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a b s t r a c t

Phosphorus (P) release from wetland soils to overlying waters is important to consider when restoring
wetland hydrology. Soil physicochemical characteristics influence P dynamics between underlying soil
and overlying water. Our study initially characterized wetland and surrounding upland soils prior to
flooding. Deep marsh wetland soils had greater moisture content, soil organic matter, nitrogen (N), P,
and lower bulk density than surrounding upland pasture soils, which indicates a nutrient concentration
gradient between wetland and upland soils. To determine the short-term P dynamics between soils and
overlying water, we conducted four laboratory soil water core studies during a 15-month period. Surface
soils (0-10 cm) collected October 2005, February 2006, October 2006 and December 2006 from wetlands
and their surrounding uplands within cow-calf grazed pastures were flooded for 7 days, and we mea-
sured P release from soil to overlying water. Phosphorus release rates from wetland (deep marsh and
shallow marsh) and upland soils were similar. Values ranged between −20 mg m−2 d−1 (retention) and
77 mg m−2 d−1 (release). There was a significant, although weak, negative linear relationship between P

release from deep marsh soils and hydroperiod. Thus, it may be important for land managers to consider
increasing hydroperiod of wetland soils to decrease P release and increase retention. In addition, there
was a significant negative exponential relationship between P release and days since deep marsh soil
inundation. This suggests that to decrease P release from soils, soils should be wet rather than dry for
prolonged periods, prior to flooding. We found significant relationships between P release from upland
soils and their nutrient content (N, P and carbon). Reducing nutrient content in upland soils may help
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reduce the magnitude of P

. Introduction

Nutrients exported from non-point sources such as agricultural
astures can contribute to eutrophication in downstream surface
aters such as ditches, canals, wetlands, rivers, and lakes (Vadas

t al., 2009). Therefore, water and phosphorus (P) management in
razed pastures and managed wetlands are important to reduce
utrient loading to downstream water bodies. Many agricultural
anagement practices are implemented to reduce nutrient export
Please cite this article in press as: Dunne, E.J., et al., Soil phosphorus flux from
Ecol. Eng. (2010), doi:10.1016/j.ecoleng.2010.06.018

y a combined approach of reducing and balancing inputs and
utputs at field-, farm- and watershed-scales (Sharpley et al.,
001b). Practices often include reducing and/or limiting the use
f phosphate fertilizers, reducing soil erosion and water runoff,
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ohns River Water Management District, 4049 Reid Street, Palatka, FL 32177, United
tates. Tel.: +1 352 6721202; fax: +1 352 392 3399.
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ase from soil.
© 2010 Elsevier B.V. All rights reserved.

nd protecting riparian and wetland areas to buffer stormwater
ows (Bottcher et al., 1995; McDowell et al., 2001; Sharpley et al.,
001a,b). However, while reducing nutrient export and the amount
f P entering receiving water bodies, these practices often do not
ddress the internal supply of nutrients present (Fisher and Reddy,
001). In some instances, the internal supply of nutrients in receiv-

ng systems can be in excess of the external nutrient loading (Fisher
nd Reddy, 2001; Søndergaard et al., 2003; Bostic and White, 2007).
his can occur due to sustained historical P loading, resulting in P
ccumulating in soils and sediments. For example, water flowing
nto historically loaded wetlands will have lower P concentrations
ecause of improved management practices that have reduced P
pplication and export from upland systems. This creates a P con-
entration gradient from the underlying soil, or sediment, to the
emergent marsh wetlands and surrounding grazed pasture uplands.

ncoming water, causing P to move from soil porewater to the
verlying water column (Moore et al., 1998).

Phosphorus release from historically P loaded soil/sediment to
verlying water is typically a result of a diffusion-controlled pro-
ess due to a P concentration gradient between underlying soil and

dx.doi.org/10.1016/j.ecoleng.2010.06.018
dx.doi.org/10.1016/j.ecoleng.2010.06.018
http://www.sciencedirect.com/science/journal/09258574
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verlying water (Reddy et al., 1999). However, P can also flux from
oils to overlying water via advective processes. Advective P release
an be caused by bioturbation, the feeding activities of inverte-
rates in underlying soil, and it is the bulk movement of soil pore
ater to the over lying water column (VanRees et al., 1996).

Several researchers report that the internal supply of nutrients
n wetland and other flooded soils and sediments can result in
utrient release from soil to overlying water (Marsden, 1989; Fisher
nd Reddy, 2001; Aldous et al., 2007; Bostic and White, 2007).
elease of P to overlying water depends upon various soil/sediment
haracteristics and environmental conditions such as pH (Moore
nd Reddy, 1994; Olila and Reddy, 1995); iron and aluminum
ontent in underlying acidic soil (Richardson, 1985); calcium and
agnesium concentrations in underlying alkaline soil (Froelich,

988); soil and water temperature, which influences microbial
ctivity (Malecki et al., 2004); P concentration in overlying water
nd underlying soil (Pant and Reddy, 2003; Novak et al., 2004);
ineralization of soil organic P (Fisher and Reddy, 2001); oxy-

en content and ionic strength of overlying floodwater (Ryden
nd Syers, 1975); soil redox conditions (Patrick and Khalid, 1974;
iikanen et al., 2004); and antecedent soil hydrological conditions
Olila et al., 1997; Dunne et al., 2006; Aldous et al., 2005).

