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a b s t r a c t

Historically isolated wetland ecosystems may provide a phosphorus (P) storage sink for

runoff from agricultural pastures. Four historically isolated wetlands were characterized

on two cow-calf ranches in the Lake Okeechobee Basin, Florida, to (i) quantify P storage in

ecosystem compartments (plant biomass, litter, and soil) of historically isolated wetlands

and surrounding improved pasture uplands, (ii) determine if a P storage gradient existed

with landscape position, and (iii) evaluate the potential to increase wetland ecosystem P

storage if these wetlands are hydrologically restored. The hydroperiod for the wetlands

studied ranged between 241 and 315 days. In general, more P was stored in wetland plant

biomass and soil than in the corresponding upland compartments. Surface soils (0–10 cm)

were by far the largest reservoir of P (>87%), and soil organic matter accounted for >69%

of the variability in wetland soil total P. The amount of P stored in these wetlands could
Litter

Phosphorus

Soil

be increased by applying nitrogen (N), as the above-ground wetland plant biomass was N

limited. Better alternatives for longer-term increases in P storage should promote increased

accumulation of soil organic matter in wetland soils. Wetland hydrologic restoration that

resulted in an increase in wetland area of between 5 and 20% could potentially increase

wetland ecosystem P storage by up to 13 kg P ha−1.

grazing pastures and reduce P loads to Lake Okeechobee is to
1. Introduction

Wetlands have an inherent ability to store water and nutrients
such as phosphorus (P) and they typically exist along a land-
scape continuum between uplands and aquatic ecosystems
(Boggess et al., 1995; Reddy et al., 1999; Braskerud, 2002). In
the Lake Okeechobee Basin, FL, USA, wetlands cover about 16%
of the land area (FDEP, 2001), and about 60% of the wetlands
are within the four priority basins, which are those basins
that have historically contributed the majority of the P load
to the lake (Flaig and Reddy, 1995). Much (64%) of the four

priority basins is dominated by agriculture, with about 47%
of agricultural land used for improved cow-calf grazing pas-
ture (McKee, 2005). The P load being discharged to the lake
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from these basins has been attributed to dairies and to a lesser
extent improved pasture (Reddy et al., 1995; Anderson et al.,
1995).

Isolated wetlands have no surface water connectivity with
nearby rivers, lakes, oceans, or other water bodies (Leibowitz
and Nadeau, 2003; Whigham and Jordan, 2003; Winter and
LaBaugh, 2003). At present, about 45% of the wetlands north
of the lake are ditched and drained (SFWMD, 2004); therefore,
they are often known as “historically isolated wetlands.” One
method that may help mitigate P loss from improved cow-calf
restore the hydrology of historically isolated wetlands, to facil-
itate water storage and P retention. This is being done to help
meet lake water quality criteria, as legislatively required by

mailto:ejdunne@ufl.edu
dx.doi.org/10.1016/j.ecoleng.2007.05.004


r i n g

t
(

e
t
t
c
a
h
t
e
p
t
1
l
P
f
t
i
G
s
P

b
R
L
b
a
t
a
(
2
t
f
I
s
w
a
i
a
p
g
q
a
r
b
g
1
b

i
o
p
w
i
h
z
e
e
s

e c o l o g i c a l e n g i n e e

he total maximum daily load (TMDL) for total P in the basin
FDEP, 2001).

Little is known about P storage in historically isolated
mergent marsh wetlands; thus, to help determine the poten-
ial effect hydrologic restoration may have, it is important
o quantify pre-restoration P storages in wetland ecosystem
ompartments such as biomass (above and below), plant litter
nd soil. Studies of wetland ecosystem structure and function
ave shown that soil is the most important long-term ecosys-
em P storage compartment (Richardson et al., 1978; Dolan
t al., 1981; Richardson and Marshall, 1986) with ecosystem
rocesses such as soil adsorption and peat accumulation con-
rolling long-term P sequestration (Richardson and Marshall,
986). Dolan et al. (1981) found in a pilot-scale treatment wet-
and receiving P inputs for 1 year (a total of 38 g P m−2) that soil

storage was the most significant compartment (26 g P m−2),
ollowed by plant roots and rhizomes (9 g P m−2), and plant lit-
er (2 g P m−2). Most of the P stored in wetland surface soils is
n organic matter (Reddy et al., 1998; Axt and Walbridge, 1999;
raham et al., 2005). Graham et al. (2005) found about 67% of
oil P from recently restored peatlands was humic acid bound
and residual P.

The amount of P stored in above- and below-ground plant
iomass is low relative to soil; however, it is more dynamic.
ichardson and Marshall (1986) in their study in Houghton
ake fen, MI, USA, reported P uptake by above-ground plant
iomass of 0.7–0.9 g m−2, with 35% of this returned via litterfall
t the end of the growing season. Phosphorus concentra-
ions in above-ground biomass typically range between 0.1
nd 1% dry weight (McJannet et al., 1995); whereas biomass
dry weight of material) is often variable (Whigham et al.,
002). For coastal marsh ecosystems in temperate regions of
he USA, Whigham et al. (1978) measured 682 g dry wt. m−2

or Pontedaria sp. relative to 1215 g dry wt. m−2 for Typha sp.
n a more recent study, Whigham et al. (2002) observed P
torage gradients in above-ground plant biomass of restored
etlands in Maryland’s (USA) coastal plain. Phosphorus stor-

ges ranged between 0.2 and 0.5 g m−2, with a greater P storage
n temporary and emergent/seasonally inundated zones rel-
tive to permanently flooded zones. Data on below-ground
lant biomass are somewhat scarce in the literature, as below-
round biomass is typically difficult to collect and hard to
uantify (Bernard and Gorham, 1978); however, Van der Valk
nd Davis (1978) report wetland below-ground plant biomass
anging between 360 and 1945 g dry wt. m−2. Below-ground
iomass values for emergent marsh wetlands can be much
reater than above-ground biomass (Richardson and Marshall,
986). Therefore, it is critical to account for both above- and
elow-ground biomass when quantifying biomass P storage.

