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ABSTRACT
Wetland restoration provides many benefits, but
re-flooding historically drained land can have
unintended negative consequences, including
phosphorus (P) release from sediments. To investigate the effects of re-flooding on P cycling, this
study monitored a restoration in Michigan that
back-flooded old drainage ditches and re-flooded
former wetland soils. Immediately after re-flooding, previously exposed sediments released substantial amounts of P to the water column. Soluble
reactive phosphorus (SRP) concentrations in
re-flooded areas were as high as 750 lg P l-1. At
peak P concentrations, there were about 20 times
more SRP and 14 times more total P in the surface
water than in the much smaller flooded area that
existed before re-flooding. Prolific growth of filamentous algae and duckweed was observed in
subsequent summers. Sedimental analyses suggest
that most of the P released originated from iron-

bound fractions. The highest SRP concentrations
occurred during the first year when surface water
dissolved oxygen was low (<5.5 mg l-1). Similarly
low oxygen in the second year after flooding was
not associated with such high P concentrations.
After 1 year postflooding, SRP concentrations
remained below 50 lg P l-1 (but still high enough
to produce eutrophic conditions) until the end of
sampling about 15 months after re-flooding. When
re-flooding historically drained soils, managers
should consider the potential for sediment P release
to jeopardize restoration goals and therefore should
incorporate longer term monitoring of water
quality into restoration plans. Knowledge of sediment P amounts and forms can indicate the potential for P release to overlying water.
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Wetlands were systematically drained and ‘‘reclaimed’’ for agricultural use throughout the United States, particularly in the late nineteenth and
early to mid twentieth centuries (Dahl 1990). In
recent decades, the valuable services provided by
wetlands have increasingly been recognized, and
managers have begun restoring wetland hydrology
to historically drained areas (Zedler 2003). Wetland
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restoration provides a number of benefits, but
re-flooding historically drained and cultivated land
can have unintended negative consequences.
Often, drained wetland sediments release nutrients
upon re-flooding, as has been shown both in labscale reflooding experiments (Olila and others
1997; Young and Ross 2001; Lucassen and others
2005; Aldous and others 2007; Loeb and others
2008; Schönbrunner and others 2012) and in
monitoring whole ecosystem re-flooding (Newman
and Pietro 2001; Coveney and others 2002; Duff
and others 2009; Niedermeier and Robinson 2009;
Ardón and others 2010a; Wong and others 2011).
Nutrient release upon re-flooding can inhibit the
restored wetland’s ability to support biodiversity
and to improve water quality, which are two
common goals of wetland restoration (Hansson and
others 2005; Verhoeven and others 2006).
Although studies show that sediments often initially release phosphorus (P) when re-flooded after
long-term drainage, there is some contradicting
evidence that drying improves P-retention capacity
upon re-flooding (Mitchell and Baldwin 1998;
Baldwin and others 2000; Smolders and others
2006). Sediment biogeochemistry determines P
flux rates between sediments and surface waters
(that is, standing water above the sediment surface). In sediments, P exists in many forms including covalently bound in organic matter, sorbed as
the inorganic phosphate (PO43-) ion to inorganic
metal oxides (particularly poorly crystalline iron
and aluminum oxides), and coprecipitated with
carbonates (Boström and others 1988; Reddy and
DeLaune 2008). Thus, multiple processes potentially control the flux of P between sediments and
surface waters including the balance between biotic
uptake-microbial mineralization, sorption–desorption, and mineral coprecipitation–dissolution processes. High rates of P release upon re-flooding are
often attributed to the legacy of fertilizer application, but P release has been shown to occur even in
dried and re-flooded sediments without a history of
high P loading (Aldous and others 2005; MacDonald and others 2012).
The persistence of sediment P release after initial
re-flooding and the ultimate fate of the released P
are difficult to predict. Released P can either be
exported to downstream ecosystems or remain in
the wetland, where it may cycle internally and
eventually become buried in sediments or assimilated into biomass. Few studies have monitored
re-flooded agricultural soils both during the initial
flooding event and for significant periods of time
after re-flooding, but studies of wetlands that were
re-flooded in the past have shown that sediments

can continue to release P for at least 5–10 years
after re-flooding (Montgomery and Eames 2008;
Duff and others 2009; Steinman and Ogdahl 2011).
Theoretically, P release rates should decline over
time as sediment P pools are depleted and the
sediment comes into equilibrium with its overlying
water, assuming the absence of new P loading, but
in some cases, this can take a very long time
(10–100 years, Hamilton 2012).
Despite the potential for sediment nutrient
release to limit the success of (sometimes costly)
wetland restoration and management, few studies
have comprehensively studied ecosystem response
to re-flooding in actual ecosystems both before
and after the re-flooding event. To investigate the
immediate and longer-term (2 years) effects of
re-flooding a historically drained wetland on P
cycling, we monitored a wetland restoration project
that entailed construction of a control structure to
back-flood old drainage ditches and the surrounding wetland soils. We sampled surface waters and
sediments to investigate biogeochemical changes
during the summer before re-flooding and for over
2 years (25 months) after the re-flooding event.

