth. Soil P enrichment indicated
that for approximately 5 km from the inflow structures or canals,
soils have been impacted by nutrient loading. Empirical relationships
developed in this study should be useful for estimating soil P forms
at the landscape level, using total P data available for a large number
of sites throughout the Everglades region.

MOBILITY AND REACTIVITY OF P in wetlands under
variable hydrologic conditions are controlled by

the chemical composition of P in soil and water, relative
sizes of various P pools in the soil, interactions of soluble
fractions with solid phases, and decomposition of soil
organic matter. Phosphorus is present in both organic
and inorganic forms, with organic forms present as the
dominant pool in many wetlands. Forms of inorganic P
(Pi) in soils are usually determined by sequential extrac-
tions with acid and alkaline reagents, as proposed by
Chang and Jackson (1957) and later modified by others
for soils and sediments (Psenner et al., 1988; Rutten-
burg, 1992; Olila et al., 1994). A modification of this
scheme has been adopted for wetland soils (Quails and
Richardson, 1995; Reddy et al., 1995). These schemes
typically identify P in the following groups: (i) labile P;
loosely adsorbed; (ii) P; associated with Fe and Al; (iii)
Pi associated with Ca and Mg; (iv) alkali-extractable
organic P (fulvic- and humic-bound P); and (v) residual
organic P. Forms of organic P (P0) have also been distin-
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guished using acid and alkaline extractions of soils
(Sommers et al., 1972; Ivanoff et al., 1998).

The Florida Everglades wetland ecosystem is subject
to changes in hydroperiod as a result of alterations in
flow patterns and seasonally controlled water inputs.
Introduction of nutrient-enriched water and alterations
in the hydrologic regime have resulted in changes of
vegetation communities (Davis, 1991) and in soil P en-
richment (DeBusk et al., 1994; Newman et al., 1997).
The objectives of this study were to: (i) quantify the
forms of Pi and P0 in soils from four hydrologic units of
the Everglades, and (ii) develop empirical relationships
among various soil P forms. Our results are part of
a larger project designed to determine soil processes
regulating P retention in subtropical wetlands using the
Florida Everglades as a case study (Koch and Reddy,
1992; Reddy et al., 1993; DeBusk et al., 1994; Koch-
Rose et al., 1994; Newman et al., 1997).

MATERIALS AND METHODS
Site Description

The Everglades ecosystem was historically a contiguous
wetland, but is presently fragmented into different hydrologi-
cal units including the EAA, several WCAs, and Everglades
National Park (ENP) (Fig. 1). The predominant soil order in
this ecosystem is Histosol (soils with at least 12 to 18% organic
C by weight), which have developed during the past 5000
yr (McCollum et al., 1976). Although three suborders are
recognized — Fibrists, Hemists, and Saprists (depending on
the degree of organic fiber decomposition) for Everglades
Histosols, soils in WCAs and HWMA are not classified at
the suborder level. Only the EAA soils are classified at the
suborder level (McCollum et al., 1976). During predrainage
conditions, water flowed south from Lake Okeechobee by
continuous sheet flow. At present, water flows north to south
from one hydrologic unit to the next through 2400 km of
canals, 18 major pump stations, and hundreds of water control
structures strictly regulated by predefined water schedules.
The WCAs in the northern Everglades are used as water
storage impoundments to meet water demands during dry
seasons, and as flood control reservoirs to hold excess water
during periods of heavy rainfall (Surface Water Improvement
and Management, 1992). The drainage water inputs into
WCAs have resulted in changes in vegetation communities
from native sawgrass (Cladium jamaciense Crantz) to cattail
(Typha spp.), especially in areas adjacent to canals (Surface
Water Improvement and Management, 1992). These condi-
tions created distinct gradients in vegetation and soil and water
column P concentrations (Koch and Reddy, 1992; Reddy et
al., 1993).

Abbreviations: WCA = Water Conservation Area; EAA = Ever-
glades Agricultural Area; HWMA = Holey Land Wildlife Manage-
ment Area; ENP = Everglades National Park; TP = total phosphorus;
SRP = soluble reactive phosphorus; TP; = total inorganic phosphorus;
TP0 = total organic phosphorus; Pj = inorganic phosphorus; P0 =
organic phosphorus.
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Fig. 1. Locations of the sampling stations in the Everglades.

For Water Conservation Area 1 (WCA-1; 59 000 ha), also
known as the Arthur R. Marshall Loxahatchee National Wild-
life Refuge (Fig. 1) (Newman et al., 1997), surface water inflow
occurs through S-5A and S-6, allowing annual P loading to
WCA-1 of 77 and 28 Mg yr-1, respectively (Surface Water
Improvement and Management, 1992).

Surface water inflow to Water Conservation Area 2A
(WCA-2A; 44 700 ha) occurs through the S-10 control struc-
tures located on the Hillsboro Canal and pump station S-7 on
the North New River Canal, with annual P loading estimated
to be 88 Mg P (Surface Water Improvement and Management,
1992; DeBusk et al., 1994).

Water Conservation Area 3 (WCA-3; 232 600 ha) is divided
into WCA-3A and WCA-3B by two interior levees con-
structed to reduce seepage losses (Fig. 1). The area is typically

dominated by sawgrass (Cladium spp.) marsh, tree islands,
wet prairies, and aquatic sloughs. Approximately 25% of the
P inputs to WCA-3A are derived from the S-8 structure, with
all other remaining structures contributing only 32% of P
inputs, and rainfall accounting for the remaining 42%. Esti-
mated annual P load to WCA-3 A is about 269 Mg P yr"1

(Surface Water Improvement and Management, 1992).
The HWMA (15 000 ha) is located in the S-8 and S-7 subbas-

ins of the EAA (Fig. 1). To restore some of the original
functions and values of the Everglades, the Florida Game and
Freshwater Fish Commission and the South Florida Water
Management District have established water regulation sched-
ules that simulate natural hydroperiods (Surface Water Im-
provement and Management, 1992). Water leaving the
HWMA is discharged into WCA-3A.
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The EAA encompasses 280 000 ha, with most of these soils
being classified as Histosols. The area is intensively farmed
with crops such as sugarcane (Saccharum officinarum L.),
winter vegetables, and turfgrass. Optimal field moisture condi-
tions are maintained through the use of field ditches, water
control structures, and pumps. During heavy rainfall events,
excess drainage water from the farms is pumped into adjacent
WCAs. Because of extensive drainage and subsequent oxida-
tion, these soils are subsiding at a rate of approximately 2.5
cm yr"1 (Stephens, 1969).

Sampling and Analysis
Extensive soil sampling was performed in WCA-1 (Septem-

ber 1991, n = 90), WCA-2A (July 1990, n = 74), WCA-3
(February 1992, n = 196), and HWMA (June 1990, n = 36)
(Fig. 1). Soils were characterized for physicochemical proper-
ties including total P (organic and inorganic), extractable cat-
ions, pH, and bulk density. These data were used to develop
geostatistically interpolated maps for these wetlands. Detailed
results have been presented by Reddy et al. (1993), DeBusk
et al. (1994), Reddy et al. (1994), and Newman et al. (1997).
These results were used as a basis for selecting transects along
which to conduct soil sampling in order to determine soil
P forms.