The objectives of our study were to: (i) quantify P storages
n ecosystem compartments (plant biomass, litter, and soil)
f historically isolated wetlands and surrounding improved
asture uplands, (ii) determine if a P storage gradient existed
ith landscape position, and (iii) evaluate the potential to

ncrease wetland ecosystem P storage if these wetlands are
ydrologically restored. Wetlands were categorized into two

ones: wetland centers (deep marsh zones dominated by
mergent marsh vegetation and open water), and wetland
dges (shallow marsh/wet grassland zones dominated by
pecies such as Juncus effusus L.). The surrounding pasture
3 1 ( 2 0 0 7 ) 16–28 17

uplands were dominated by Paspalum notatum Flugge. It was
hypothesized that a P storage gradient could be measured
from wetland to surrounding upland, with P standing stocks
greatest in wetland centers relative to wetland edges and
surrounding pasture uplands.

2. Materials and methods

2.1. Study sites

Most of the Lake Okeechobee Basin has low topographic
relief (0–2% slopes) and shallow water tables (Blatie, 1980).
Within the four priority basins of Lake Okeechobee Basin, four
historically hydrologically isolated emergent marsh wetlands
were studied. These wetlands were located in improved
pastures of cow-calf operations (Fig. 1) and the wetlands
were ditched. Two wetlands were located at the Larson Dixie
Ranch (N 27◦24.665′, W 80◦56.940′), while the other two were
located at the Beaty Ranch (N 27◦20.966′, W 80◦ 56.465′). Ranch
managers reported that typical cattle stocking rates were
one cow per hectare at Larson Dixie and about 0.5 cows per
hectare at Beaty, with similar amounts of inorganic fertilizer
(224 kg of ammonium sulfate ha−1, which contained no P)
applied at both sites. Wetlands at each site were similar in
size and had similar vegetation communities. Larson Dixie
wetlands, Larson East (LE) and Larson West (LW), are about
1.1 and 2.2 ha respectfully, while the Beaty wetlands, Beaty
North (BN) and Beaty South (BS), are about 1.5 and 1.1 ha,
respectively (Fig. 1b and c). Soils at Larson Dixie were classified
as Siliceous, hyperthermic Spodic, Psammaquents (Basinger
series), whereas soils at Beaty wetlands were classified as
Sandy, siliceous, hyperthermic Typic, humaquepts (Placid
series) (Lewis et al., 2001).

2.2. Site hydrology

Wetland surface water depth was monitored for 3 years at the
four study wetlands. An internally logging pressure transducer
(Mini-troll STP, In situ, Inc.) was deployed in a 0.032-m diam-
eter fully screened PVC well in the deepest location of each
wetland. Monitoring well installation depth was between 2.5
and 3.0 m, with an additional 1.5 m of well casing extending
above the wetland ground surface. The above-ground portion
of the monitoring well was housed inside a larger diameter
PVC casing to protect it from cattle. Wetland water surface
depth was recorded continuously, at half-hour intervals. The
period of record for wetland water depth was similar at the
four sites, except for LE, which was monitored for 5 months
less than the other sites (Table 1). Wetland hydroperiod was
recorded as the number of days per year that wetlands had
water above the ground surface at well locations. Hydroperi-
ods associated with sample quadrats (see next section) in the
different zones were determined using the elevation recorded
at sample quadrats relative to the elevation of the well located
in the deepest portion of the wetland.
2.3. Site sampling

Wetlands were sampled three times (November 2004, March
2005, and July 2005) using a stratified random sampling
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Fig. 1 – (a) Location of Larson Dixie and Beaty ranches in the four priority basins of Okeechobee Basin. Circles indicate
historically isolated emergent marsh wetlands at Beaty Ranch (b) and Larson Dixie ranch (c). BN, Beaty North; BS, Beaty
South; LW, Larson West; LE, Larson East.

Table 1 – Monitoring period of wetland water levels for Larson Dixie East (LE) and West (LW) and Beaty North (BN) and
South (BS)

Wetland site Monitoring period Net number days Percent of total record

Start End

LE 12/18/2003 3/10/2006 814 79
LW 7/2/2003 3/10/2006 962 93
BN 7/2/2003 04/29/2006 1011 98
BS 7/2/2003 04/29/2006 1033 100

Net number of days represents the total number of days recorded unaffected by equipment failure.
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esign. The November 2004 sampling, which we called the
wet period”, followed a very busy Atlantic hurricane season
August 1st until November 30th) during which our sites were
it by four hurricanes (Charley, Frances, Ivan, and Jeanne).
he deep marsh, shallow marsh/wet grassland, and surround-

ng pasture upland zones were identified using hydrological
ndicators and vegetation type, similar to the criteria adopted
y Van der Valk (1989). Deep marsh zones were dominated
y open water; vegetation species included Pontedaria cordata
ar. lancifolia (Muhl.) Torr., Bacopa monnieri (L.) Pennell, Panicum
emitomon Schult., Polygonum sp., and Ludwigia repens Forst.
hallow marsh/wet grassland zones had evidence of inunda-
ion, but were periodically dry during sampling. Plant species
ncluded Juncus effuses L., Eleocharis baldwinii (Torr) Chapm, Pas-
alum acuminatum Raddi, and Hydrochloa caroliniensis Beauv.
he pasture upland was predominantly dry and dominated
y Paspalum notatum Flugge.

To sample plant biomass, plant litter and soil, nine loca-
ions were selected in each zone during the first sampling
vent. In subsequent sampling events, five locations were
elected because sampling nine locations was too labor inten-
ive and too time consuming. Above-ground biomass, litter,
elow-ground biomass and soil samples were collected from
1 m × 1 m quadrat at each location.

To harvest above-ground biomass, hand clippers were
sed, whereas in the upland quadrats electric grass clippers
ere used. Above-ground biomass was cut at 1–2 cm above the

oil surface and this material was placed into large pre-labeled
lastic bags.

Litter was collected from soil surfaces by placing three
0 cm diameter-sampling rings onto the soil surface. Litter
as scraped off soil surfaces, and placed into pre-labeled zip

ock bags. To collect below-ground plant biomass, a 10 cm
iameter aluminum cylindrical corer was pushed to a soil
epth of 15 cm. This depth was chosen, as Whigham et al.