Hydrological factors such as flooding, drawdown and
ntecedent hydrological conditions can also significantly influence
dynamics (Pant and Reddy, 2003; Aldous et al., 2005; Dunne et

l., 2006) between soil and water. Pant and Reddy (2003) observed
hat P release from P loaded soils decreased as the number of
ooding cycles increased, whereas in another study, they sug-
ested that drawdown periods of about 30 days prior to flooding
educed release rates, increased humification, and immobilized P
y induced microbial activity (Pant and Reddy, 2001a).

The objectives of this study were to evaluate whether a nutrient
oncentration gradient exists between wetland and upland grazing
asture soils, determine P release from soils along a hydrological
radient from wetland to surrounding grazed upland improved
asture, and determine the relationships between physicochem-

cal characteristics of wetland and upland soils and P release. This
tudy is important as land managers are restoring the hydrology of
istorically hydrologic isolated wetland systems for the purposes
f water and nutrient storage. Although wetland soils typically
ct as long-term sinks for nutrient storage, P release can occur
n the short-term. We hypothesize that this short-term release
f P from wetland soils is less than the P release from uplands
oils, with this difference being influenced by soil physicochemical
haracteristics, such as soil organic matter and nutrient content.

e also hypothesize that hydrologic factors such as hydroperiod
nd antecedent hydrologic conditions contribute to the P dynamics
etween underlying soil and overlying floodwater.

. Methods

.1. Site description

All soils were collected from four small (<2 ha) natural wetlands
ocated in cow-calf grazing pastures in the Okeechobee Basin, South
lorida (Dunne et al., 2007): two on Beaty Ranch (N 027◦ 24.665′, W
80◦ 56.940′), and two on the Larson Dixie Ranch (N 027◦ 20.966′, W
80◦ 56.465′) (Fig. 1). Wetlands on the same ranch were less than
km apart. Cow-calf grazing pastures that surrounded wetlands
Please cite this article in press as: Dunne, E.J., et al., Soil phosphorus flux from
Ecol. Eng. (2010), doi:10.1016/j.ecoleng.2010.06.018

ere grazed at a cattle-stocking density of about 1 head/ha at Lar-
on Dixie and about half this at Beaty Ranch. Cattle typically grazed
n upland pasture year-round and were not restricted from graz-
ng in or near wetland areas. Wetlands were unfenced and during
ummer periods, cattle used wetland areas as cooling ponds.

B
t
r
w
e

ig. 1. (a) Florida outline with county boundaries. (b) Location of Larson Dixie and
eaty ranches relative to Lake Okeechobee. Grey lines are county boundaries and
lack lines are watershed boundaries.

Prior to field sampling, vegetative communities and basin mor-
hology were used to stratify the wetland and surrounding pasture
pland into zones similar in vegetation community structure to
an der Valk (1989). The wetland center zone was categorized as
deep marsh.” These areas had open water present during wetland
ooding. Typical vegetation species included Pontedaria cordata
ar. lancifolia (Muhl.) Torr., Bacopa monnieri (L.) Pennell, Panicum
emitomon Schult., Polygonum sp., and Ludwigia repens Forst. The
econd zone was a transition zone, “shallow marsh.” There was
vidence of flooding, but this area was often dry during field sam-
ling. A concentric ring of Juncus effusus L. demarcated the outer
xtent of this zone. Other species present included Eleocharis bald-
inii (Torr) Chapm, Paspalum acuminatum Raddi, and Hydrochloa

aroliniensis Beauv. The third zone was classified as “wet meadow”
here P. acuminatum Raddi was very common. The final zone iden-

ified was the surrounding “pasture upland,” which was dominated
y forage grass Paspalum notatum Flugge.

Wetlands at Larson Dixie were embedded in an upland pasture,
hich had soils classified as Siliceous, hyperthermic Spodic, Psam-
aquents (Basinger series). Upland pasture soils at Beaty Ranch
ere Sandy, Siliceous, hyperthermic Typic Humaquepts (Placid

eries) (Lewis et al., 2001). All soils were formed from sandy marine
ediments, were deep and poorly drained.

.2. Hydrology

Each wetland was drained by a ditch that transported water
ff-site during high water events. However, these wetlands
ere historically hydrologically isolated from surrounding surface
aters. In an overall water budget of the sites, Min et al. (2010)

stimated that hydrologic inflow to the wetlands was 79% rainfall.
urface runoff from surrounding pasture and backflow contributed
9%. Groundwater recharge was dependent on ditch elevation and
uctuated between 5% and 57% of total outflows. Ten to forty-three
ercent of the total outflow was evaporation/transpiration, with
he remainder being ditch flow out of the wetland.