In WCA-1, a transect was established from west to east
perpendicular to the L-7 canal (Fig. 1). Soil cores were col-
lected at approximately 0.1,0.8,1.4, 2.1, 3.8, 6.4, 8.9,12.6, and
16.6 km from the L-7 canal. In WCA-2A, two transects were
established south of the S-10C (east transect) and S-10D (west
transect) structures in a north-south direction. In addition to
soil sampling in 1990, additional soil cores were obtained along
the transect south of S-10C during the months of February
and August 1996 and March 1997. Sampling stations in WCA-3
were also established in a north-south direction south of the
L-5 canal, and north-south transects were established in the
HWMA. In the EAA, the surface 15 cm of soil were sampled
at seven locations.

At each sampling station, one intact soil core was obtained
using a thin-wall polyvinyl chloride (PVC) pipe (10 cm i.d.)
with one end sharpened. The pipe was driven into the soil
with a sledge hammer and the intact core was retrieved using
a shovel. All cores were stoppered at both ends and trans-
ported to the laboratory. In WCAs, soil cores were obtained
to a depth of up to 50 cm, sectioned into predetermined depth
increments, and transferred into 250-mL centrifuge tubes fit-
ted with rubber septa. All bottles containing WCA samples
were purged with N2 gas and stored at 4°C until analyzed. In
HWMA, soil cores were obtained to a depth of 30 cm (sec-
tioned into 0-10, 10-20, and 20-30 cm), while in the EAA
only the surface 15 cm of soil was sampled. Samples were
stored at 4°C until analysis.

A subsample of wet soil was dried at 70°C for 72 h to
determine dry weight and water content. A known amount
of oven-dry soil was also combusted at 550°C for 5 h. Loss in
weight after combustion was used to calculate the ash content
(American Public Health Association, 1992). Total C and N
were analyzed using a Carlo-Erba NA-1500 CNS Analyzer
(Haak-Buchler Instruments, Saddlebrook, NJ).

Soil Phosphorus Fractionation
Two approaches were used to estimate labile inorganic and

organic P. In the first approach, labile Pi was extracted with
0.5 M NaHCO3 (pH = 8.5) (Olson and Sommers, 1982) and
labile P0 (living and dead microbial biomass) was extracted
after fumigating soils with chloroform, followed by extraction

with 0.5 M NaHCOs (Hedley and Stewart, 1982; Quails and
Richardson, 1995; Ivanoff et al., 1998). The rationale for bicar-
bonate extraction of P; was that in calcareous, alkaline, or
neutral soils containing high levels of Ca, this extractant was
shown to decrease Ca activity in solution by precipitation as
CaCO3. Phosphorus extracted using this method was found
to be effective in determining plant-available P (Soltanpour
and Schwab, 1977).

In the second approach, labile Pt was extracted with 1 M
KC1, as the first step in a sequential fractionation scheme that
included extraction with NaOH and HC1 at a soil/solution
ratio of 1:100 (w/v basis).

Potassium Chloride Extractable Phosphorus
Phosphorus in field-wet soil (0.2 g dry-weight equivalent)

was extracted with 1 M KC1 solutions, with the P extracted
representing the readily available pool of P (KCl-Pj). Soil
suspensions were equilibrated for a period of 2 h by continu-
ously shaking on a mechanical shaker, followed by centrifuga-
tion at 4066 X g for 15 min. The supernatant solution was
filtered through a 0.45-u,m membrane filter and the filtrates
were acidified to pH <2. Solutions were analyzed for soluble
reactive P (SRP) (U.S. Environmental Protection Agency,
1983, Method 365.1). The residual soil sample was used for
the following sequential extraction.

Sodium Hydroxide Extractable Phosphorus
The residual soil was then treated with 0.1 M NaOH and

allowed to equilibrate for a period of 17 h by continuously
shaking on a mechanical shaker, followed by centrifugation
and filtration as described above. Filtered solutions were ana-
lyzed for both SRP (U.S. Environmental Protection Agency,
1983, Method 365.1) and TP (American Public Health Associ-
ation, 1992, Method 4500-P). These fractions are referred to
as NaOH-Pi and NaOH-TP, respectively, with NaOH-Pj con-
sidered to represent Fe- and Al-bound P. Extraction with 0.1
M NaOH also removes the P associated with humic and fulvic
acids. The difference between NaOH-TP and NaOH-P; was
assumed to be organic P (NaOH-P0) associated with fulvic
and humic acids.

Hydrochloric Acid Extractable P
Residual soil obtained from the above extraction was

treated with 0.5 M HC1 and allowed to equilibrate for a period
of 24 h followed by centrifugation and filtration as described
above. The filtered solutions were analyzed for SRP. The HC1-
PJ fraction is assumed to represent Ca- and Mg-bound P.

Residual Phosphorus and Total Phosphorus
The residue from the above extraction was combusted at

550°C for 4 h. The ash was dissolved in 6 M HC1 followed by
analysis using an autoanalyzer (Andersen, 1976; U.S. Environ-
mental Protection Agency, 1983, Method 365.4). A similar
method was also used to analyze total P of the original soil.

Bicarbonate-Extractable Phosphorus
On a separate subsample of fresh soil, the labile Pj and P0

fractions were also extracted with 0.5 M NaHCO3 (pH = 8.5)
at a soil/solution ratio of 1:50 (w/v basis) for a shaking period
of 16 h. Filtered solutions were analyzed for SRP (U.S. Envi-
ronmental Protection Agency, 1983, Method 365.1) and total P
(American Public Health Association, 1992, Method 4500-P).
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Microbial Biomass Phosphorus
A duplicate batch of field-moist soil samples was treated

with chloroform to lyse microbial cells, followed by extraction
with 0.5 M NaHCO3. Microbial biomass P was calculated as
the difference between total P in the extracts from chloroform-
treated and untreated soils (Hedley and Stewart, 1982; Ivanoff
et al., 1998).

Total Labile Organic Phosphorus
Total labile organic P0 was calculated as the difference be-

tween total P in solution extracted with NaHCO3 from soils
subjected to chloroform fumigation, and Pj extracted from
soils without chloroform.

Hydrochloric Acid Extractable Phosphorus and Cations
Air-dry soil samples were extracted with 1 M HC1 (soil/

solution ratio of 1:50; w/v basis) after a 3-h equilibration pe-
riod, followed by centrifugation and filtration, as described
above. Filtered solution were analyzed for P using the proce-
dures described above, and for Ca, Mg, Fe, and Al using
inductively coupled argon plasma spectrometry (U.S. Envi-
ronmental Protection Agency, 1983, Method 200.7).