1978) previously found that by sampling down to a substrate
epth of 10 cm, 90% of annual roots were collected. The cored
elow-ground sample was then placed into a 1 cm mesh-sieve,
here bulk soil was removed from roots. The roots were then
laced into a pre-labeled zip lock bag. Three below-ground
lant biomass sub-samples were taken from each quadrat and
laced into one pre-labeled zip lock bag. To sample surface
oils, polycarbonate tubes (10 cm internal diameter × 0.3 cm
all thickness × 30 cm in length) were sharpened at one end

nd hammered down to a soil depth of 10 cm. Using an
xtruder, soil was pushed up through the tube and sectioned
t 10 cm. Three (0–10 cm) soil core sub-samples were collected
rom the quadrat. All soil sub-samples were placed into a pre-
abeled zip lock bag. All samples (above-ground plant biomass,
itter, below-ground plant biomass, and soil) were placed on
ce and transported back to laboratory for analyses.

.4. Plant biomass and litter processing

bove-ground plant biomass was sorted by species and then
nto live and dead fractions. All above-ground plant biomass

nd litter samples were dried at 70 ◦C for 72 h. Samples were
hen weighed to determine dry weight mass per unit area
g m−2). Below-ground plant biomass samples were placed on

1-cm mesh-sieve and lightly hosed with water to remove
3 1 ( 2 0 0 7 ) 16–28 19

remaining soil. Samples were then placed into pre-labeled
paper bags and dried at 70 ◦C for 72 h. After drying, samples
were weighed to determine their dry weight. All plant biomass
(above and below) and litter samples were then rough ground,
sub-sampled and then fine ground to pass through a #40 sieve.
Ground and sieved samples were placed into pre-labeled 20 mL
scintillation vials and stored for analyses.

2.5. Soil physicochemical characterization

Soil samples were homogenized by kneading moist soil in a zip
lock bag. Roots greater than 2 mm in diameter were removed
from soil. A sub-sample of field moist soil was weighed and
then dried in an oven for 72 h at 70 ◦C. Soil water content was
determined as the percent of water per wet weight of soil. Soil
bulk density was quantified as the dry weight of soil (dried for
72 h at 70 ◦C) per soil core volume. Soil pH was measured in a
1:2 soil to water ratio. Ten grams of field moist soil was mixed
with 20 mL of water. To determine inorganic P, 0.5 g of soil was
extracted with 25 mL of 1 M HCl for 3 h. After this, samples
were centrifuged for 10 min at 6000 rpm and filtered through
0.45 �m filter paper using vacuum filtration. Soluble reactive
P in solutions was measured using an automated (Technicon
AA II) ascorbic acid method (Method 365.1, USEPA, 1993).

To help understand how labile or recalcitrant P stores in
soil were, we determined inorganic and organic P fractions in
wetland surface soils (0–10 cm). Soil P was fractionated using
the scheme devised by Ivanoff et al. (1998) and later described
in detail by Pant and Reddy (2001).

2.6. Laboratory analyses

All plant biomass, litter and soil samples were analyzed for
total phosphorus (TP), total carbon (TC), and total nitrogen
(TN). Total P content was determined on 0.5 g of finely ground
dry sample that was combusted at 550 ◦C in a muffle fur-
nace for 4 h. Loss on ignition (LOI) was determined as the
difference between initial sample weight and ash weight after
combusting. The remaining ash was then dissolved in 6 M HCl
(Andersen, 1976) and the digestate was analyzed for P using
the automated ascorbic acid method described previous. To
measure TN and TC in samples, ∼15 mg of finely ground sam-
ple was analyzed by dry combustion using a CNS analyzer
(Carlo Erba Model NA-1500).

2.7. Data and statistical analyses

Data distributions were tested for normality. If data were not
normally distributed prior statistical analyses, it was log trans-
formed. Statistical analyses were conducted on transformed
data and significant differences were determined at the
P < 0.05 level or lower. Using an analysis of variance (ANOVA),
we compared: hydroperiod between deep marsh, shallow
marsh and upland areas; nutrient concentrations in above-
ground plant biomass; nutrient concentrations of above-
ground plant biomass; P storages in ecosystem compartments.
Nitrogen (N) to P ratios were calculated as the reciprocal
of the linear slope between N and P concentrations of above-
ground plant biomass, plant litter, and soil. We used ANOVA
to determine whether the linear regression between N and P
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Fig. 2 – Hydroperiod of wetland zones and surrounding
uplands of Beaty and Larson Dixie sites that were
monitored during 2004 and 2005. BN, Beaty North; BS,
20 e c o l o g i c a l e n g i n e

concentrations were significant at the P < 0.05, and 0.01 levels.
Further, we used linear regressions and ANOVA to determine
significant relationships between soil total P and soil organic
matter as measured by loss on ignition (LOI).

3. Results

3.1. Wetland hydrology

Wetland hydroperiod based on the water levels recorded in
the well at the deepest portion of the wetland was 241, 262,
247, and 315 days for LE, LW, BS, and BN, respectively. Average
wetland hydroperiods were progressively longer for lower-
elevation wetland zones, such that deep marshes had longer
hydroperiods than surrounding shallow marsh/wet grassland
zones, which in turn, had longer hydroperiods than surround-
ing pasture uplands (Fig. 2). The Beaty North deep marsh zone
had a significantly longer hydroperiod relative to Larson Dixie
deep marsh zones (P < 0.05; Fig. 2). Beaty shallow marsh/wet
grassland zones had longer hydroperiods than similar zones
at Larson Dixie (P < 0.05). Fig. 2 also shows that the hydroperiod
of LW deep marsh zones were similar to shallow marsh/wet
grassland zones of all the other sites. Upland zones had the
shortest hydroperiods (∼20 days) (P < 0.05).

3.2. Phosphorus concentrations in above-ground
biomass

Live plant material had significantly greater P concentrations
compared to dead plant material (P < 0.05; Table 2). Phospho-

rus and nitrogen concentrations also varied between plant
species. Juncus effusus, Panicum hemitomon, and Andropogon
glomeratus tended to have lower P concentrations relative to
other species such as Paspalum accuminatum, Althernanthera
philoxeroides, and Polygonum sp. (Table 2).