METHODS
Site Description and Geomorphology
We studied a fen wetland located in the Fort Custer
Training Center (FCTC), a military training area in
southwestern Michigan, USA. Standing water in
the wetland covers 9 ha when fully flooded to the
sill level of the dam at the outflow (Figure 1). The
historically drained Fort Custer wetland was
re-flooded in September 2008 to improve biodiversity, provide opportunities for research and
education, and provide floodwater protection
(Langerveld 2009). Ditches draining the wetland
appear in aerial photographs from the late 1930s,
indicating drainage for at least 75 years, and perhaps as many as 100 years (Langerveld 2009).
During this time, the wetland flooded periodically
for shorter periods of time because of beaver activity, most recently in the late 1990s, when the full
extent of the wetland was flooded (Langerveld
2009). For about a decade before re-flooding, only
the drainage ditches and a portion of the outflow
pond were inundated. Curlytop knotweed (Polygonum lapathifolium), stinging nettle (Urtica dioica),
and reed canarygrass (Phalaris arundinaceae) were
the dominant plants in unflooded wetland areas,
and duckweed and filamentous algae were present
in stagnant drainage ditches. The sediment surface
in most areas was exposed to the atmosphere (that

Sediment P Release from a Re-flooded Wetland

Figure 1. A Aerial image of the Fort Custer Training
Center restored wetland taken before re-flooding (July
31, 2006, USDA-FSA Aerial Photography Field Office)
with drainage ditches visible. Drainage ditches appear in
aerial photographs dating as far back as the 1930s. B
Outline of Fort Custer Wetland divided into sampling
zones, with points showing locations of repeated sampling for water chemistry.

is, was not under standing water), but the water
table was close enough to the surface to keep the
soil moist, and to support wetland vegetation and
prevent shrub and tree encroachment. Soils in the
wetland are greater than 90% Houghton muck, a
euic, mesic Typic Haplosaprist (Soil Survey Staff
2012). The months before the re-flooding event
were relatively hot and dry, and so even some areas
in drainage ditches that were usually inundated
were exposed by late summer 2008.
A partnership among FCTC, Ducks Unlimited,
the U.S. Fish & Wildlife Service, and other organizations restored this wetland area by back-flooding
drainage ditches. In July 2008, a water control
structure (Agri-Drain, Adair, IA) and emergency
spillway were installed at the outflow (Figure 1),
establishing the maximum water level at 266.4 m
above sea level. Water levels remained close to
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their original level (265.4 m) until September
2008, when an extreme precipitation event (239mm rain in 3 days: lter.kbs.msu.edu) associated
with the remnants of Hurricane Ike flooded the
wetland to its full capacity. After this re-flooding
event, the wetland remained at or near its full
flooded capacity throughout our sampling period.
The wetland drains a relatively small area
(100 ha), most of which is within the FCTC. Even
when fully flooded, no single, channelized inflow
feeds the wetland. Drainage Ditch 1 (Figure 1)
drains a larger area before entering the study wetland, but was rarely, if ever, flowing measurably.
Based on dissolved magnesium (Mg2+) concentrations in surface waters, which are a reliable indicator of groundwater inputs in this landscape
(Whitmire and Hamilton 2005), Ditch 1 is evidently fed partially by groundwater in its upstream
reach, but short-circuits most of the wetland as it
flows into the Outflow Pond. Groundwater represented more than half of hydrologic inputs to Ditch
1 and the Outflow Pond (with the remainder
attributable to direct capture and overland flow of
precipitation), whereas the newly re-flooded
wetland areas contained much lower Mg2+ concentrations, indicating a lower influence of
groundwater and a low rate of mixing between the
inflowing Ditch 1 water and the newly re-flooded
areas. During the study period, one storm water
drain directed the runoff from an unpaved parking
area into the wetland.
To understand the relationships between the
wetted area and the volume, we measured depths
at marked waypoints with high spatial resolution
on August 10 and 12, 2009 and October 20, 2010.
We used measurements of depth together with
wetted area from aerial photos to estimate contours
at 0.2-m intervals, from which we estimated the
volume of the fully flooded wetland using the
truncated cone method (Wetzel and Likens 2000).
Subsequently, we divided the wetland into zones
corresponding to water sampling points (Figure 1)
and estimated the volume within each zone using
the same method.