The relative elevation of each soil sample location (n = 102) was
easured during soil sampling events in October 2005, October

006 and December 2006. These elevations were used to help
alculate hydroperiod for a given soil sample location. Relative ele-
ations were not measured for soil sample locations in February
006. In addition, in December 2006, no elevations were taken at
emergent marsh wetlands and surrounding grazed pasture uplands.

eaty sites. Relative elevations were not taken on these dates due
o field logistical difficulties. Measured relative elevations were
eferenced to a groundwater well in the deepest portion of each
etland to determine water depth and ultimately hydroperiod for

ach respective soil sample location (Dunne et al., 2007). Water

dx.doi.org/10.1016/j.ecoleng.2010.06.018
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evels in groundwater wells at Larson Dixie were monitored from
uly 2003 until April 2006 and water levels in Beaty wells were

onitored from December 2003 until March 2006. In addition to
alculating hydroperiod for a given soil sample location, we also
alculated the number of days a soil sample location was inundated,
rior to sampling. We called these values “days since inundation”
nd used it as a proxy for antecedent soil hydrological conditions.
he temporal nature of these wetlands was one of our justifica-
ions for undertaking a similar core study several times during a
5-month period, as sites became progressively dry. There was a
rolonged drought in the Okeechobee Basin during 2005 and 2006.

.3. Soil sampling

Soil samples collected on 7 October 2005 were characterized for
suite of soil physicochemical characteristics (described below).

ntact soil cores (0-10 cm) were taken along three transects that
xtended from the center of each wetland, to surrounding pasture
pland. Along each transect, 3 intact soil cores were taken in the
etland (deep marsh, shallow marsh, wet meadow) and one intact

ore was taken in the pasture upland. Therefore, 12 soil cores were
aken at each site. Cohen et al. (2008) suggested that in similarly
ized wetlands that soil samples collected within 30–60 m of each
ther had similar biogeochemical characteristics; therefore, sam-
les were auto correlated in space. To ensure that our replicate
amples per zone were independent of each other, we sampled
oils along and between transects that were typically greater than
0 m apart.

Polycarbonate tubes (7.5 cm internal diameter × 0.3 cm wall
hickness × 15 cm in length) were sharpened at one end and ham-

ered to a soil depth of 15 cm. Tubes were then removed from soil
nd extruded out of the core tube from the bottom up, using a ram-
od. Soil was sectioned at a 10 cm depth from the surface, while the
emaining 5 cm core was discarded. Each sample was placed into a
re-labeled zip lock bag and put on ice in a cooler. Soils were trans-
orted back to the laboratory, where they were stored at 4 ◦C until
repared for physicochemical analyses.

.4. Experimental core studies

For experimental core studies, intact soil cores (0-10 cm) were
ollected on 7 October 2005, 2 February 2006, 20 September 2006,
nd 12 December 2006. During the 15-month period, there was
prolonged drought at all sites; therefore, as time increased, site
oisture also decreased. During each sampling event, 9 intact soil

ores were collected from each wetland and 3 soil cores were col-
ected from the surrounding upland.

Upon collection, tubes with intact soil cores were placed on
ce, transported back to laboratory and stored at 4 ◦C for 1 week
ntil laboratory experiments were conducted. Prior to undertaking
xperimental core studies, the cap covering the top of each intact
ore tube was removed. To prevent air and water leakage from
he bottom of core tubes, the cap on the bottom of each tube was
ealed with a metal clamp. Each soil core tube was then wrapped in
luminium foil to prevent soil exposure to light and algal growth.
oils in core tubes were initially wetted with Kissimmee River
ater until surface appeared saturated. Once saturated, soils were
ooded with a volume of Kissimmee River water equivalent to a
ater depth of 15 cm. All soil core tubes were placed at random

nto glass aquariums. To maintain isothermal conditions and pre-
Please cite this article in press as: Dunne, E.J., et al., Soil phosphorus flux from
Ecol. Eng. (2010), doi:10.1016/j.ecoleng.2010.06.018

ent water leakage from core tubes, the aquariums were filled with
ap water until their water depth was equal to that of floodwaters
n the core tubes. Temperature loggers iButton® (Dallas Semicon-
uctor Corp., Dallas, Texas) were placed in the aquariums to record
mbient water temperature.
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Sampled wetlands were typically not flooded during sampling
vents; therefore, we could not collect site water to flood soils
uring laboratory core studies. Instead, at each time of sam-
ling, Kissimmee River water was collected and used to flood
ores. The Kissimmee River is near (∼15 km) wetland study sites.
hosphorus concentrations were initially measured in Kissim-
ee River water, which was collected in October 2005; February

006; September 2006; and December 2006. Sampled water
as passed through a 0.45 �m disc filter into a 20 mL scintil-

ation vial. Filtered water was analyzed for soluble reactive P
SRP) using an automated ascorbic acid method (Method 365.1;
SEPA, 1993). Soluble reactive P concentrations in water for

he October 2005, February 2006; September 2006, and Decem-
er 2006 core study was 0.16 ± 0.02, 0.08 ± 0.001, 1 ± 0.13, and
.14 ± 0.01 mg SRP L−1, respectively. Concentrations represent an
verage ± one standard deviation of three samples taken at the time
f sampling.