Table 2 – Phosphorus, nitrogen and carbon concentrations of liv

Species Zone Life stage

Alternanthera philoxeroides Deep marsh Live
Eleocharis baldwinii Deep marsh Live
Ludwigia repens Deep marsh Live
Panicum hemitomon Deep marsh Dead
Panicum hemitomon Deep marsh Live
Paspalum accuminatum Deep marsh Dead
Paspalum accuminatum Deep marsh Live
Polygonum sp. Deep marsh Dead
Polygonum sp. Deep marsh Live
Pontedaria cordata Deep marsh Dead
Pontedaria cordata Deep marsh Live
Juncus effusus Shallow marsh Dead
Juncus effusus Shallow marsh Live
Other Shallow marsh Dead
Other Shallow marsh Live
Andropogon glomeratus Upland Dead
Andropogon glomeratus Upland Live
Paspalum notatum Upland Dead
Paspalum notatum Upland Live

Values are means ± 1SE.
Beaty South; LE, Larson East; LW, Larson West. Error bars
represent ± 1 standard error (SE).

During November 2004 and March 2005, P concentrations
in above-ground plant biomass collected in deep marsh zones
was significantly greater than the P concentrations in above-
ground plant biomass in shallow marsh/wet grassland areas,
which in turn, was significantly greater than the P concen-
trations in above-ground plant biomass in pasture uplands
(Fig. 3). During July 2005 there were significantly lower P
concentrations in above-ground plant biomass at both Beaty
wetlands relative to Larson Dixie wetlands (P < 0.01).
3.3. Biomass and litter characteristics

During November 2004, above-ground plant biomass (g m−2)
was similar between wetland and upland zones and similar

e and dead vegetation in the different landscape zones

Phosphorus (%) Nitrogen (%) Carbon (%)

0.45 ± 0.02 2.97 ± 0.16 38.72 ± 0.7
0.22 ± 0.08 2.3 ± 0.69 42.08 ± 1

0.185 ± 0.01 1.3 ± 0.17 42.38 ± 1.1
0.098 ± 0.01 1.39 ± 0.06 44.19 ± 0.3

0.2 ± 0.01 1.6 ± 0.10 42.98 ± 0.4
0.287 ± 0.03 2.26 ± 0.10 34.41 ± 1.7
0.338 ± 0.01 2.58 ± 0.10 39.47 ± 0.6

0.2 ± 0.01 1.89 ± 0.10 42.5 ± 0.7
0.306 ± 0.02 1.91 ± 0.12 41.89 ± 0.6
0.143 ± 0.01 1.74 ± 0.15 42.58 ± 0.7
0.297 ± 0.02 1.95 ± 0.11 39.98 ± 0.5
0.077 ± 0.01 1.14 ± 0.04 44.22 ± 0.2
0.143 ± 0.01 1.51 ± 0.07 45.41 ± 0.9
0.164 ± 0.01 1.69 ± 0.08 43.49 ± 0.2
0.236 ± 0.01 1.83 ± 0.07 42.01 ± 0.4
0.06 ± 0.02 0.88 ± 0.19 44.26 ± 0.4

0.111 ± 0.04 1.23 ± 0.31 44.31 ± 0.1
0.111 ± 0.01 1.34 ± 0.04 42.77 ± 0.2

0.19 ± 0.00 1.68 ± 0.03 42.48 ± 0.1



e c o l o g i c a l e n g i n e e r i n g

Fig. 3 – Phosphorus concentrations in above-ground plant
biomass of the four emergent marsh wetlands at Beaty and
Larson Dixie ranches during 2004 and 2005. BN, Beaty
North; BS, Beaty South; LE, Larson East; LW, Larson West.
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etween the four different sites (Table 3). However, during
arch and July (2005) above-ground plant biomass in Beaty
etlands was greater than the above-ground plant biomass

n Larson Dixie wetlands (P < 0.05). At Larson Dixie the pas-
ure uplands had greater above-ground plant biomass than
etland areas (P < 0.05); whereas at Beaty, wetlands had sig-
ificantly greater above-ground plant biomass than their
urrounding uplands.

At Beaty sites, plant litter collected in November 2004
as greatest in deep marsh areas and least amounts of lit-

er occurred in pasture uplands (P < 0.05). However, this was
ot the case during the other two sampling events. At Larson
ixie, wetland zones contained least amounts of plant litter
ompared to their surrounding pasture uplands during March
nd July (2005), whereas in November 2004, they contained
imilar amounts.
In general, below-ground plant biomass (g m−2) was much
reater than above-ground plant biomass (Table 3; P < 0.01).
elow-ground plant biomass was greater at Beaty than it was
t Larson Dixie (P = 0.046). The relative partitioning between
3 1 ( 2 0 0 7 ) 16–28 21

above- and below-ground plant biomass was greatest at Lar-
son Dixie sites, where below-ground plant biomass was about
eleven times greater than above-ground biomass; while at
Beaty, it was eight times greater. Table 3 also illustrates
that below-ground plant biomass was greatest prior the wet
period (November, 2004), whereas after it, below-ground plant
biomass decreased.

3.4. Nutrient ratios of ecosystem components

The nitrogen to P ratio was lower in above-ground plant
biomass relative to litter and soil (Fig. 4). The N and P con-
centrations in above-ground plant biomass in wetland zones
were greater than the N and P concentrations in above-ground
plant biomass in uplands (P < 0.05). There was no relation-
ship between N and P concentrations of below-ground plant
biomass tissue.

3.5. Phosphorus storage

Phosphorus storage in surface soils (0–10 cm) was greatest
(more than 87%; P < 0.001) relative to the sum of all other
ecosystem compartments (above-ground plant biomass, plant
litter, and below-ground plant biomass) (Fig. 5). Wetland soils
tended to have greater P stores than surrounding upland soils.
Larson Dixie deep marsh soils contained more P than Beaty
wetland deep marsh soils (P = 0.004). Shallow marsh/wet grass-
land and upland soils stored similar amounts of P across and
between sites; however, at BN, shallow marsh soils stored
more P than deep marsh and upland soils.

After soils, P storage was greatest in below-ground plant
biomass, which was greater than above-ground plant biomass,
and least in plant litter. In general, P storage in above-ground
biomass was greatest in wetlands relative to their surround-
ing uplands. At Beaty, there was a similar P storage gradient in
plant litter, with litter collected from deep marsh zones con-
taining significantly greater amounts of P relative to shallow
marsh/wet grassland zones, which had greater P storages rel-
ative to uplands. At Larson Dixie, this P storage gradient in
plant litter did not exist (Fig. 5). There was greater P storage
in litter collected from uplands relative to shallow marsh/wet
grassland zones.