Water Chemistry
We monitored surface and pore water chemistry
during the summer before and for over 2 years
after re-flooding at the inflow ditch (Ditch 1), the
main drainage ditch (Ditch 2), three areas that
were initially dry, but later flooded (Wetlands 1–3),
and at the wetland’s outflow (Figure 1). Before the
re-flooding event, we sampled surface waters in
drainage ditches and the outflow at least twice
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each, and also obtained one sample from Wetland
3, in which there was a small amount of water
(<20 cm deep and a very small proportion of the
zone’s area).
After re-flooding in September 2008, we monitored water chemistry approximately monthly
until January 2011. One of the zones, Wetland 1,
contained three repeatedly sampled points along a
transect running perpendicular to Ditch 2 (Figure 1). At each point for each sampling event, we
measured surface-water temperature, dissolved
oxygen (DO), pH, and specific conductivity (corrected to 25°C) using a Hydrolab multisonde,
collected surface-water samples, and sampled
sediment pore water from a known depth range
(7–12 cm) using a plastic syringe and tubing
connected to a screened filter at the end of a
drive-point sampler. We filtered the pore water
samples through a 0.45-lm cellulose–acetate filter
with a glass fiber prefilter (Steriltech), taking care
to minimize oxygenation, and added reagents in
the field for analysis of dissolved (filterable)
reduced iron (Fe(II)) and free hydrogen sulfide
(H2S). We measured discharge at the outflow
using a Marsh-McBirney flow meter, recorded
water depth at a standard location, and sampled
surface water at the outflow for soluble reactive
phosphorus (SRP), total dissolved P (TDP), and
total P (TP).
For analyses of dissolved ions and nutrients,
surface waters were filtered (0.45 lm polyethersulfone filter, Pall Supor). We measured SRP concentrations in surface and pore water using the
molybdate blue colorimetric method (Murphy and
Riley 1962), nitrate-N (NO3--N), sulfate (SO42-),
calcium (Ca2+), and Mg2+ ions using membranesuppression ion chromatography, and total
ammonium nitrogen (NH4+-N) using the indophenol blue method (Grasshoff and others 1983;
Aminot and others 1997). We measured TDP
and TP after persulfate digestion of filtered and
unfiltered samples, respectively, followed by colorimetric SRP analysis. We estimated the concentration of dissolved organic P (DOP) in a water
sample by subtracting its SRP from TDP. Dissolved
organic carbon (DOC) was measured in filtered
samples using a Shimadzu TOC 5000 analyzer. We
measured Fe(II) using reaction with ferrozine based
on a colorimetric method modified from Lovley
and Phillips (1987) and Stookey (1970), in which
the sample was added to a solution of 50 mM
HEPES buffer containing ferrozine (1 g l-1). We
measured H2S using the methylene blue spectrophotometric method (Golterman and Clymo 1969).