Overlying floodwater in each tube was sampled on days 0, 1, 2, 5,
nd 7. Ten milliliter of floodwater was sampled from each core tube
sing a syringe placed about 7 cm below the water surface. Soluble
eactive P concentrations in sampled floodwater was filtered and
nalyzed as previously described.

The areal mass of SRP in the water column was determined on
ach day of sampling as the product of the measured SRP concentra-
ion in water, multiplied by the volume of overlying water, divided
y the underlying soil surface area. Sample volume of each sam-
ling event was accounted for by subtracting the sampled volume
rom the overlying water volume. This was about 1% of the total
ater volume on each day of sampling and less than 5% during the
days.

Phosphorus release rate was determined similarly to Pant and
eddy (2003). Briefly, P flux (mg m−2 d−1) is the linear slope
etween the cumulative areal mass of SRP in the overlying water
mg m−2) on days 0, 1, 2, 5, and 7, y-axis, regressed against time
days 0, 1, 2, 5 and 7) on the x-axis.

.5. Physicochemical characteristics of soils

The following soil physicochemical parameters were measured
n soils collected in October 2005: pH, water content, bulk density,
otal P (TP), total nitrogen (TN), total carbon (TC), organic mat-
er (as measured by loss on ignition [LOI]), inorganic P extracted
ith 1 M HCl, and water-extractable P (WEP). These characteris-

ics were measured to physically and chemically characterize soils,
s soil characteristics are important for soil water dynamics (Pant
nd Reddy, 2003). Soil pH was measured in a 1:2 soil to water
atio. A known mass of field moist soil was then dried for 72 h
t 70 ◦C and the net percentage difference between wet and dry
eights was quantified as soil moisture content. Soil bulk density
as determined using a simplified coring method similar to Blake

nd Hartge (1986). Soil TP concentration was determined on 0.5 g
f finely ground dry soil that was combusted at 550 ◦C in a muf-
e furnace for 4 h. Ash was then dissolved in 6 M HCl (Andersen,
976) and digestate analyzed for P using the automated ascor-
ic acid method (Method 365.1; USEPA, 1993). Depending on soil
extural components, 5–60 mg of dried finely ground soil was ana-
yzed for TC and TN by dry combustion using a C–N–S analyzer
Carlo Erba Model NA-1500). To determine inorganic P, soils (0.5 g
f finely ground and sieved to 2 mm) were extracted with 25 mL
f 1 M HCl. Samples were then centrifuged for 10 min at 6000 rpm
emergent marsh wetlands and surrounding grazed pasture uplands.

nd filtered through 0.45 �m filter paper using a vacuum filtration
ystem. Soluble reactive P was analyzed using an automated ascor-
ic acid method as previously mentioned. To quantify WEP, field
oist soils were extracted with DDI water for 1 h at a soil to solu-

ion ratio of 2 g of dry, ground, and sieved soil to 20 mL of water.

dx.doi.org/10.1016/j.ecoleng.2010.06.018
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Table 1
Soil physicochemical characteristics of the different wetland zones (deep marsh, shallow marsh, and wet meadow) and surrounding pasture upland soils at Beaty ranch
(BN = Beaty North; BS = Beaty South) and Larson Dixie ranch (LW = Larson West; LE = Larson East) and. Values represent a mean (± one standard deviation) (n = 3).

Parameter Site Deep marsh Shallow marsh Wet meadow Upland

Moisture content (%) BN 80.8 (3) 56.8 (8) 50.4 ND 35.0 (3)
BS 73.8 (3) 80.2 (0) 57.1 (13) 32.7 (5)
LE 57.6 (2) 42.4 (4) 26.9 (3) 32.9 (7)
LW 45 (6) 26.3 (6) 33.4 (11) 42.4 (2)

Bulk density (g cm−3) BN 0.345 (0.04) 0.840 (0.36) 0.646 ND 0.649 (0.22)
BS 0.329 (0.08) 0.278 (0.03) 0.649 (0.61) 0.866 (0.14)
LE 0.560 (0.11) 0.786 (0.18) 0.945 (0.15) 0.800 (0.17)
LW 0.759 (0.10) 0.962 (0.10) 1.013 (0.03) 0.667 (0.01)

Total P (mg kg−1) BN 546 (170) 315 (208) 404 ND 173 (5)
BS 408 (102) 825 (185) 376 (136) 226 (150)
LE 461 (171) 363 (105) 159 (60) 365 (261)
LW 432 (78) 221 (120) 250 (182) 288 (27)