Below-ground biomass of Beaty wetlands stored more
P, relative to below-ground biomass in their surrounding
uplands (Fig. 5). At LE, the typical trend of greater P storage
in wetland zones relative to uplands existed, with a lesser P
storage gradient at LW.

3.6. Relationships between soil phosphorus storage
and soil chemical characteristics

Between sampling periods, soil characteristics were rela-
tively uniform; therefore, we present results by zone and site
(Table 4). Typically, deep marsh soils of Beaty sites were wet-
ter, had greater amounts of organic matter, were more acidic
and had lower bulk density than soils at Larson Dixie (P < 0.05).

Similar patterns existed for shallow marsh/wet grassland
soils, with Beaty shallow marsh/wet grassland soils being sig-
nificantly wetter and having lower bulk densities than similar
soils at Larson Dixie. Larson Dixie deep marsh soils had greater
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Table 3 – Above-ground biomass, litter, and below-ground biomass of sampled wetland zones (deep marsh and shallow
marsh/wet grassland) and surrounding pasture uplands of Beaty and Larson Dixie sites

Date Zone BN (g m−2) BS (g m−2) LE (g m−2) LW (g m−2)

Above-ground biomass
11/1/2004 Deep marsh 502 ± 76 629 ± 137 495 ± 158 346 ± 108

Shallow marsh 235 ± 81 455 ± 85 207 ± 76 162 ± 24
Pasture upland 242 ± 50 264 ± 39 277 ± 48 248 ± 66

3/1/2005 Deep marsh 292 ± 97 379 ± 150 76 ± 38 52 ± 14
Shallow marsh 704 ± 172 497 ± 82 37 ± 8 27 ± 13
Pasture upland 295 ± 45 193 ± 55 213 ± 49 137 ± 33

7/1/2005 Deep marsh 341 ± 56 306 ± 40 76 ± 50 42 ± 28
Shallow marsh 533 ± 136 402 ± 69 59 ± 29 6 ± 2
Pasture upland 244 ± 35 265 ± 62 192 ± 20 233 ± 48

Litter
11/1/2004 Deep marsh 181 ± 55 323 ± 79 329 ± 169 369 ± 142

Shallow marsh 225 ± 87 238 ± 50 206 ± 56 198 ± 35
Pasture upland 70 ± 16 156 ± 27 190 ± 23 184 ± 38

3/1/2005 Deep marsh 204 ± 62 301 ± 88 549 ± 89 352 ± 56
Shallow marsh 128 ± 34 250 ± 41 45 ± 13 32 ± 11
Pasture upland 192 ± 39 250 ± 33 260 ± 47 253 ± 64

7/1/2005 Deep marsh 586 ± 141 186 ± 19 53 ± 12 177 ± 62
Shallow marsh 248 ± 143 207 ± 59 14 ± 10 24 ± 15
Pasture upland 101 ± 33 252 ± 91 196 ± 108 198 ± 67

Below-ground biomass
11/1/2004 Deep marsh 862 ± 319 977 ± 253 216 ± 69 643 ± 452

Shallow marsh 968 ± 232 643 ± 154 928 ± 222 1213 ± 396
Pasture upland 1336 ± 251 1641 ± 166 1521 ± 186 2441 ± 784

3/1/2005 Deep marsh 2204 ± 254 1791 ± 413 1072 ± 412 683 ± 227
Shallow marsh 2178 ± 428 2133 ± 352 1381 ± 228 663 ± 164
Pasture upland 1860 ± 482 1732 ± 50 2070 ± 297 890 ± 116

7/1/2005 Deep marsh 2464 ± 625 1662 ± 470 622 ± 320 313 ± 134
Shallow marsh 1121 ± 525 1872 ± 175 954 ± 294 1792 ± 249
Pasture upland 1934 ± 266 1423 ± 193 3595 ± 885 2048 ± 289

BN, Beaty North; BS, Beaty South; LE, Larson East; LW, Larson West. Values are means ± 1SE.

Table 4 – Soil physicochemical characteristics of wetland zones and surrounding pasture upland soils collected during
2004 and 2005

Zone Site Water content
(%)

Bulk density
(g cm−3)

pH LOI (%) TN (g m−2) TC (g m−2) 1 M HCl P
(g m−2)

Deep marsh

BN 62 ± 3 0.424 ± 0.04 4.9 ± 0.1 25 ± 3 304 ± 11 4365 ± 209 1.87 ± 0.1
BS 58 ± 4 0.463 ± 0.05 5.0 ± 0.1 28 ± 3 357 ± 26 5257 ± 437 2.28 ± 0.2
LE 49 ± 2 0.602 ± 0.03 5.3 ± 0.0 18 ± 2 429 ± 29 5453 ± 410 2.98 ± 0.2
LW 45 ± 2 0.660 ± 0.03 5.4 ± 0.1 15 ± 2 409 ± 26 4974 ± 411 2.96 ± 0.2

Shallow marsh/wet grassland

BN 48 ± 3 0.628 ± 0.05 4.9 ± 0.1 17 ± 3 323 ± 19 4442 ± 360 2.98 ± 0.4
BS 45 ± 3 0.666 ± 0.06 5.1 ± 0.1 16 ± 2 319 ± 20 4359 ± 328 1.95 ± 0.1
LE 34 ± 2 0.836 ± 0.03 5.3 ± 0.1 9 ± 1 321 ± 23 3503 ± 335 1.60 ± 0.2
LW 30 ± 2 0.867 ± 0.02 5.2 ± 0.0 9 ± 1 332 ± 23 3560 ± 327 3.03 ± 0.4

Pasture upland

BN 28 ± 1 0.804 ± 0.02 4.8 ± 0.1 12 ± 1 291 ± 10 4660 ± 268 2.14 ± 0.2
BS 27 ± 2 0.841 ± 0.03 5.1 ± 0.1 9 ± 1 272 ± 13 3427 ± 267 1.93 ± 0.1
LE 29 ± 2 0.844 ± 0.02 5.4 ± 0.0 8 ± 1 273 ± 15 2954 ± 211 3.20 ± 0.5
LW 30 ± 2 0.828 ± 0.02 5.1 ± 0.1 10 ± 1 316 ± 17 3526 ± 241 5.04 ± 1.0