Data Analysis
Descriptive statistics, regression analyses, and correlations

were performed using Statistical Analysis Systems software
(SAS Institute, 1989). Geostatistical analysis was performed
for soil TP data collected as a function of depth with the
GS+ software (Gamma Design Software, Plainwell, MI). The
kriging interpolation technique was used to determine TP
values at unsampled locations. Kriging assigns weighting fac-
tors based on minimum variance analysis of semivariance and,
as such, is considered to be the best linear unbiased estimator
because it accounts for spatial dependence of neighboring
points (Oliver and Webster, 1990). A spherical model was
used to estimate the semivariograms. Kriged data were used
to generate isarithmic maps of selected soil P fractions with
respect to depth and distance.

RESULTS
Distinct differences were noted in bulk density, total

P, and ash content, with WCA-3, HWMA, and EAA
soils having higher values than soils from other hydro-
logic units (Table 1). Spatial coverages of total P in
WCA-1, WCA-2A, WCA-3, and HWMA showed

higher total soil P in impacted areas (predominantly
cattail vegetation) than unimpacted areas (native saw-
grass vegetations and open sloughs) (DeBusk et al.,
1994; Reddy et al., 1991, 1994; Newman et al., 1997).
The EAA soils had higher bulk density, possibly due to
cultivation and subsidence. The soils from all hydrologic
units had relatively high Ca content, =2 to 8%. The soils
from WCA-3, HWMA, and EAA had higher Fe and
Al content than soils from WCA-1 and WCA-2.

Vertical gradients of total P in selected hydrologic
units as a function of distance from inflow structures
are shown in Fig. 2. Soil total P was higher in surface
soils and decreased with depth. At all sites, steep vertical
gradients with depth were observed for soils close to
the inflows.

Soil Phosphorus Forms
Labile Inorganic Phosphorus

Inorganic P extracted with salts such as 1 M KC1 or
0.5 M NaHCO3 represents loosely adsorbed P, which is
bioavailable and can be readily released into the water
column. Labile Pj content of surface soils (0-10 cm) was
in the range of 1 to 4% of total P (Tables 2 and 3). In
WCA-1, labile PI was <4% of total P in soils near the
L-7 canal, compared with <1% of total P in the interior
marsh (Fig. 3). In WCA-2A and WCA-3A soils, labile
PI represented <2% of total P in the surface soil depth,
and decreased with depth (Fig. 4, 5, and 6). In HWMA
soils, labile Pj accounted for <1% of total P, with no
measurable gradients along the transect. In EAA soils,
labile P; accounted for =4% of total P (Table 2). Labile
Pi extracted with KC1 and NaHCO3 showed a significant
linear relationship (r = 0.89; n = 63; P = 0.0001), with
a slope of 0.9. Bicarbonate extracts resulted in darker
solutions as a result of hydrolysis of organic compounds.
Low recovery in KC1 extractions was probably due to
some precipitation of P as Ca-P during the equilibra-
tion period.

Sodium Hydroxide Extractable Phosphorus
(Iron- and Aluminum-Bound Phosphorus)

The NaOH-Pj was higher in surface layers and de-
creased with depth and with distance from inflow struc-

Table 1. Selected physical and chemical characteristics of soil (0-10-cm depth) from selected hydrologic units of the Everglades (the Water
Conservation Areas [WCAs], the Holey Land Wildlife Management Area [HWMA], and the Everglades Agricultural Area [EAA]).

Parameter

PH
Bulk density, g cm
Ash content, g kg"1

Total P, mg kg~'
I M HCl-extractable

Inorganic P, mg kg"1

Ca, g kg '
Mg, g kg-1

Fe, mg kg
Al, mg kg '

Total N, g kg~'
Total C, g kg'1

WCA-1
(n = 90)

5.8 (0.1)t
0.06 (0.003)

97(8)
544 (41)

169 (18)
22(3)
1.8 (0.1)
417 (23)
460 (356)
30 (0.6)

438 (5)

WCA-2
(« = 96)

7.2 (0.03)
0.06 (0.02)
183 (11)
685 (42)

226 (16)
45(4)
3.3 (0.1)
633 (33)
542 (30)
28 (0.5)

422 (5)

WCA-3
(n = 188)

6.7 (0,03)
0.14 (0,01)
234 (13)
457 (14)

165 (8)
42(2)
1.6 (0.1)

2325 (177)
3068 (101)
29.1 (0.5)
412 (6.4)

HWMA
(n = 36)

7.5 (0.1)
0,13 (0.01)
286 (32)
543 (53)

299 (52)
83(9)
2.4 (0.1)

3300 (177)
4350 (330)
25.5 (6.4)
403 (94)

EAA
(n = 7)

NDt
0.42 (0.1)
224 (42)
654 (77)

ND
35(3)
2.1 (0.2)

2728 (395)
1080 (140)

ND
ND

f Mean value with standard deviation in parentheses.
:f ND — not determined.
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Fig. 2. Vertical distribution of total P in soils as a function of depth and distance from an inflow in Water Conservation Areas 1, 2, and 3.

tures and canals (Fig. 3-6). In the surface soil, NaOH-
Pi accounted for 10 to 24% of total P, with the highest
values measured in EAA soils (Table 2).

In surface soil layers of WCA-1, NaOH-Pj repre-
sented <13% of total P in soils close to the L-7 canal
(within 0.1 km of the canal), and up to 43% of total P
was present in this pool in soils collected at 0.8 to 2.1
km from the canal (Fig. 3). In WCA-2A soils, NaOH-
P, represented <13% of total P in soils close to the
inflow structure (Fig. 4 and 5). Soils from the interior
marsh had a greater proportion of total P in the NaOH-
Pj fraction than did soils affected by drainage water
inputs. In WCA-3 soils, NaOH-P; accounted for 8 to
23% of total P (Fig. 6). At station E-7, 20 km from the
L-5 canal, up to 37% of the total P in the surface 0- to
2-cm depth was in the NaOH-Pj pool (Fig. 6). In HWMA
soils, NaOH-P; represented 7 to 11% of total P while
in EAA soils NaOH-Pj accounted for =28% of the total
P (Table 2).

Hydrochloric Acid-Extractable Inorganic Phosphorus
(Calcium- and Magnesium-Bound Phosphorus)

At all locations sampled, the HC1-P; was generally
higher in surface soil layers and decreased with depth
(Fig. 3-6). At the 0- to 10-cm depth, HCl-Pj accounted
for 14 to 68% of total P, with highest values observed
in HWMA soils and lowest values in WCA-1 soils (Ta-
ble 2).

In WCA-1, soils at 0.1 km from the L-7 canal con-
tained 26% of total P as Ca- and Mg-bound P in the
surface soil layer (0-2-cm depth), decreasing to 4% at
a soil depth of 20 to 25 cm (Fig. 3). In the interior marsh

(16.6 km from the L-7 canal), <3% of total P was present
as Ca- and Mg-bound P in the surface layer, decreasing
to <1% at lower depth. Similarly, in impacted areas
(cattail-dominated areas) of WCA-2A, surface soils
contained a larger proportion of P in the HCl-Pj fraction
than lower soil depths and soils in unimpacted areas
(Fig. 4 and 5). For example, soils at 0.3 km from the
S-10C structure contained up to 34% of total P in this
fraction in the surface soil layer (0-5-cm depth), decreas-
ing to 14% at a soil depth of 20 to 25 cm and to 9% at
a soil depth of 40 to 45 cm (Fig. 4). Similarly, soils
collected at 8.3 and 11.5 km from the inflow also showed
elevated levels of HCl-Pj in surface soil layers. Similar
trends were observed in soils along the north-south
transect originating at the S-10D structure (Fig. 5).