TN (%) BN 1.110 (0.28) 0.583 (0.22) 0.573 ND 0.369 (0.02)
BS 1.180 (0.60) 1.843 (0.37) 0.858 (0.33) 0.442 (0.12)
LE 1.256 (0.33) 0.818 (0.20) 0.439 (0.11) 0.629 (0.29)
LW 0.851 (0.22) 0.590 (0.23) 0.604 (0.36) 0.664 (0.13)

TC (%) BN 18.373 (5.12) 8.080 (4.03) 9.800 ND 5.708 (0.03)
BS 18.216 (9.75) 27.969 (7.00) 12.583 (5.14) 6.174 (2.77)
LE 16.063 (4.52) 10.225 (2.81) 4.793 (1.38) 7.616 (4.55)
LW 10.920 (3.11) 6.522 (3.35) 6.744 (5.39) 9.603 (2.16)

WEP (mg kg−1) BN 1.25 (0.31) 1.57 (1.13) 0.16 ND 0.58 (0.36)
BS 4.22 (0.79) 2.53 (1.30) 1.33 (0.13) 0.89 (0.85)
LE 1.43 (0.24) 1.22 (0.26) 0.97 (0.48) 1.87 (2.30)
LW 1.91 (0.36) 2.75 (1.60) 2.38 (2.94) 0.47 (0.41)

1 M HCl P (mg kg−1) BN 84.57 (38.66) 43.87 (16.10) 68.47 ND 26.12 (7.31)
BS 80.97 (22.23) 143.13 (38.06) 64.64 (16.89) 34.05 (18.27)
LE 76.04 (11.66) 55.82 (4.90) 24.25 (12.96) 81.50 (61.11)
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LW 59.43 (10.97) 31

D, not determined.

amples were then centrifuged, filtered, and analyzed for SRP as
reviously described.

.6. Statistical analyses

Data distributions were tested for normality. If data were not
ormally distributed prior to statistical analyses, they were log
ransformed to approximate normality. If data still did not approx-
mate normality, then a non-parametric test (Kruskal–Wallis) was
ndertaken on non-transformed data. Statistically significant dif-
erences were determined at the p < 0.05, 0.01, and 0.001 levels.
oil physicochemical characteristics were compared to P release
ates between sites (Larson Dixie and Beaty) using t-tests, and
sing ANOVAs we compared differences among the wetland zones.
elationships were also investigated between P release from the
ifferent zonal soils and their physicochemical characteristics. A
earson product moment correlation coefficient quantified the
trength of relationships. Of particular interest were the relation-
hips between P release and hydroperiod, and the number of days
soil sample location was inundated for, prior to sampling. Regres-
ion analyses were used to investigate these relationships.

. Results and discussion

.1. Soil physicochemical characteristics
Please cite this article in press as: Dunne, E.J., et al., Soil phosphorus flux from
Ecol. Eng. (2010), doi:10.1016/j.ecoleng.2010.06.018

Beaty soils had greater moisture content, similar pH (average
as 4.4 ± 0.4 pH units) and lower bulk density than soils collected

rom Larson Dixie (Table 1; t-test; p < 0.05) suggesting that Beaty
oils were saturated for longer. In addition, the hydroperiod for
eaty soils was significantly greater than for Larson Dixie soils

d
t
w
d
a

(20.84) 54.75 (29.99) 48.04 (5.82)

Fig. 2; t-test; p < 0.05) confirming that Beaty sites were flooded
or longer. When concentrations (mg kg−1) (Table 1) and storages
g m−2) (normalized for soil bulk density and soil sampling depth;
ata not shown) of TP, 1 M HCl P, WEP, TN and TC were compared
etween sites, concentrations and storages were similar.

Deep marsh soils had greater moisture content than all other
oils (Table 1; ANOVA; p < 0.05). In addition, the hydroperiod for
eep marsh soils was significantly greater (between 60 and 100
ays) than the hydroperiod of all other soils (Fig. 2). Bulk density
f deep marsh soils was about 30% less than upland soils, whereas
etland soil concentrations of TP, TN, and TC were about twice that

f upland soils (Table 1; ANOVA; p < 0.05). Carbon is an important
etland soil characteristic for long-term P storage, since organic
atter accretion controls long-term P storage (Bridgham et al.,

001; Reddy et al., 1999; Craft and Richardson, 1993). We found
hat wetland soils (deep marsh, shallow marsh and wet meadow)
ad greater concentrations of carbon relative to upland soils (t-test;
< 0.05). The gradients observed in our study were similar to the
ndings of Axt and Walbridge (1999). They reported that soil char-
cteristics such as organic matter, bulk density, and clay content
ere significantly greater in palustrine forested wetlands, relative

o their adjacent streambank and upland soils and these differences
nfluenced soil P sorption.