BN, Beaty North; BS, Beaty South; LE, Larson East; LW, Larson West. Values are means ± 1SE. (n = 19).
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Fig. 4 – Graph of significant linear relationships between nitrogen (N) and phosphorus (P) concentrations in (a)
above-ground plant biomass, (b) litter, (c) soil, and (d) below-ground plant biomass. Diagonal line in each graph represents
a roca
a

s
w
L
t

F
b
b

n N:P ratio of 16. The N:P values in each graph are the recip
nd P concentrations.
torages of total nitrogen (TN) and inorganic P (as extracted
ith 1 M HCl) than Beaty (P < 0.05). Similarly, upland soils at

arson Dixie contained greatest amounts of inorganic P rela-
ive to upland soils at Beaty (Table 4).

ig. 5 – Zonal phosphorus storage in standing stocks of above-gr
iomass (c) and soil (d) of wetlands and surrounding uplands at
etween November 2004 and July 2005. Error bars represent 1SE.
l of the significant linear regression relationship between N
We found that deep marsh soils had greater organic
matter content than shallow marsh/wet grassland soils or
surrounding upland soils (P < 0.001). There were significant
relationships between soil total P and soil organic matter for

ound plant biomass (a) plant litter (b), below-ground plant
Beaty and Larson Dixie sites. Sites sampled three times
(n = 18).
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−1) an
ps be
Fig. 6 – Relationship between soil total phosphorus (mg kg
(LOI)%. Values are represented on a log scale. All relationshi

wetland soils, and upland soils (Fig. 6); however, the linear rela-
tionship between upland soil total P and soil organic matter
although significant, was not as good, compared to wetland
soils.
There were no significant differences between inorganic
and organic P fractions of wetland surface soils at the dif-
ferent sites (Fig. 7). We found total inorganic P fractions and
labile organic P fractions were about 8–12% of soil total P.

Fig. 7 – Phosphorus fractions in wetland surface soils
(0–10 cm) of Larson Dixie and Beaty wetlands. Total
Pi = total inorganic P (SRP in nonfumigated soil extracted
with NaHCO3 + SRP in HCl extract); Labile Org. P = labile
organic P (TP in nonfumigated soil extracted with
NaHCO3–SRP in nonfumigated soil extracted with NaHCO3);
MBP = microbial biomass P (TP in fumigated extract–TP in
nonfumigated extract); FAP = fulvic acid bound P (TP in
pretreated NaOH extract); humic acid bound P (TP in NaOH
extract–TP in pretreated NaOH extract) and ResP = residual
P. Values represent means ± 1SE.
d soil organic matter, as measured by loss on ignition
tween total P and LOI are significant at the P < 0.001 level.

The greatest organic P fractions in wetland surface soils were
microbial biomass P (MBP) and fulvic acid bound P (FAP). Micro-
bial biomass P was about 21% of soil total P; whereas FAP
was greater, being 33% of soil total P. On average, unavailable
organic P fractions (humic acid bound P) accounted for 14% of
soil total P, whereas highly recalcitrant organic P or P associ-
ated with minerals (Res-P) represented 12% of soil total P.

4. Discussion

4.1. Site hydrology

In general, Beaty wetlands had longer hydroperiods than Lar-
son Dixie wetlands (P < 0.05). The average hydroperiod of the
deep marsh zone at LW was more similar to other wetland
shallow marsh/wet grassland zones, suggesting LW was not
as wet as other sites. The ground surface elevation for most of
the wetland area at both Larson Dixie and Beaty wetlands was
below ditch ground surface elevation, suggesting that a suffi-
cient depth of water must accumulate in the wetland before
there is any discharge to the ditch. At each wetland, the mini-
mum wetland water depth required for ditch export of wetland
surface water was between 30 and 50 cm. Therefore, restor-
ing hydrology by ditch management (blocking ditches to hold
water within the wetland) may only be effective at wetland
water depths greater than these.

4.2. Phosphorus concentrations in above-ground plant

biomass

Above-ground plant biomass tended to have greater tissue
P concentrations than upland vegetation. Boyd (1978) sug-
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ests similar ranges for plant tissue P ranging between 0.1
nd 0.4% of dry weight. This study investigated a range of
ifferent wetland plant types including submersed, floating
nd emergent herbaceous vegetation. McJannet et al. (1995)
eport somewhat similar tissue P concentrations ranging
etween 0.13 and 1.07% dry weight. They also indicated total
bove-ground biomass (g dry weight m−2) did not vary with P
oncentrations in plant tissue. Knowing tissue P concentra-
ions in above-ground biomass could be useful for measuring
he effectiveness of restoration (Whigham et al., 2002), as
ncreases in tissue P concentration may indicate a greater
otential for plant P storage.

.3. N:P ratios

bove-ground plant biomass in wetlands and uplands were
limited, as both above-ground plant biomass and plant

itter had lower N:P ratios than 16 (Fig. 4). Koerselman and
euleman (1996) determined that vegetation with an N:P ratio

16 were P limited, while a N:P ratio less than 14, suggests veg-
tation was N limited. In a study similar to ours, Gathumbi
t al. (2005) also suggested above-ground plant biomass of
etlands in subtropical improved and unimproved pastures
f south Florida were N limited. Nitrogen to P ratios have

mplications for hydrologic restoration, as at the vegetation
ommunity level, if N is limiting, P uptake by vegetation may
e increased by adding N. This may have positive short-term
ffects on water quality by increasing plant P uptake. How-
ver, P storage by vegetation is regarded as short-term storage,
ith substantial amounts of P being released at the end of the

rowing season (Richardson and Marshall, 1986) and/or during
inter dry periods (Reddy and DeBusk, 1991).

Typically, marshes have lower N:P ratios in live plant
iomass relative to live plant biomass in bogs, fens and
wamps (Bedford et al., 1999). Bedford et al. (1999) investigated
utrient availability in temperate US wetlands and suggested
lant litter had higher N:P ratios relative to live biomass.
lant litter P concentrations ranged between 0.004 and 0.64%.
imilarly, we found higher N:P ratios in litter relative to above-
round biomass.