In WCA-3 soils, a large proportion of total P was
present in the HCl-Pj pool, especially in soils collected
10 km from the L-5 canal for the E transect, and 7 and
10 km from the L-5 canal for the G transect (Fig. 6).
At these stations, HC1-P, represented 40 to 64% of total
P in the surface 0- to 2-cm depth, compared with only
8 to 30% of total P at other stations. Soils collected
from the interior marsh (33 km from the L-5 canal) had
<9% of their total P in the HCl-Pj pool. For the surface
10-cm depth, HCl-Pj accounted for 7 to 44% of the total
P along Transect E. In HWMA soils HCl-Pi accounted
for 20 to 46% of total P, while in EAA soils HCl-Pi
accounted for =22% of total P (Table 2).

Total Inorganic Phosphorus
Total PI is the sum of P extracted with KC1, NaOH,

and HC1. Total Pf was also estimated by a single extrac-
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Table 2. Labile and nonlabile pools of P in surface soils (0-10-cm depth) from selected hydrologic units of the Everglades (Water
Conservation Areas [WCA-1, WCA-2, and WCA-3], Holey Land Wildlife Management Area [HWMA], and the Everglades Agricul-
tural Area [EAA]).

P forms

KC1-P,

NaOH-P,

HCI-P,

Total P,

NaOH-P0

Residual P

Total P0

Total
TP

Mean
SD
Max.
Min.
Mean
SD
Max.
Min.
Mean
SD
Max.
Min.
Mean
SD
Max.
Min.

Mean
SD
Max.
Min.
Mean
SD
Max.
Min.
Mean
SD
Max.
Min.

Mean
SD
Max.
Min.

WCA-1
(n = 9)

0.5
0.2

15.0
0.1
6.7
1.7

17.5
1.6
6.6
3.9

36.8
0.2

13.8
5.6

55.8
1.9

15.5
4.7

53.1
4.8

16.6
5.1

50.8
4.3

32.1
9.7

103.9
9.1

45.9
15.2

159.7
11.6

WCA-2
(« = 17)

1.1
0.2
3.5
0.2
8.2
0.6

12.3
5.1

13.9
2.4

38.7
4.4

23.3
2.8

50.0
11.1

11.8
1.6

30.5
4.4

28.1
3.6

60.7
11.3
39.9
5.0

89.3
19.3

63.2
7.5

139.0
31.1

WCA-3
(« = 11)

————— (jig cm'3 —————
Inorganic P

0.3
0.1
0.8
0.1
9.6
0.9

17.3
6.1

29.8
13.1

144.5
3.0

39.7
13.6

154.8
11.5

Organic P
19.2
2.7

35.7
7.6

36.8
10.5

132.1
12.9
56.0
9.9

139.6
26.2

95.7
23.2

294.4
40.2

HWMA
(n = 44)

0.4
0.1
0.8
0.2
5.6
1.9

10.3
2.7

52.6
81.9

360.8
1.2

58.6
81.9

368.5
5.4

12.7
6.7

28.8
3.0

21.8
8.3

41.6
7.9

34.5
13.6
63.0
11.4

93.1
62.9

309.7
19.0

EAA
(n = 7)

9.1
1.7

29.9
1.7

72.3
13.4

859.1
6.2

56.8
10.5

262.3
2.1

131.9
24.5

1137.1
9.2

73.3
13.6

178.3
30.3
92.0
17.1

358.6
0.0

165.3
30.7

425.6
50.3

295.3
54.6

1408.0
81.4

tion with 1 M HC1. Both methods showed similar trends
and were highly correlated (P = 0.0001). The following
empirical relationship was observed between TPj and Pi
extracted with 1 M HC1 [Pi(] Mm)]-

TPi = 1.048[Pi(1MHci)] -6.3
R2 = 0.826; n = 210 [1]

This relationship suggests that hydrolysis of organic
P during alkaline extraction was negligible. A single
extraction with 1 M HC1 adequately represents TP( of
organic soils, although it does not differentiate different
forms of inorganic P. In surface soils (0-5-cm depth) of
WCA-1, TPi represented 32 to 47% of total P in cattail-
dominated areas, and 9 to 16% in the interior marsh
(Fig. 3). In WCA-2A surface soils (0-5-cm depth), TPj
represented 35 to 46% of total P in cattail-dominated
areas, 28 to 41% of total P in areas with mixed popula-
tions of cattails and sawgrass, and 31 to 54% of total P
in sawgrass-dominated areas (Fig. 4 and 5). At lower
depths (>30 cm), total P; decreased to <20% of total
P, with minimum TPi values <10% of total P. Similar
trends were also observed for WCA-3 soils, with up to
80% of total P present as TPj, though the proportion
of TPi decreased with depth. Approximately 63% of
total P in HWMA soils and 44% of total P in the EAA
soils was in TP: pool (Table 2).

Total Labile Organic Phosphorus and Microbial
Biomass Phosphorus

The difference between total labile P0 and microbial
biomass P values is the labile P0 associated with dead
organic forms, which may include detrital tissue of plant
roots and microorganisms (Fig. 7). Biomass P values
were not corrected for the efficiency of chloroform ex-
traction of this pool. Brookes et al. (1982) suggested

Table 3. Labile organic and inorganic pools of P in surface soils
(0-10-cm depth) from selected hydrologic units of the Ever-
glades: Water Conservation Areas (WCA-1, WCA-2, and
WCA-3), and Holey Land Wildlife Management Area
(HWMA). Note: microbial biomass P was not adjusted for
chloroform extraction efficiency.

P forms

Labile inorganic P

Biomass P

Total labile organic P

Mean
SD
Max.
Min.
Mean
SD
Max.
Min.
Mean
SD
Max.
Min.

WCA-1
(n = 9)

1.1
0.4
4.0
0.1
7.4
1.0

11.5
3.8
8.2
1.1

13.0
4.1

WCA-2A
(n = 17)

———— Hgt
2.2
2.9
8.9
0.0
3.0
3.6
9.2
0.0
3.7
4.4

12.1
0.0

WCA-3A
(« = 11)
_,

2.3
2.0
5.9
0.4

10.7
3.2

17.8
6.1

12.0
3.3

19.2
8.2

HWMA
(n = 44)

1.0
0.7
3.2
0.3
4.1
2.1
9.5
0.9
7.2
2.3

12.1
2.9
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WCA-1
150

WCA-2A(S-10C)

0.1 12.6 16.60.8 1.4 2.1 3.8 6.4 8.9
Distance from L-7 canal (km)

Fig. 3. Distribution of forms of soil P as a function of distance from
an inflow canal (L-7 canal) and at selected depths in Water Conser-
vation Area 1. KC1-P, = labile inorganic P; NaOH-Pi = Fe- and
Al-bound P; HOP, = Ca- and Mg-bound P; NaOH-P0 = alkali
organic P; Residual P = residual organic P.

an efficiency factor of 0.4 for mineral soils. Walbridge
(1991) measured between 37 and 46% of the microbial
biomass extracted by acid fluoride after chloroform fu-
migation of several acid peat soils. We believe these
correction factors may overestimate microbial biomass
P, especially in surface soils of WCAs with high labile
organic matter. Thus the data presented here were not
corrected for an efficiency factor, and the results should
be viewed in that context.