Previous studies, Walbridge and Struthers (1993) suggested that
hen one compares across landscape type it is important to take

nto account soil characteristics like soil bulk density and sampling
emergent marsh wetlands and surrounding grazed pasture uplands.

epth. Therefore, in our study we normalized soil nutrient concen-
rations with sampling depth and bulk density, which varies across
etland and upland zones. We found that there was no significant
ifference between soil zonal nutrient (TP, TN, and TC) storage on
mass per unit area (g m−2) basis.
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Fig. 2. Box plots of the calculated hydroperiod for deep marsh (DM), shallow marsh (SM), wet meadow (WM), and upland (U) soils of the four different sites. Sites were
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he solid line within the box denotes the median, the dashed line within the box r
ercentile. Whiskers (error bars) below and above the box indicate the 10th and 90
inimum of nine points are required.

.2. Short-term phosphorus release from wetland and upland
oils

In general, the P release during the four experimental core
tudies (each study had a 7-day flooding period) was greatest
rom Larson Dixie soils (t-test; p < 0.001). When release for the
our individual sites were compared, soils collected from Larson

est released greatest amounts of P (ANOVA; p < 0.05) while, Lar-
on East and Beaty South soils released similar amounts of P to
verlying water. In October 2005, Beaty soils released less P than
oils from Larson Dixie (t-test; p < 0.001). In fact, during October
005 and February 2006 Beaty North wetland soils (deep marsh,
hallow marsh, and wet meadow) tended to retain P, whereas
pland soils tended to release P to overlying water (Fig. 3). Release
f P throughout the study increased through time for all deep
arsh soils, between October 2005 and December 2006 (Fig. 3;

ruskal–Wallis test; p < 0.01). During the July and December 2006
ampling, collected wetland soils were not inundated. We hypoth-
size that flooding these relatively dry, deep marsh soils provided
Please cite this article in press as: Dunne, E.J., et al., Soil phosphorus flux from
Ecol. Eng. (2010), doi:10.1016/j.ecoleng.2010.06.018

uitable conditions for mineralized organic P to flux from soil into
verlying water (Pant and Reddy, 2003). Mineralization of organic
to inorganic forms under aerobic conditions can contribute to

ncreased P release from soils that are re-flooded (D’Angelo and

l
s
r
w

(LW) n = 36. The boundary of the box closest to zero indicates the 25th percentile,
ents the mean, and the boundary of the box farthest from zero indicates the 75th
centiles. The 10th and 90th percentiles are not shown for zones at Beaty sites, as a

eddy, 1994; Olila et al., 1997). Our previous study (Dunne et al.,
007) suggested that most P in surface soils of Larson Dixie and
eaty wetlands was stored in organic P forms. Microbial biomass
was about 21% of soil total P, whereas fulvic acid bound P
as greater, 33% of total P. Unavailable organic P (humic acid

ound P) and recalcitrant residual P accounted for 26% of soil total
.

In contrast to deep marsh soils, there were no significant dif-
erences in P release rates through time from shallow marsh, wet

eadow and upland soils (Fig. 3). This was not expected as nutri-
nt concentrations in upland soils were much lower than nutrient
oncentrations in wetland soils. Further, as time progressed from
ctober 2005 to December 2006 all sites became progressively
rier (see later discussion). Our findings suggest that P release rates
rom soils to overlying water is more related to the areal storage of
(g m−2), as areal storage was generally similar between wetland

nd upland soils.
In a land management context, these results suggest that if

pland soils become flooded due to restoring hydrology of iso-
emergent marsh wetlands and surrounding grazed pasture uplands.

ated wetlands for increased water and nutrient storage, an initial
hort-term P release from additionally flooded wetland and sur-
ounding upland soils may be of similar magnitudes. However,
e suggest that P release will be much less if soils are continu-
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Fig. 3. Box plots of phosphorus flux (mg m−2 d−1) (y-axis) from zonal soils through time. Time is reported as month and year (x-axis). Studies were undertaken in October
2005, March 2006, July 2006 and December 2006. At each time step, core studies were undertaken for 7 consecutive days under laboratory conditions. The boundary of the
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outh, Larson East, and Larson West are included.

lly flooded through time. Phosphorus storage should occur, if soils
ccrete organic material.

We hypothesized that as initial SRP concentrations in overly-
ng water increased from 0.08 to 1 mg SRP L−1, P release would
ecrease as the P concentration gradient decreases between
oil porewater and overlying water (Reddy et al., 1999). How-
ver, we found that P release was similar between cores that
ere incubated at both 0.14 and 1 mg SRP L−1. Release was also

imilar between cores incubated at initial P concentration of
.08, and 0.16 mg SRP L−1. However, there were significant dif-
erences between release rates for initial SRP concentrations of
.14 and 1 mg SRP L−1 and initial SRP concentrations of 0.16 and
mg SRP L−1 (ANOVA; p < 0.05). These findings suggest that other

actors, possibly changes in environmental conditions are more
mportant for P release from these soils.
Please cite this article in press as: Dunne, E.J., et al., Soil phosphorus flux from
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In general, we believe that the rate of P release measured dur-
ng the (short-term) 7-day flooding periods represents a maximum
stimate of potential P release from soil to water, as release is typi-
ally greatest for the initial flooding period (Fisher and Reddy, 2001;
alecki et al., 2004; Aldous et al., 2007). Furthermore, during this

(
n
n
d
a

median, the dashed line within the box represents the mean, and the boundary of
above the box indicate the 10th and 90th percentiles. All sites, Beaty North, Beaty

eriod, release typically increased linearly. Pant and Reddy (2003)
eport that release tends to decrease with number of times a soil
s flooded, with this decrease related to the reduced amount of
vailable P stored in soil.