Walbridge (1991) reported that the N:P ratios of organic
oils they collected decreased with increasing P availability.
itrogen to P ratios for organic soils in their study ranged
etween 17 and 57. Our study indicated that N:P ratios of his-
orically isolated wetland soils were on the low end of this
ange. This may be because wetlands on more mineral soils
end to have lower N:P ratios than those on more organic soils
Bedford et al., 1999). Bedford et al. (1999) found temperate

arsh soils to have a N:P ratio of 9, whereas bogs and fens had
lightly higher N:P ratios of 24. We hypothesize that hydrologic
estored wetlands should have greater N:P ratios in surface
oils relative to un-restored wetland soils, as P availability in
oil may decrease. Therefore, knowing N:P ratio of soils may
e useful, to help evaluate the effect of hydrologic restoration
n P storage.

Surprisingly, we found few relationships between the N:P

atios of the different ecosystem compartments. For example,
here was no correlation between the N:P ratio in soil rela-
ive to the N:P ration in plant litter. Klopatek (1978) suggested
hat attempts to relate levels of nutrients in soil and water to
3 1 ( 2 0 0 7 ) 16–28 25

emergent macrophytes can result in weak correlations, due to
environmental factors including seasonal changes in concen-
trations, nutrient regimes, and loss of nutrients to the water
column.

4.4. Plant biomass

After the wet period (November 2004), there was little differ-
ence in above-ground plant biomass between wetlands and
uplands (Table 3). During the study, biomass ranged between 6
and 533 g m−2. For emergent marsh tidal wetlands in the mid-
Atlantic coastal region (USA), standing stock biomass is least
in species such as Pontedaria sp. (682 g dry wt. m−2), and great-
est in species such as Typha sp. (1215 g dry wt. m−2) and Zizania
sp. (1218 g dry wt. m−2) (Whigham et al., 1978).

In our study, above-ground plant biomass was greater in
Beaty wetlands relative to their surrounding uplands; how-
ever, during dry periods (March 2005 and July 2005) the reverse
was true at Larson Dixie. We hypothesize that these reverse
trends exist at Larson Dixie due to cattle grazing, as we
observed (but did not measure) a high intensity of cattle graz-
ing in shallow marsh/wet grassland areas at Larson Dixie.
Therefore, it may be possible that cattle grazing reduced
above-ground biomass at Larson Dixie, thereby limiting source
material for litter production.

Relative to above-ground biomass, below-ground biomass
can be similar to or greater than above-ground biomass (Van
der Valk and Davis, 1978). Below-ground plant biomass in this
study was much greater than above-ground plant biomass,
with the magnitude of difference being greater at Larson Dixie
wetlands relative to Beaty, which was probably magnified by
cattle grazing effects at Larson Dixie.

For Iowa prairie marshes and other freshwater wetlands
mostly in northern wetlands of the USA, researchers report
below-ground plant biomass values can range between 130
and nearly 2000 g dry wt. m−2 (Bernard and Gorham, 1978 Van
der Valk and Davis, 1978). Bernard and Gorham (1978) report a
below-ground plant biomass production rate for sedge dom-
inated wetlands of about 200 g m−2 year−1. Relative to these
studies, our measurements suggest emergent marsh wetlands
in improved grazing pastures of south Florida have relatively
high below-ground plant biomass.

4.5. Plant biomass and litter phosphorus storage

Phosphorus storage in above-ground plant biomass was great-
est in wetland areas relative to uplands suggesting that
there was a P storage gradient. Similarly, Whigham et al.
(2002) observed P storage gradients in restored wetlands
of Maryland’s (USA) coastal plain. Phosphorus storages in
above-ground plant biomass was similar (0.2–0.5 g m−2) and
they observed greater P storage in temporary and emer-
gent/seasonally inundated areas relative to permanently
flooded areas.

Plant litter P stores in our study were about half of what
Kadlec and Knight (1996) report for an enriched peatland

(1.25 g P m−2). In enriched wetlands relative to unenriched
wetlands, increases in plant litter P concentrations can
increase decomposition rates (Qualls and Richardson, 2000).
These findings have implications for hydrologic restoration, as
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with restoration, deep marsh zones would potentially increase
in area. Above-ground plant biomass and plant litter collected
from deep marsh zones had greatest stores of P, which implies
if these deep marsh zones increased in area, so would P stor-
age, thereby increasing decomposition rates. Decomposition
rates affect organic matter accretion, which provides long-
term storage of P (Pant and Reddy, 2001).

Phosphorus storage in below-ground plant biomass was
greatest for wetlands relative to uplands, but not always, with
P storage in below-ground biomass being variable through
time. Prentki et al. (1978) in their studies of lakeshore marshes
dominated by Typha latifolia in Wisconsin USA determined
maximum P standing stocks of 4.3 g m−2. With the onset of the
growing period, nearly a third of total P stored in below-ground
biomass was translocated to above-ground parts, while with
the onset of plant senescence; P was transported back to
below-ground portions. Translocating P from above-ground to
below-ground tissue after a growing cycle can range between
20 and 75% of P stored in above-ground biomass (Prentki et al.,
1978; Wetzel, 2001; Reddy et al., 1999).

Little if no information exists on the impact of hydrologic
restoration on below-ground plant biomass P storage and the
translocating of P from below to above biomass and visa versa.
We hypothesize that hydrological restoration may increase P
storage in below-ground plant biomass by increasing wetland
area, as there were greater P stores in below-ground plant
biomass collected from most wetland zones.