In WCA-1 soils, total labile P0 and microbial biomass
P showed distinct trends with depth, with highest values
in the surface 0- to 2-cm depth (Fig. 7). For most of the
stations sampled, 26 to 57% of total P in the surface 0-
to 2-cm depth was present as labile P0 and microbial
biomass P, with a high proportion of labile P0 being
observed in the interior marsh. In contrast, approxi-
mately 10% of total P was present in soils collected 0.1
km from the L-7 canal, which is impacted by hydraulic
loading from the canal. Both labile P0 and microbial
biomass P decreased with soil depth at all stations
(Fig- 7).

Labile P0 and microbial biomass P also showed similar
trends for WCA-2A soils, with high values in surface soil
layers and at stations close to inflow structures (Fig. 7).
However, the proportion of this P pool in relation to
total P increased with distance from inflow. In WCA-3
soils, labile P0 showed distinct trends with depth, with
highest values in the surface 0- to 2- or 0- to 4-cm depths

0.3 1.9 11.5 14.73.5 5.1 6.7 8.3
Distance from inflow (km)

Fig. 4. Distribution of forms of soil P as a function of distance from
an inflow (S-10C structure) canal (Hillsboro Canal) and at selected
depths in Water Conservation Area 2A. KCl-Pi - labile inorganic
P; NaOH-P; = Fe- and Al-bound P; HCl-P* = Ca- and Mg-bound
P; NaOH-P0 = alkali organic P; Residual P = residual organic P.

(Fig. 7). In the surface 10 cm of soil, labile P0 accounted
for 13% of total P; in HWMA soils, labile P0 accounted
for 9% of total P (Table 3).

Sodium Hydroxide Extractable Organic Phosphorus
In the soil P fractionation scheme used, this pool

includes both living and dead sources of organic P asso-
ciated with humic and fulvic acids. The NaOH-P0 frac-
tion was estimated as the difference between total P of
the NaOH extract and SRP concentration in the NaOH
extracts. At all locations, NaOH-P0 content was higher
in surface layers and decreased with depth. However,
the proportion relative to total P showed no definitive
trend with depth. The NaOH-P0 concentration de-
creased with distance from each inflow (Fig. 3-6), but
the relative proportion in relation to total P increased
with distance from inflow.

In WCA-1, NaOH-P0 ranged from 27 to 38% of total
P in soils adjacent to canals, compared with 38 to 61%
of total P in unimpacted interior marsh soils (Fig. 3).
In WCA-2A, NaOH-P0 accounted for 18 to 28% of total
P in soils at the inflow and also in the interior marsh
(Fig. 4 and 5). In WCA-3 soils, NaOH-P0 accounted for
11 to 44% of total P at lower soil depths (Fig. 6); in
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WCA-2A(S-10D)

§•a
i/l

I

1.4 14.2 17.44.6 6.2 7.8 9.4 11
Distance from inflow (km)

Fig. 5. Distribution of forms of soils P as a function of distance from
an inflow (S-10D structure) canal (Hillsboro Canal) and at selected
depths in Water Conservation Area 2A. KCI-Pi = labile inorganic
P; NaOH-P, = Fe- and Al-bound P; HCl-P, = Ca- and Mg-bound
P; NaOII-P,, = alkali extractable organic P; Residual P = residual
organic P.

HWMA and EAA soils, NaOH-P0 accounted for 14 and
25% of total P in the top 30- and 15-cm soil depths,
respectively (Table 2).

10 20 30 0 10 20 30 0 10 20 30

30-35
10 20 0 10 20 3030 0 10 20 30

Phosphorus (ug cm"3)
Fig. 7. Distribution of total labile organic P (labile organic P + micro-

bial biomass P) as a function of distance from an inflow and soil
depth in WCA-1, WCA-2A (S-10C), and WCA-3 (E transect).

Residual Organic Phosphorus
Residual P0 is highly refractory and may not be bio-

available. The proportion of P0 remaining in this frac-
tion generally increased with depth. For example, in
WCA-1 soils, residual P0 represented up to 66% of total
P (Fig_3). In WCA-2A soils, residual P0 represented
33% of total P in surface layers and steadily increased
to 70% of total P at depths >40 cm (Fig. 4 and 5). In

300

200

100
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6 300
o
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o,
I
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WCA-3A
G transect E transect

0-2 cm

8-10 cm

HKCl-Pi CUNaOH-Po 20-25 c
E$$$iNaQH-Pi ̂ | Residue P
HlHCl-Pi

Miami Canal °'2 cm

-10cm

20-25 cm

0 17 20 337 10 17 7 10 13

Distance from L-5 canal (km)
Fig. 6. Distribution of forms of soil P as a function of distance from an inflow canal (L-5 canal) and at selected depths in Water Conservation

Area 3A. RCl-P, = labile inorganic P; NaOH-P, = Fe- and Al-bound P; HCI-P*
Residual P = residual organic P.

Ca- and Mg-bound P; NaOH-P0 = alkali organic P;
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WCA-3 soils, residual P0 accounted for one-fourth to
one-half of the total P at most stations (Fig. 6). In
HWMA and EAA soils, residual P0 accounted for 23
to 48 and 31% of total P, respectively (Table 2).

Total Organic Phosphorus
Total P0 is the sum of NaOH-P0 and residual P not

extracted via the sequential fractionation scheme. Total
P0 was also estimated from the difference between total
P and Pj extracted with 1 M HC1. Both methods gave
similar P0 values. Total P0 in the WCAs decreased with
distance from an inflow (Table 4). In WCA-1 and WCA-
2A soils, TP0 also increased with depth, with values of
up to 90% of the total P at lower depths (Fig. 3-5).
However, in surface layers of WCA-1, TP0 represented
53 to 68% of total P in soils adjacent to the L-7 canal,
compared with =84% of total P in the interior marsh
(Fig. 3). In the surface soil layers of WCA-2A, TP0
represented 46 to 74% of total P (Fig. 4 and 5). In

WCA-3 soils, TP0 was higher at inflow stations and
decreased both with distance and with soil depth (Fig.
6). In the surface 10 cm of soil, TP0 accounted for 56 to
70% of total P in all hydrologic units of the Everglades.