Sediment Chemistry
We collected sediments at least once each year for
biogeochemical analysis. To investigate sediment
P-binding fractions, we sampled sediments immediately before (September 3, 2008) and immediately after (September 17, 2008) the flooding
event. On these dates, sediment samples were
taken throughout the wetland (Ditches 1–2 and
Wetlands 1–3) for sequential P extraction and
analysis of organic matter by loss on ignition, total
P (sedTP), and total iron (TFe). To measure a
broader range of characteristics, in 2009 and 2010,
sediments were collected from a subset of sites
(Wetland 1 and Wetland 3) and analyzed for organic matter, sedTP and TFe, oxalate-extractable
iron (Ox-Fe, an indicator of poorly crystalline iron
oxides), total solid carbonates (CaCO3), total aluminum (TAl), and acid volatile sulfide (AVS, an
approximate indicator of iron bound to sulfide, and
thus unavailable to sorb PO43-).
Triplicate sub-subsamples (1 g d.w.) of dried
and ground sediment were combusted for analysis
of organic matter as loss on ignition (550°C). We
extracted combusted samples for 10 min in boiling
1 M hydrochloric acid (HCl) for measurement of
sedTP, TFe, and TAl (Andersen 1976). To measure
Ox-Fe, we extracted approximately 0.4 g moist
sediment in a 0.2 M acid ammonium oxalate
solution for 4 h in darkness (Walbridge and others
1991). We measured CaCO3 in triplicate sub-samples of dried and ground sediment (0.1–1 g d.w.) by
acidifying in a sealed container and measuring
carbon dioxide produced using a pressure transducer. We measured iron in Ox-Fe and TFe extracts
using flame atomic absorption spectrophotometry.
We froze approximately 100 g of moist sediment
for analysis of AVS following US EPA Method 821R-91-100, acidifying sediment samples with HCl to
convert AVS to hydrogen sulfide, which was then
trapped as S2- in an alkaline solution (0.5 M
NaOH) and measured colorimetrically (Allen and
others 1991). Analytic sulfide standards were prepared from a stock solution standardized versus
thiosulfate.
We used a sequential extraction procedure
(Paludan and Jensen 1995) to measure operationally defined P-binding fractions in sediments collected immediately before and immediately after
the flooding. We collected sediments at sampling
points in Ditch 2, Wetland 1 (3 samples, a–c), and
Wetland 2 (2 samples, a–b). Sediments from Ditch
2 were separated into two samples—one from the
overlying loose sediment (‘‘floc’’ layer) and one
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representing the top 10 cm of the more consolidated sediment below. All other sediment samples
were taken from the top 10 (±3) cm of sediment
and homogenized in a glove bag with an anoxic
atmosphere before sequential P extraction.
We sequentially extracted P-binding fractions
(Paludan and Jensen 1995) in triplicate samples of
wet sediment (0.5–5 g d.w.). The first step used
deoxygenated deionized water to extract loosely
bound P (H2O–P). Next, bicarbonate-buffered
dithionite (0.11 M) extracted phosphate (PO43-)
bound to redox-sensitive oxidized iron minerals
(BD–P) and some nonreactive (mostly organic) P
(BD–DNRP) (Reitzel and others 2006). The third
step used sodium hydroxide (0.1 M NaOH) to
extract PO43- bound to redox-insensitive aluminum
and iron oxides that undergo anionic exchange with
hydroxide (NaOH–SRP) and nonreactive organic
and inorganic P (pyro- and polyphosphates).
Nonreactive P extracted by NaOH was acidified to
separate out precipitating humic-acid-associated P
(HA–P) from other nonreactive P molecules (NaOH–
DNRP). The remaining P-binding fractions, carbonate-associated P and residual P, were estimated by
subtracting the sum of all other fractions from
the independently measured sedTP (HCl +
Res–P). We expect carbonate-associated P to be of
minimal importance at this site due to low total
calcium carbonate concentrations in the sediments
(<1 mg CaCO3 g-1 d.w.). We did not detect any
nonreactive H2O–P, and so the results are not
reported for that fraction.
We did not measure sedTP in the Ditch 2 postflood floc layer sample because of an insufficient
amount of material, and so the sedTP value from
flocculent Ditch 2 sediment before flooding was
used to estimate HCl + Res–P. Two samples taken
approximately 1 m apart were collected at Wetland
2a in the preflood sampling, and P fraction data
from these two were averaged to produce a single
value before statistical analysis.

Intact Core Experiment
To investigate how oxygen in overlying water may
control sediment P release in the absence of photosynthesis, we collected intact sediment cores
and measured rates of P release to surface waters
in unaerated surface-water treatments and in
continuously aerated controls. We collected 12
intact cores (diameter = 4.5 cm, sediment depth =
15 cm, and water column depth = 15 cm) from
each of two locations in June (Wetland 1) and July
(Wetland 2) 2009. We gently aerated six cores from
each site with an aquarium bubbler to maintain
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90–100% equilibrium with atmospheric oxygen
(‘‘High DO’’) and left the remaining six from each
site unaerated (‘‘Low DO’’: <25% saturation,
mean 9%). The surface water in unaerated cores
was carefully mixed before sampling to produce a
uniform water column, remove concentration gradients that may have formed in between mixing
events, and to mimic mixing created by bubblers in
the aerated treatments. Approximately twice a
week for 50 days, we sampled surface water in each
core for SRP. The total volume of water sampled
was replaced with low-P water (2 lg P l-1) sampled from the outflow pond. Cores were stored in
the dark at room temperature, and little-to-no algal
growth was observed during the experiment,
although nonphotosynthetic microbial growth and
P uptake would have continued. We used surfacewater SRP concentrations to estimate sediment P
release rates (mg P m-2 day-1) using the first 14
and 21 days of sampling from Wetland 1 and
Wetland 3 cores, respectively.