4.6. Soil phosphorus storage

Our findings, in addition to others, suggest soil is the most
important ecosystem storage compartment for long-term P
storage (Reddy et al., 1999; Bridgham et al., 2001). In the past,
wetland mesocosm mass balance studies reported soils stored
about 68% of total ecosystem P stores (Dolan et al., 1981). Fur-
ther, at Houghton Lake fen (MI, USA) soil (peat to a depth of
20 cm) stored greater than 97% of P, relative to above-ground
biomass and plant litter (Richardson et al., 1978). In general,
our study found that wetland surface soils (0–10 cm) con-

tained more P than surrounding upland soils, implying greater
P storage as a function of landscape position. Organic mat-
ter seemed to control total P content of wetland soils. Axt
and Walbridge (1999) reported good relationships between P

Table 5 – Potential areal P storage capacity of wetlands

Site Area (ha) Total P storagea (kg ha−1)

Wetlands Upland

Beaty North 1.5 161 ± 10 118 ± 5
Beaty South 1.1 142 ± 14 114 ± 4
Larson East 1.1 160 ± 15 148 ± 17
Larson West 2.2 162 ± 22 167 ± 27

Values represent means ± 1SE.
a Total P storage is the sum of P storages in all ecosystem compartments (

soil (0–10 cm)).
b P storage capacity with increased wetland area was calculated as the

multiplied by a 5, 10, and 20% increase in wetland area.
g 3 1 ( 2 0 0 7 ) 16–28

sorption of palustrine forested wetland surface soils (0–15 cm)
and soil organic matter (R2 = 0.78). They also investigated a
P gradient and reported forested wetland soils had higher P
sorption capacities than streambank and surrounding upland
soils.

Larson Dixie upland soils had greater amounts of inorganic
P (extracted with 1 M HCl) relative to soil total P (24–29%), in
comparison to Beaty upland soils (20–21%), which suggests
Larson Dixie soils were impacted by greater amounts of nutri-
ents, possibly a result of greater grazing pressure.

Microbial biomass P and FAP were slightly greater in Larson
Dixie wetland soils relative to Beaty. Microbial biomass P rep-
resents a bioavailable fraction of soil organic P, whereas fulvic
acid bound P, which is plant derived, is moderately available
(Reddy et al., 1999).

Both total inorganic P and labile organic P were less than
13% of soil total P, which is high relative to other studies.
Reddy et al. (1998) reported labile inorganic P fractions ranged
between 1 and 4% of soil total P, for surface soils of different
hydrological units in Water Conservation Areas of Florida’s
Everglades. Walbridge (1991) found only a small part of soil
total P being in an extractable form (∼3%) in organic soils
along a landscape continuum. Although labile soil P fractions
may only represent a small fraction of soil total P, they can be
responsible for most of the P flux from soil to overlying water
(Pant and Reddy, 2001). Labile soil P fractions such as water
soluble P can help explain a large amount of the variability in
P flux from soil to water; however, other factors including soil
physicochemical characteristics and P concentration in over-
lying water affect P flux from soil to overlying water (Pant and
Reddy, 2003).

In general, our study suggests that most P in emergent
marsh wetland soils was stored in organic forms and about
58% of total P may be slowly available or recalcitrant; thereby
being relatively unavailable to overlying wetland waters.
These findings are somewhat similar to Reddy et al. (1998).
They found 37–70% of P was stored in organic forms for surface
soils (0–10 cm) collected from different hydrological units of
the Everglades. In other wetland systems such as natural and

recently restored peatlands, 67% of soil total P can be present
in recalcitrant forms such as humic acid bound P and residual
P (Graham et al., 2005). Phosphorus forms stored in the more
recalcitrant forms such as residual P can represent long-term

Additional P storage capacity with
increased wetland areab (kg ha−1)

5% 10% 20%

3.3 ± 0.9 6.3 ± 1.5 13.3 ± 3.0
1.7 ± 0.7 3.0 ± 1.0 6.3 ± 2.3
0.7 ± 0.9 1.7 ± 2.0 2.7 ± 4.3

−0.7 ± 0.7 −1.3 ± 1.3 −2.7 ± 2.7

above-ground plant biomass, litter, below-ground plant biomass and

difference between total P storage of wetland relative to upland,
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torage; however, the proportion of residual P stored can be
ffected by variations in hydrology, with dry conditions hav-
ng the potential to decrease residual P proportions (Reddy et
l., 1998).

Typically, wetland soils are characterized by slow turnover
f organic matter, due to flooding (Fisher and Reddy, 2001),
s flooding slows decomposition. Under hydrologic restored
onditions, duration and frequency of wetland flooding would
ncrease; therefore, decomposition of organic material and
elease of organic bound nutrients would also decrease
McLatchey and Reddy, 1998). Further, flooding would promote
rganic matter accretion rates, which typically is the control-

ing factor for long-term P storage (Richardson and Marshall,
986).

.7. Phosphorus storage and hydrologic restoration

n the absence of any post-hydrologic wetland restoration
ata, we present a hypothetical scenario of the potential effect
estoration may have at Larson Dixie and Beaty wetlands
Table 5). We increased wetland area by 5, 10 and 20% and
etermined increased total P storage capacity (P stored in
lant biomass, plant litter and soil), as the difference between
resent ecosystem P storages of wetlands relative to uplands.
e multiplied this by the increase in wetland area at each

ndividual site. Relative to present ecosystem total P stores in
etlands, increased total P storage capacity ranged between

.5 and 9%, with no P storage being potentially gained at LW.

. Conclusions

uring this study, wetland hydroperiods recorded in the deep-
st location of the wetland suggested that hydroperiods were
omewhat similar between wetlands. Most of the P stored
ithin historically isolated wetlands is stored in soil relative

o other ecosystem compartments such as plant biomass, and
lant litter. In general, a P storage gradient existed between
etland zones and surrounding uplands, as wetlands tended

o store more P than surrounding uplands.
Above-ground wetland plant biomass had greater tissue P

oncentration than surrounding upland plant biomass, which
uggests that hydrologic restoration (by increasing wetland
rea) could increase P storage in above-ground plant biomass.
bove-ground plant biomass was N limited; therefore, adding
to facilitate P uptake by plant biomass, may also be benefi-

ial for increased P storage. This increase should be considered
hort-term.

Wetland soils contained more organic matter than sur-
ounding upland soils and there was a good relationship
etween wetland soil total P and soil organic matter. The
reater amounts of plant biomass in wetland zones and
he subsequent accumulation of plant litter is critical for
ong-term P storage. Soil organic matter accumulation in our
tudied wetlands may be impacted by cattle. Wetland restora-
ion efforts need to take into account ecosystem disturbance

y cattle (physical trampling, grazing, and nutrient impacts) as
e think this has implications for restoration. Increasing wet-

and area by 20% could potentially increase wetland P storage
y about 13 kg P ha−1; however, this may be site-specific.
3 1 ( 2 0 0 7 ) 16–28 27
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