Phosphorus Storage
Phosphorus storage in various pools was evaluated in

recently accreted peat (estimated using a 137Cs dating
technique (Craft and Richardson, 1993; Reddy et al.,
1993) in WCA-2A as a function of distance from an
inflow (Fig. 8). Phosphorus storage in the top 50-cm soil
was examined. Since 1964, soil accretion and resulting
P enrichment were observed up to a soil depth of 7 to
30 cm. In the most heavily impacted areas (0-3 km from
inflow) most of the surface 30 cm of soil had accreted
since 1964 (Reddy et al., 1993). Phosphorus in the inor-
ganic P pool accounted for 30 to 40% of total P in
recently accreted soil,.compared with 10 to 16% in the
subsurface native peat (30-50-cm soil depth). Approxi-
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[Labile Inorganic P]

[a]
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NaOH-Pi
[Fe- and Al bound P]

[b]

0.3 1.9 3.5 5.1 6.7 8.3 11.514.7
0.3 1.9 3.5 5.1 6.7 8.3 1 1 . 5 1 4 . 7

HCl-Pi
[Ca- and Mg-bound P
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6
4
2
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0.3 1.9 3.5 5.1 6.7 8.3 11.514.7 0.3 1.9 3.5 5.1 6.7 8.3 1 1 . 5 1 4 . 7

40i————————————————————| 407

[Fulvic and Humic bound P]

0.3 1.9 3.5 5.1 6.7 8.3 11.5 14.7
0J

0.3 1.9 3.5 5.1 6.7 8.3 11.5 14.7

_o 30-] Total Organic P [TPJ
OH

0.3 1.9 3.5 5.1 6.7 8.3 11.514.7 0.3 1.9 3.5 5.1 6.7 8.3 1 1 . 5 1 4 . 7
Distance from inflow (km)

Fig. 8. Inorganic and organic P storage in WCA-2A soils as a function of distance from an inflow (Hillsborough canal). Phosphorus storage is
shown for: (i) soils accreted since 1964, as determined using "7Cs techniques (Reddy et al., 1993); and (ii) soils accreted prior to 1964. Total
P storage is based on 0- to 50-cm soil depth.
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mately three-fourths of the inorganic P was associated
with Ca and Mg. The NaOH-Pj (Fe- and Al-bound P)
showed no distinct trend, while HCl-Pi (Ca- and Mg-
bound P) decreased exponentially with distance from
an inflow. It should be noted that, in addition to P
loading, drainage water also contains high levels of Ca
and Mg, which may aid in retention of P. Calcium accu-
mulation rates were found to be approximately 30 times
higher than P accumulation rates at stations 0 to 3 km
from inflow (Reddy et al, 1993). High levels of inorganic
P in recently accreted soil suggests some remineraliza-
tion of labile organic P, and retention of some inorganic
P through adsorption and precipitation.

Phosphorus storage in the organic pool was also
higher for the impacted areas than for the unimpacted
areas. This was expected because of the high rate of
organic matter accumulation in impacted areas resulting
from high productivity of cattails (Davis, 1991). Organic
P accumulation remained relatively constant at dis-
tances >3.5 km from an inflow. In recently accreted
soils, 57 to 70% of the total P was in the organic pool,
with one-third present as NaOH-P0. It is interesting to
note that the proportion of organic P in the residual
pool remained constant with distance from an inflow,
suggesting stability of the organic matter stored in the
system.

Phosphorus concentration in the 0- to 10-cm soil
depth (measured in 1990 and 1996) suggests that P load-
ing to WCA-2A has resulted in significant enrichment
(P = 0.05) in soils collected between 2 and 7 km from
inflow (Fig. 9). This P enrichment indicates that P load-
ing has increased in the impacted area during the past
6 yr. No significant differences were observed in soils
collected from areas >7 km from the inflow structure.

Empirical Relationships
Empirical equations in Table 4 show significant gradi-

ents in TP, TPj, and TP0 as a function of distance from
inflow structures, reflecting the impact of nutrient load-
ing (Table 4). Soil P enrichment as a result of agricultural
drainage water loading was described by the following
exponential relationship:

Px = PB + Pin exp(-A-) [2]
where Px is the concentration of total P (|xg cm"3) in
the top 10-cm depth of soil at distance X from inflow
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Fig. 9. Total P concentration of soils (0-10-cm depth) as a function

of distance from inflow (S-10C) in Water Conservation Area 2A.
Soil samples were collected in July 1990, February and August
1996, and March 1997.

Table 4. Empirical equations showing the relationship between
distance from an inflow and P concentration in surface soil
(0-10-cm depth) for selected hydrologic units of the Ever-
glades: Water Conservation Areas (WCAs) and Holey Land
Wildlife Management Area (HLMA). Px = PB + PI™ esp(-X),
where P, = P concentration (u,g cm"3), X = distance (km)
from an inflow; and PB and Pin are empirical constants.

Empirical constants

Location PB
_,

Pto r!

f6 mi

Total P
WCA-1
WCA-2A
WCA-3A
HWMA

WCA-1
WCA-2A
WCA-3A
HWMA

WCA-1
WCA-2
WCA-3
HWMA

15.4 (1.6)t
45.1 (3.2)
39.5 (5.2)
36.9 (13.5)

Total i
2.7 (1.1)

15.6 (1.4)
12.6 (3.9)
15.1 (7.3)

Total
12.7 (0.8)
29.5 (2.4)
28.9

NS$

157 (5)
132 (12)
206 (20)
277 (31)

norganic P
57(3)
48(5)

126 (15)
253 (17)
organic P
100 (2)
84(9)
77 (10)

0.994
0.953
0.924
0.964

0.979
0.932
0.888
0.987

0.996
0.935
0.875

Wetland
length

impacted

km

5.1
4.9
5.3
5.6

4.0
3.9
4.8
5.5

4.6
4.4
4.3

t Values in parentheses are standard errors.
$ NS = not significant.

structures or canals (km); PB is the background total P
in the soil; and Pin is the theoretical increase in total
P concentration (above background level) at X = 0.
Therefore, at X = 0, PB + Pjn provides maximum poten-
tial total P increase in the soil as a result of loading.
Values of PB for TP are in the range of 15 to 53 u,g cm"3,
which is approximately the same range as observed in
unimpacted areas of respective hydrologic units. The
above equation describes primarily soil conditions in
these hydrologic units at the time of soil sampling, but
does not provide any indication of additional soil accre-
tion or impact on surface water quality. Rearranging
Eq. [2], the length of the wetland (i.e., distance from
an inflow) soil P enrichment above background level
can be estimated as:

X = ln(Pin) [3]
where Px = PB, and any soil P enrichment above PB is
considered to be due to external loading. The estimated
impacted distance from canals or inflow structures is
approximately 4 to 5 km in all hydrologic units at the
time of sampling (Table 4).