We suggest that soils could continue to release P under flooded
onditions for about a year. This is based upon an average inor-
anic P (1 M HCl) wetland and upland soil storage (3.7 and 3.5 g m−2,
espectively) and our estimate of maximum P release for wetland
nd upland soils (9 and 11 mg m−2 d−1, respectively). However, the
etlands we studied were not permanently flooded and various
rocesses at the ecosystem-scale determine whether a given wet-

and retains and or releases P. These include P uptake by plants,
icrobes, and algae (Dodds, 2003), accumulation and accretion

f organic material (Craft and Richardson, 1993) and water level
anagement (Graham et al., 2005). Nonetheless, previous studies
emergent marsh wetlands and surrounding grazed pasture uplands.

Dolan et al., 1981; Dunne et al., 2007) suggest that the greatest
utrient storage in wetland ecosystems is in soils. Knowing mag-
itudes of potential internal P loading can help water managers
etermine its relative importance for nutrient budgets (Malecki et
l., 2004).
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soils were dried for 10 weeks and then re-flooded, P release was
334 mg P m−2 d−1, whereas when soils were dried for 3 weeks and
re-flooded, P release was much lower (33 mg P m−2 d−1) (Olila et al.,
1997). The death of microbes and the availability of organic acids
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.3. Other P release studies

In our study, P release from wetland and upland soils
anged between a retention of 20 mg P m−2 d−1 and a release of
7 mg P m−2 d−1. Other P release studies in wetland, estuarine, lake,
nd improved pasture studies in central Florida have reported val-
es from 0.4 mg m−2 d−1 P retained to 242 mg m−2 d−1 released
Moore et al., 1998; Pant and Reddy, 2003; Malecki et al., 2004;
unne et al., 2006, 2007; Aldous et al., 2007; Tweel and Bohlen,
008). In these studies, values vary dramatically depending on
xperimental approaches, sites, flooding duration, and initial soil
nd water P content, which often make it difficult to compare rates
mong studies. However, they do indicate the magnitude of poten-
ial release from different types of soils and sediments, which is
f potential use to land and water managers, in determining its
elative importance to nutrient loading.

.4. Relationships between phosphorus release, soil
haracteristics and hydrological factors

Soil TC was positively related to soil water content (Pearson
orrelation; r = 0.57; p < 0.001). Total P, TN and 1 M HCl P were all
ignificantly related to each other (r > 0.81). Inorganic P extracted
ith 1 M HCl accounted for between 14 and 24% of soil TP storage.

he WEP fraction was weakly associated with TN (r = 0.36; p < 0.05),
hereas WEP was not related to other soil P fractions such as 1 M
Cl P or soil TP. This may be because the WEP storage fraction was

ess than 1% of soil TP storage (g m−2). However, Kleinman et al.
2005) found a positive relationship between WEP and TP in animal

anures. They also used WEP in soil to predict TP concentrations
n surface runoff from manure applied pasture upland soils.

There were few relationships between deep marsh soil
haracteristics and P release. However, there were significant
elationships between soil organic matter (r = −0.34) and WEP
r = 0.35), and P release. When Moore et al. (1998) investigated
ooded lake sediments they found no relationships between soil
haracteristics and P release. They suggested that redox conditions,
hich govern iron and P dynamics, were mostly responsible for P

elease in their study. They also cite decomposition and release of
abile organic P could contribute to the lack of relationship between

EP and P release. Soils also have an extreme buffering capacity to
hanges in porewater P concentrations (Bridgham et al., 2001).

In shallow marsh soils of this study, P release was significantly
orrelated with bulk density (r = 0.28) and TC (r = 0.39), but in wet
eadow soils, P release was significantly correlated only with WEP

r = 0.48). In contrast to wetland soil characteristics only having
few relationships between P release, P release correlated with

umerous soil characteristics in upland soils. For example, P release
as significantly correlated with TP (r = 0.33), TN (r = 0.34), and TC

r = 0.50).
Phosphorus release and hydroperiod in deep marsh zones

ere significantly negatively correlated (Fig. 4) suggesting that
s hydroperiod increased, P release decreased. This has important
mplications for restoring hydrology to historically isolated wet-
ands, as we found that increasing duration (hydroperiods > 250
ays) was concomitant with deep marsh soils retaining P.