Calculations and Statistics
To estimate the amount of P exported from the
wetland, we interpolated between export rates for
sampling dates (g P day-1). Although we do not
have discharge measurements between September
3, 2008 (immediately before re-flooding) and February 25, 2009 (163 days after re-flooding), discharge and water levels during this time period in
nearby Fair Lake and Crooked Lake (S. Hamilton,
unpublished data) and Augusta Creek (water.usgs.
gov) support interpolation of the time series. The
gradual rise and decline in water levels are attributed to the importance of groundwater flow paths
in this glacial landscape, where soils are generally
very permeable.
To estimate the amounts (by mass) of SRP, DOP,
and TP in the wetland surface water, we scaled up
point measurements of water chemistry (in mass/
volume) to the entire zone within which each
sampling point was located by multiplying the
measurement for a given day by the estimated zone
volume. To estimate the bulk mass of P in sediment
P-binding fractions that could be exchanged with
surface waters, we used an estimated organic soil
bulk density of 0.5 g cm-3 and made the assumption that the top 5 cm of sediment was most likely
to exchange solutes with surface waters.
All statistical analyses were carried out in R
version 2.13.2 (R Development Core Team 2011).
Unless stated otherwise, variables were natural-log
transformed before analysis to more closely meet
linear model assumptions of normal distributions
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and equal variance. To examine the effects of
re-flooding on sediment P-binding fractions, we
conducted pairwise comparisons between each
fraction that we measured in sediment samples
(N = 7) collected just before and shortly after
flooding (a = 0.05). To test if P release rates and
maximum P release were significantly different
between aerated and nonaerated treatments in the
sediment core experiment, we ran linear models on
untransformed data with treatment as a fixed factor
for each site (a = 0.05).
Figure 2. Discharge measured at the outflow of the Fort
Custer Wetland restoration site over time, before
and after the wetland was re-flooded for restoration
(re-flooding timing shown by the vertical dashed line).

RESULTS
Geomorphology and Flooding
The re-flooding in September 2008 rapidly and
drastically changed conditions in the Wetland
zones, which make up the majority of the ecosystem’s area and had been exposed soils dominated
by grasses and forbs. After the wetland was fully
flooded, most of its area consisted of newly
re-flooded sediments and was shallow, with an
area-weighted mean depth of 46 cm (Table 1).
Discharge from the outflow was the highest each
year in mid-winter and early spring, declining to zero
by late summer/early fall (Figure 2). The highest
recorded discharge rate (73 l s-1) was in late February 2009 after re-flooding. The wetland was flushed
at the highest rate at this time, with a residence time
for the entire wetland of 4.7 days, although much
water probably moved preferentially through Ditch 1
and the Outflow Pond, in which case the residence
time would have been only 2.7 days.
Using discharge measurements and wetland
volume to estimate residence times produced wideranging estimates because of highly variable
discharge rates measured at the outflow. In late
winter and spring months (February through

mid-May), residence times ranged from 4.6 to
104 days for the entire wetland’s volume and from
2.7 to 61 days for the more rapidly flushed portion
(Ditch 1 + the Outflow Pond). The shortest residence times occurred in mid-winter and early
spring, and the longest residence times occurred in
summer and early fall, when little or no water was
flowing out of the wetland.

Sediment Phosphorus Release
Surface-water P concentrations were high
throughout the re-flooded wetland after the rapid
re-flooding (Figure 3). In the newly re-flooded
areas, SRP concentrations in the days after
re-flooding were as high as 750 lg P l-1 (at one of
the three sampling locations within the Wetland 1
zone). Concentrations of SRP and TP remained
high during winter of 2008–2009 (Wetland Zones
mean SRP ± SE = 323 ± 118 lg P l-1). In April
2009, SRP concentrations throughout the wetland
declined rapidly to less than 20 lg P l-1. These

Table 1. Area, Volume, Area-weighted Mean Depth, and Percent Groundwater Influence Measured Within
Each Zone of the Fort Custer Wetland
Zone

Area (m2)

Volume (m3)

Mean depth (cm)

Groundwater influence (%)

Ditch 1
Ditch 2
Outflow pond
Wetland 1
Wetland 2
Wetland 3
Entire wetland

5,603
6,580
16,569
19,471
34,277
4,940
87,440

3,597
3,394
13,623
3,101
3,364
2,000
29,079

65
52
83
25
36
41
46a

64
43
59
35
29
45
51b

Percent groundwater influence was calculated from dissolved magnesium (Mg2+) concentrations (Whitmire and Hamilton 2005) using a mixing model assuming groundwater
and precipitation represent the only inputs of dissolved Mg2+ to the wetland waters, and assuming Mg2+ concentrations of 0.04 mg l-1 for precipitation (1979–2002 mean from
NADP/NTN 2003) and 25 mg l-1 for groundwater (Kalamazoo County mean). Evaporative concentration was not accounted for.
a
Area-weighted average.
b
Volume-weighted average.
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Figure 3. Soluble reactive phosphate (SRP) and total
phosphorus (TP) measured in surface water through time
in the re-flooded Fort Custer Wetland. Dashed vertical line
represents heavy rain events (September 15–17, 2008)
that re-flooded historically drained areas at locations
labeled Wetland 1–3. Before September 15, 2008, the
soil surface of Wetlands 1–3 was exposed to air. After
re-flooding, these areas became covered by water
0.1–1 m deep (area-weighted average depth = 0.46 m)
that persisted throughout the rest of the study period.
Values for Wetland 1 represent the averages (with standard error bars) of three sampling locations along a
transect within this zone. See map (Figure 1) for water
sampling locations.