Empirical equations were also developed between
various P fractions and total P content of soils (Tables
5 and 6). One example of these relationships is shown
in Fig. 10. Labile pools of P( and P0 showed a weak
relationship with total P but labile P0 could be predicted
adequately from either total organic P or NaOH-ex-
tractable P. At present, a large data base is available
for total P contents of soils in the Everglades area.
Equations presented (Tables 5 and 6) are based on
selected transects and, using these relationships, results
could be extrapolated to other areas of the Everglades
for which total soil P data are available.
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Table 5. Empirical model ( Y = a X*) for the relationship between
total P and selected P fractions. K = P fraction (mg kg"1); X =
total P (mg kg '); and a and b are empirical constants (n - 390).

¥ fraction
(Y)
Labile inorganic P (KC1-P,)
Fe- and Al-bound inorganic

P (NaOH-P,)
Ca- and Mg-boiind inorganic

P (HC1-P,)
Total inorganic P
Fulvic and humic-bound

P (NaOH-P0)
Total organic P
Residual P

Empirical

a

0.034 (2.75)t

0.071 (1.66)

0.00015 (2.84)
0.01 (1.50)

0.45 (1.78)
3.05 (1.36)
3.18 (1.42)

constants

b

0.77 (0.07)

1.07 (0.03)

2.05 (0.06)
1.54 (0.03)

0.88 (0.04)
0.75 (0.02)
0.66 (0.02)

r2

0.251

0.729

0.734
0.897

0.584
0.781
0.674

t Values in parentheses are standard errors.

DISCUSSION
Surface water drainage from the EAA and bulk pre-

cipitation are two major sources of P to the WCAs
(Surface Water Improvement and Management, 1992).
Approximately 94% of the added P is retained within
the system, indicating that these wetlands are efficient
in assimilating P (Surface Water Improvement and
Management, 1992). Soil total P in four hydrologic units
showed distinct horizontal and vertical gradients, with
high values near inflow structures or canals. Exponential
decrease in total P of surface soils is clearly evident for
all hydrologic units sampled, with P enrichment oc-
curring up to a distance of =5 km from inflow structures
(Table 4). Studies reported earlier documented hori-
zontal and vertical gradients in WCA-2A (Koch and
Reddy, 1992; Craft and Richardson, 1993; Reddy et al,
1993; DeBusk et al., 1994), WCA-1 (Newman et al.,
1997), WCA-3 (Reddy et al., 1994), and HWMA (Reddy
et al., 1991).

In addition, soil P enrichment can occur as a result of
biological oxidation of organic matter and disturbances
such as fire. High soil bulk densities and resulting P
enrichment in selected areas of WCA-3 and HWMA
suggest the influence of these processes. High P concen-
tration in the EAA is probably due to oxidation of soil
organic matter and P fertilizer application.

Phosphorus accumulation by soils occurs through re-
tention of water-column dissolved P; by soils, and uptake
by vegetation and microbes (Richardson and Marshall,

Table 6. Empirical model (Y = aXb) for the relationship between
total and NaOH-extractable organic P, and NaOH-extractable
total P (n = 271). Y = P fraction (mg kg"1); X = TP0 or NaOH-
P0 or NaOH-TP; and a and b are empirical constants.

Empirical constants

P fraction (Y)

Total organic P (TP0)
Microbial P
Total labile P0

NaOH-extractable organic
P (NaOH-P0)

Microbial P
Total labile P0

NaOH-extractable total
P (NaOH-TP)

Microbial P
Total labile P,,

0.244 (1.39)t
0.232 (1.32)

0.900 (1.22)
0.990 (1.17)

0.552 (1.25)
0.546 (1.18)

0.926 (0.058)
0.971 (0.049)

0.872 (0.044)
0.897 (0.035)

0.902 (0.045)
0.948 (0.034)

0.485
0.596

0.598
0.705

0.602
0.743

1986). Approximately 30 to 70% of total P in surface
soils is in the organic pool, and the remainder is Pj.
Impacted soils generally had a greater proportion of
total P as PJ than unimpacted soils, suggesting the influ-
ence of inorganic P loading from surface water and
remineralization of organic P. Similar observations were
observed in earlier studies on WCA-2A soils (Koch and
Reddy, 1992; Quails and Richardson, 1995).

Major pools of P; identified by the modified P frac-
tionation scheme used in this study included: (i) loosely
adsorbed P, (ii) Fe- and Al-bound P, and (iii) Ca-bound
P. Any P not extracted was assumed to be highly resis-
tant, residual, organic P. This fractionation scheme was
originally developed for mineral soils, and may not ade-
quately characterize the large proportion of organic P
in Everglades soils. The P0 extracted can be similarly
divided into: (i) labile organic P, (ii) alkali-extractable
P (representing fulvic- and humic-bound P), and (iii)
refractory P or residual organic P (humic-bound P not
available for biological breakdown). Among the three
pools of P; identified, loosely adsorbed P (extracted with
1 M KC1 or 0.5 M NaHCO3) is considered labile and is
an important pool for plant growth and in controlling the
P concentration of the overlying water column. Labile P;
was found to be higher in soils from areas with stands
of cattails (areas adjacent to nutrient inflows) than in
the interior marsh. In WCA-2A, other studies have
shown an increase in labile Pi for areas closer to an
inflow (Koch and Reddy, 1992; Quails and Richardson,
1995), suggesting an influence of P loading. High labile
PI in the near-surface soil suggests that inorganic P may
be loosely bound to organic matter, bound to solid
phases such as CaCO3, or present as recently precipi-
tated, amorphous, monocalcium phosphate.
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Fig. 10. Relationship between total P and total inorganic P for Ever-

glades soils. Dashed lines represent 95% confidence intervals.
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The NaOH-Pj not only represents the P associated
with hydroxyoxide surfaces, but also any P associated
with crystalline Fe and Al oxides (Hieltjes and Lijklema,
1980; Olila et al., 1994). Phosphorus associated with
hydroxides can be desorbed under most conditions, but
the P associated with crystalline Fe and Al oxides is only
desorbable into solution under extended waterlogged
conditions (Patrick and Mahapatra, 1968). This fraction
is also called occluded P. In soils with high organic
matter content, alkaline extraction may also remove
some organic P (P associated with humic and fulvic
acids). In our study, extracted solutions were analyzed
for both SRP and TP, with the difference between these
fractions being assumed to be P associated with or-
ganic compounds.

The results reported for NaOH-Pj should be used
with caution because of the complexities associated with
extraction of organic soils using NaOH. A poor relation-
ship between NaOH-P; and HCl-extractable Fe and Al
suggests that PI in NaOH extracts may not truly repre-
sent Fe- and Al-bound P (Table 7). High concentrations
of NaOH-Pj were present in soils with low ash content
(WCA-1). Considering the low mineral content of or-
ganic soils, it is unlikely that such a large pool of P,
exists in these soils. The NaOH extraction probably
hydrolyzed a significant portion of organic P, resulting
in elevated levels of SRP.