When days since inundation for deep marsh soils were
egressed against P flux, there was a negative exponential rela-
ionship (Fig. 5; ANOVA; p < 0.01). Phosphorus release was greatest
hen deep marsh soils were dry for longer periods (negative days
Please cite this article in press as: Dunne, E.J., et al., Soil phosphorus flux from
Ecol. Eng. (2010), doi:10.1016/j.ecoleng.2010.06.018

ince inundation), whereas when deep marsh soils were collected
nder flooded conditions, which only occurred in October 2005
positive days since inundation) P release tended to be lower. Phos-
horus release during dry conditions is probably due to increased
ates of decomposition, which cause organic P to mineralize to inor-

F
t
c
t
v
i

n deep marsh zones. Each site (Beaty North (BN), Beaty South (BS), Larson East
LE), and Larson West (LW)) is represented as individual data points. Hatched line
epresents the cut off between phosphorus release (positive values) and phosphorus
etention (negative values).

anic forms during aerobic conditions. Phosphorus release rates
lso tended to increase and were more variable after soils were dry
or about 200 days (Fig. 5). Previously, Dunne et al. (2006) observed
hat wetland soils at Larson Dixie, that were flooded for 28 days
nd then re-flooded for another 28 days, had lower P release rates
elative to soils that were either saturated or dry for 28 days and
hen flooded for 28 days. In contrast, Aldous et al. (2005) observed
hat nutrient impacted wetland soils when re-flooded, released P
t similar rates, irrespective of antecedent soil moisture conditions.
owever, they did suggest that undisturbed wetland soils, which
ere pre-dried, released P into water during flooding, while pre-
ooded soils did not. Olila et al. (1997) found that when wetland
emergent marsh wetlands and surrounding grazed pasture uplands.

ig. 5. Phosphorus flux (mg m−2 d−1) from wetland deep marsh soils plotted against
he number of days since soil inundation. The number of days since inundation was
alculated as the number of days a specific soil sample location was inundated, prior
o sampling. Negative days since inundation indicate that soils were dry. A positive
alue indicates that soils were flooded. Only paired phosphorus flux and days since
nundation values were used.

dx.doi.org/10.1016/j.ecoleng.2010.06.018


 ING

E

8 Engin

m
o

s
w
s
r
c
m
(
p

4

m
t
o
m

r
p
b
i
m
r
s
w
a
r
n
d

b
r
(
c
u

a
f
t
F
r
t

A

t
o
M
a
d
fi
t
c

R

A

A

A

A

B

B

B

B

C

C

D

D

D

D

D

F

F

G

K

L

L

M

M

M

M

M

M

N

O

O

P

P

ARTICLEModel

COENG-1703; No. of Pages 9

E.J. Dunne et al. / Ecological

ay have contributed to increased P release during longer periods
f drying (Pant and Reddy, 2001b).

Significant relationships did not exist between P flux and days
ince inundation for shallow marsh soils; however, there was a
eak, but significant relationship between flux from wet meadow

oils and days since inundation (r = −0.35; p = 0.03). There was no
elationship for uplands soils. The general lack of relationships
ould be due to the mineral nature of upland soils relative to deep
arsh soils. Deep marsh soils had greater organic matter content

33 ± 10%) and soil TC (16 ± 6%) than the other zonal soils (ANOVA;
< 0.05).

. Conclusions

Deep marsh soils were wetter, had greater amounts of organic
atter and greater nutrient concentrations than surrounding pas-

ure upland soils. However, when we compared nutrient storage
n an areal basis across landscape position (deep marsh, shallow
arsh, wet meadow and upland) storages were similar.
During the four, 7-day laboratory P core studies, short-term P

elease from soil to overlying water was similar across landscape
osition. We observed a significant negative linear relationship
etween P release from soil and hydroperiod in deep marsh soils

ndicating that as hydroperiod increased, P release decreased. Deep
arsh soils that were wet for more than 250 days, tended to

etain rather than release P, which supports water managers deci-
ions to consider restoring hydrology to these historically isolated
etlands. In addition, P release from deep marsh soils increased,

s the number of days since inundation tended to increase. This
elease was probably a result of organic P being mineralized during
on-flooded conditions and subsequent release to overlying water
uring flooding.

In contrast to deep marsh soils, there was no relationship
etween P release and hydroperiod in upland soils. Phosphorus
elease in upland soils was significantly related to soil total nutrient
N, P, and C) content. Therefore, we conclude that reducing nutrient
ontent in upland soils could contribute to reducing P release from
pland soils upon flooding.

Management practices targeted to increase water and P stor-
ge in historically isolated wetlands, which have been P impacted
or many years, need to understand and consider potential short-
erm releases of P from both wetland and surrounding upland soils.
inally, we conclude that successful management to mitigate this
elease includes maintaining increased hydroperiod and reducing
he frequency of drying deep marsh soils.
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