lower SRP concentrations coincided with a large
bloom of filamentous algae. The highest SRP values
(>45 lg P l-1) were only observed during the first
year following re-flooding, and only when surfacewater DO was <5.5 mg l-1 (Figure 4). Similarly
low DO concentrations in the second year were
not associated with such high P concentrations,
although filamentous algae and duckweed blooms
were still prevalent. Surface-water TP concentrations remained high but variable through September 2009 (range, 9–1,537 lg P l-1), after which
concentrations were lower, but still mostly in the
range that would be considered eutrophic for
surface waters (range: 7–577 lg P l-1; mean:
77 lg P l-1, Figure 3).
The high P concentrations reflect large postflooding increases in surface water P mass. Immediately
after re-flooding, the wetland’s surface waters
contained about 20 times more SRP and 14 times
more TP than before re-flooding. Before re-flooding
(summer 2008), standing water in inundated areas

Figure 4. Soluble reactive phosphorus (SRP) and DO
measured in surface waters of a re-flooded historically
drained wetland in the first year following re-flooding
(September 2008–2009) and the second year following
re-flooding (September 2009–January 2011).

contained approximately 233, 204, and 503 g
SRP, DOP, and TP, respectively. Immediately after
flooding (September 17, 2008), the surface waters
contained about 5,200 g of SRP and 7,400 g TP,
and undetectable (within measurement and calculation error) DOP.
The newly flooded sediments represent the most
probable source of the P increase. The amount of
SRP in the inflowing drainage ditch (Ditch 1) only
increased four fold (compared to the 20-fold
increase in other zones), indicating that P entering
the wetland from overland flow, precipitation, and
the drainage ditch inflow can only explain a fraction of the observed P increase at the wetland’s
center (Wetland 1). Assuming the entire increase in
P concentration immediately after flooding was
due to sediment release, sediments had released
on average 382 g SRP and 534 g TP day-1, or
6.5 mg SRP m-2 day-1 and 9.1 mg TP m-2 day-1,
in response to flooding (sum of Wetland 1–3 Areas,
September 3–17, 2008).

Phosphorus Export
Phosphorus export via the outflow stream was the
highest in the months after initial flooding because
of higher discharge rates and P concentrations
during this time. We estimate that during our study
period after re-flooding, the Fort Custer Wetland
exported a total of 110 kg P, 40% of which
(44 kg P) was as SRP. The majority (72%) of P
export during our study occurred in the first

Values are means ± standard errors (n) of approximately monthly measurements made after re-flooding (means of all measurements taken between September 17, 2008 and January 13, 2010). SRP = soluble reactive phosphorus;
DOP = dissolved organic P; TP = total P; DOC = dissolved organic carbon; Sp. Cond. = specific conductance (25°C).
a
N:P calculated as the molar ratio of within-site averages of dissolved inorganic N (NO3--N + NH4+-N) to total dissolved P.
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3.9
1.2
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NH4+
(lg N l-1)
TP
(lg l-1)
DOP
(lg l-1)

13
16
33
32
19
15
3 (24)
9 (23)
28 (55)
18 (22)
31 (22)
2 (48)
±
±
±
±
±
±
15
29
108
40
78
8
Ditch 1
Ditch 2
Wetland 1
Wetland 2
Wetland 3
Outflow pond

In general, dissolved P and N in sediment pore
waters did not display seasonal patterns. Average
pore water SRP and NH4+-N concentrations
after re-flooding—630 lg P l-1 and 3,900 lg
NH4+-N l-1, respectively—were higher than surface-water concentrations (P < 0.0001), suggesting a strong diffusion gradient from the sediment
pore water environment to surface waters. Wetland
1, the zone in which the highest surface-water
SRP concentrations were observed, contained
the highest pore water SRP concentrations

Surface-Water Chemistry at the Fort Custer Wetland Restoration Site

Pore Water Chemistry

Table 2.