The PJ extracted with 0.5 M HC1 represents Ca- and
Mg-bound P. Hieltjes and Lijklema (1980) and Olila et
al. (1994) extracted 98 to 100% of P associated with
synthetic Ca phosphate using 0.5 M HC1. High levels
of Ca-bound P were measured in soils adjacent to the
inflow structures, with the proportion of Ca-bound P
decreasing with distance from each inflow. Drainage
water pumped into the Everglades WCAs has high Ca
levels (-100 mg LT1)- High HCl-Pj values for surface soil
layers suggests that Ca entering these systems through
drainage water is playing a major role in precipitating
soluble reactive P. This reaction is mediated by high
pH (pH >8) of the floodwater. Calcium phosphate pre-
cipitation associated with microbial immobilization of
P during decomposition of detrital tissue (especially in
the cattail-dominated areas) is probably the primary
reason for P enrichment in surface soil layers of WCA-

Table 7. Simple correlation coefficients between soil P forms and
acid-extractable cations (n = 172). All values are significant
at P = 0.001; NS = not significant.

1 M HCl-extractable

P fraction Ca Mg Al Fe

Labile inorganic P
Labile inorganic P (NaHCOj-P,)
Fe- and Al-bound inorganic

P (NaOH-Pi)
Ca- and Mg-bound inorganic

P (HCI-Pi)
Total inorganic P (TP,)
Labile organic P
Biomass organic P
Fulvic and humic-bound organic

P (NaOH-P0)
Residual organic P
Total organic P (TP0)
Total P

NS
NS

-0.243

0.816
0.741
NS

-0.281

-0.288
NS
NS
0.346

0.321
0.418

0.283

0.521
0.578
NS
NS

NS
0.601
0.494
0.690

-0.168
NS

-0.305

0.509
0.422

-0.334
-0.341

-0.393
NS

-0.165
NS

0.565
0.624

0.239

0.252
0.322
NS
NS

0.180
0.553
0.492
0.544

2A. The hypothesis of P enrichment as Ca-bound P in
the top 5 cm of soil was further substantiated by signifi-
cant correlations between HCl-Pj and extractable Ca
and Mg (Table 7). This is clearly evident, as the P accu-
mulation since 1964 was predominantly in the HCl-Pj
pool (Fig. 8).

Calcium-bound P was higher in surface layers and
decreased with depth (Fig. 3-6). For example, in WCA-
2A soils, the ratio of TP0/TPi in soils close to the inflow
structures was approximately 1.1 for the surface-soil
layer and steadily increased (to 6.5) at depths of 40 to
45 cm. The TP0/TPj ratio in the surface soil layer at
stations in unimpacted areas was approximately 2 and
increased to 13 at depths of 40 to 45 cm. Similar trends
were also observed in WCA-1 and WCA-3. A narrow
TP0/TPi ratio in the surface soil layers is probably due
to processes such as: (i) anthropogenic inputs of Ca and
SRP that are precipitated in the surface layers, thus
increasing the contribution to TP,; and (ii) mineraliza-
tion of labile organic matter as a result of aerobic and
anaerobic decomposition processes, resulting in release
of PJ followed by precipitation and adsorption to inor-
ganic solid phases. The former is most likely a dominant
process in soils from impacted areas (adjacent to the
inflow structures), while the latter is most likely the
dominant process in soils of unimpacted areas (saw-
grass-dominated areas). In addition, fires in surface-soil
layers can also cause Pj enrichment due to the loss of
organic matter and a resulting concentration effect.

Results presented in this study suggest that a major
proportion of P is stored in the organic pool (37-70%
of the total P in surface soils). Approximately one-third
of the organic P could be extracted using NaOH, in a
single extraction. Alkali solutions are used to extract
humic and fulvic acids (Bowman and Cole, 1978), and
organic P recovered in such extracts is considered to
have been bound to humic substances. However, the
relative stability of organically bound P is unknown. In
the impacted areas, much of the organic P storage ap-
pears to be through vegetative uptake and subsequent
accumulation via detrital tissue. Although microbial and
algal storage of P is small, rapid cycling of this pool
could provide a steady supply of bioavailable P. Other
investigators have found that most of the soil P pool is
stored in organic form, suggesting that significant quan-
tities of P are sequestered within living and dead plant
and microbial materials (Richardson and Marshall,
1986; Davis, 1991). Thus, oxidation of organic matter
as a result of fire or microbial respiration can play a
major role in increasing inorganic P and bioavailable
P. Phosphorus stored in more recalcitrant forms (e.g.,
residual P) represents more long-term storage. How-
ever, the proportion of residual P can be decreased as
a result of biological oxidation and fire. The influence
of drainage and oxidation of organic soils on accumula-
tion of inorganic P is evident in soils collected at 10 km
from the L-5 canal, along the E transect of WCA-3A,
and for the EAA soils.

In addition to decomposition processes, P storage is
a function of P loading and accumulation in soils. Inflow
water-quality data consistently showed higher concen-
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trations of nutrients near control structures than in the
interior marsh. The contrast in nutrient characteristics
of the soil suggests that nutrients are removed from the
canal water in areas adjacent to inflow structures. This
is supported by observed gradients in C/P ratios with
respect to distance from inflows. The high concentra-
tions of inorganic N in the pore water (compared with
SRP) would suggest that N was not a limiting factor.
Nutrient-enriched areas in the adjacent WCA-2A are
highly correlated with reduced diversity (Swift and
Nicholas, 1987) and with the presence of a cattail com-
munity (Davis, 1991; Koch and Reddy, 1992; DeBusk
et al., 1994). A distinct cattail fringe is found within
the enriched zone at the southwestern boundary of
WCA-1 (Newman et al., 1997), and P enrichment was
found to be highly correlated with cattail presence in
WCA-3 (Reddy et al., 1994).

CONCLUSIONS
Steady loading of P into the Everglades wetlands has

increased the relative proportion of all forms of soil P,
with the largest proportion stored as refractory forms
of organic P. Significant gradients were observed both
as a function of distance from each inflow and with soil
depth. Phosphorus loading increased the proportion of
P stored as inorganic P compared with unimpacted ar-
eas. The ratio of TP0/TPi was narrow in near-surface
soils and increased with depth, suggesting accumulation
of inorganic P in surface-soil layers. This observation
was substantiated by a positive correlation between Pj
and Ca or Mg. These relationships suggest that inorganic
P dynamics in Everglades soils may be governed by Ca
and Mg.

Phosphorus fractions associated with Ca and Mg, and
organic P, were found to be the dominant forms for long-
term P storage. Although P loading increased storage
of P through organic soil accretion, it also resulted in
increased levels of dissolved P and other bioavailable
forms. Distinct gradients with distance were noted in
areas adjacent to canals and inflow structures, sug-
gesting the influence of hydrology and nutrient loading.
Much of the nutrient-loading effects were confined to
shallow soil layers. Oxidation of organic matter, re-
sulting from biological processes or fire, increased inor-
ganic P, as observed for the WCA-3A, HWMA, and
EAA soils.

Empirical relationships developed in this study should
be useful in determining soil P forms at various spatial
scales using the total P data available for a large number
of Everglades sites. This information should also be
useful in evaluating the availability of P to vegetation,
and impacts on water quality at the landscape level.
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