Nitrogen in surface waters exhibited a starkly different pattern than P. Nitrate concentrations ranged from 0 to 0.3 mg NO3--N l-1 throughout the
wetland during the study period, except in one
instance in January 2010 when higher (1.5 mg
NO3--N l-1) concentrations were observed in
Wetland 1. Ammonium concentrations were less
than 200 lg NH4+-N l-1 throughout the first year
following re-flooding, except for a few episodically
higher (200–400 lg NH4+-N l-1) concentrations
measured immediately after flooding and in April
2009. During the second year after re-flooding,
however, higher ammonium concentrations
(>200 lg NH4+-N l-1) were observed in spring and
fall 2010, and in winter 2010–2011. Taken together
as molar N:P ratios ((NO3- + NH4+)/TDP), the
nutrient patterns we observed reveal that during
our study period, average N:P ratios were spatially
variable (Tables 2, 3), but N:P ratios were lower
than the Redfield ratio (16:1) in most sampling sites
during most of our study, except in a few zones
immediately following re-flooding (Outflow, Ditch
1), throughout the wetland during winter 2010,
and in a few zones during winter 2011 (KinsmanCostello 2012).
Dissolved organic carbon (DOC) concentrations
in surface waters were more variable among sites
before re-flooding and during the first year after
re-flooding than in the second year (KinsmanCostello 2012). During the first year, DOC concentrations ranged from 8.7 to 77 mg l-1 with a
mean of 33 mg l-1. In the second year, the range
was smaller, from 11 to 37 mg l-1 with a mean of
18 mg l-1. Concentrations of DOC at all sampling
locations peaked in early spring of 2009, and
declined through the following fall and winter.

DOC
(mg l-1)

Nitrogen and Dissolved Organic Carbon

25
20
10
13
14
15

Sp. Cond.
(lS cm-1)

5 months following re-flooding (September 3,
2008–February 25, 2009).

13 (24)
18 (23)
8 (57)
20 (22)
13 (22)
7 (56)
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SRP
(lg l-1)
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Values are means ± standard errors (n) of approximately monthly measurements after the re-flooding event (average of all measurements taken between September 17, 2008 and January 13, 2010). SRP = soluble reactive phosphorus;
DOP = dissolved organic P.
a
N:P calculated as the molar ratio of within-site averages of dissolved inorganic N (NO3- + NH4+) to total dissolved P.

(8)
(11)
(37)
(12)
(12)
22
10
62
33
42
±
±
±
±
±
30
30
33
44
43
5.1
8.2
3.6
2.9
0.9
±
±
±
±
±
26.1
42.8
36.1
11.7
7.1
(7)
(11)
(36)
(11)
(11)
1
0
0
1
1
±
±
±
±
±
12
14
9
7
12
±
±
±
±
±

42 (12)
62 (16)
223 (53)
30 (18)
37 (18)

452
290
153
43
41

±
±
±
±
±

332 (6)
167 (10)
85 (36)
17 (10)
14 (10)

2304
4297
4860
3,874
2,263

±
±
±
±
±

508
702
484
673
384

(10)
(14)
(53)
(18)
(18)

23
87
27
15
16

±
±
±
±
±

7 (10)
74 (15)
7 (48)
5 (15)
6 (15)

7.9
24
8.6
54
26

2.0
4.1
1.6
0.9
1.0

±
±
±
±
±

0.5
0.4
0.4
0.4
0.3

(10)
(15)
(48)
(15)
(15)

Mg2+
(mg l-1)
SO42(mg l-1)
N:Pa
NO3(lg N l-1)
NH4+
(lg N l-1)
DOP
(lg l-1)
SRP
(lg l-1)

168
85
1233
151
144
Ditch 1
Ditch 2
Wetland 1
Wetland 2
Wetland 3

Table 3.

Sediment Pore Water Chemistry at Sampling Sites in the Fort Custer Wetland Restoration Site

Fe(II)
(mg l-1)

(10)
(13)
(39)
(14)
(15)

H2S
(lg S l-1)
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(Tables 2, 3). Pore water SRP concentrations were
slightly elevated compared to pore waters of other
wetlands in the region sampled in late summer,
although on average not significantly different
(P = 0.059, mean ± one standard error = 366 ±
114 lg P l-1, N = 45 sites: Kinsman-Costello
2012). Pore water dissolved Fe(II) concentrations
were very high compared to regional wetlands
(P < 0.001), with Fort Custer Wetland pore waters
averaging 27 mg Fe l-1 and the southwest Michigan wetland pore waters containing on average
5.8 mg Fe l-1 (N = 50 sites: Kinsman-Costello
2012).

Sediment Characteristics
Compared with other sediments from the region
(Kinsman-Costello 2012), the wetland sediments
were high in TP (area-weighted average =
1,229 lg P g-1) and TFe (area-weighted average = 11.56 mg Fe g-1), but with moderate Fe:P
molar ratios (area-weighted average = 6.78). Sediments were also highly organic, in the range of
10–80% organic matter, with an average of 60%
(Table 4). On the other hand, sediments contained
relatively low amounts of CaCO3 and AVS, constituents typical of sediments in water bodies of the
region with high groundwater influence (Table 4).
The relative distributions of P-binding fractions
reflect the high organic matter and iron content of
these sediments (Figure 5). Redox-sensitive ironbound P (BD–SRP) represented 19% of total sediment P on average, and P associated with organic
matter (NaOH–DNRP and HA–P) represented about
25% of total sediment P. Although initial flooding
did not greatly change total sediment P content,
relative amounts of some chemical forms of
sediment P changed significantly. Phosphorus
extracted by the BD solution, both nonreactive and
reactive, significantly decreased after flooding,
while nonreactive P extracted with NaOH and P
associated with humic acids increased significantly
after flooding (P < 0.02, Supplemental Table 1).
The ‘‘loosely sorbed’’ (H2O–P) and redox-sensitive iron-bound (BD–SRP) fractions are expected to
be the most readily released. The total mass of H2O–
SRP and BD–SRP in sediments before flooding far
exceeded the observed increase in surface-water P.
For example, the top 5 cm in Wetland 1 contained
an average of about 2.8 kg H2O–P and 193 kg
BD–SRP before flooding, compared with an
observed P increase in surface waters in that zone
of about 2 kg SRP. The average declines we
observed in BD–SRP and BD–DNRP, extrapolated
to the entire wetland area, each represents

Sediment characteristics for the entire wetland are means weighted by the areas of the zones in which they were measured. Except for organic matter, all values are expressed as per gram dry weight. All sites were sampled in 2008 for
organic matter (OM), total phosphorus (TP), and total iron (TFe) measurements. In addition, Wetland 1 and Wetland 3 were sampled in 2009 and 2010 for OM, TP, and TFe, and in 2010 only for oxalate-extractable iron (Ox-Fe), total
aluminum (Total Al), total calcium carbonate (CaCO3), and acid volatile sulfides (AVS)

0.94
0.58
10.51
5.62

1.31
0.68
4.79

17.88
7.99 ±
7.57 ±
4.81 ±
3.17 ±
6.78
10.75
12.47 ± 2.18
18.63 ± 3.83
7.98 ± 0.7
8.24 ± 0.46
11.56
334
904 ± 163
1,502 ± 286
1,245 ± 246
1,489 ± 198
1,229
±
±
±
±

4
7
3
3
13
45
65
68
63
60
Ditch 1
Ditch 2
Wetland 1
Wetland 2
Wetland 3
Entire wetland

TFe:P
molar
ratio
Total iron
(mg Fe g-1)
Organic
matter (%)
Site

Total
phosphorus
(lg P g-1)

1.55
1.71
1.59
0.43

11.31

AVS
(lmol S g-1)
Ox-Fe
(mg Fe g-1)

Total Al
(mg Al g-1)

CaCO3
(mg g-1)

L. E. Kinsman-Costello and others
Table 4. Sediment Characteristics Measured in the Top 10 cm of Cores Sampled from Two Drainage Ditches (Ditches 1–2) and Three Newly Reflooded Wetland Areas (Wetlands 1–3) of the Fort Custer Wetland
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A

B

Figure 5. Comparison of sequentially extracted P-binding fractions in sediments collected immediately before
(10 days) and immediately after (2 days) re-flooding the
Fort Custer Wetland restoration site in lg P g-1 dry
weight. Locations include Ditch 2 (D2) and Wetlands 1–2
(W1 and W2, sampling points within locations denoted
by letters). See ‘‘Methods’’ section for definitions of
P-binding fractions.

approximately 100–300 kg P. The average increases
in NaOH–DNRP and HA–P correspond to about
72–180 and 60–140 kg P, respectively. Overall, it
appears that as much as 600 kg P was released from
the BD–SRP and BD–DNRP fractions combined,
and all or part of this was transformed to NaOH–
DNRP and HA–P. Thus, the release of all of the
H2O–P and/or a small fraction of the BD–SRP from
the sediments could explain the estimated total
release of P into the surface waters.

Intact Core Experiment
In the experiment testing the effects of surfacewater DO on sediment P release to surface waters
in intact cores, sediments from Wetland 1 exhibited
higher P release rates than Wetland 3 (Table 5).
Wetland 1 sediments in the Low DO treatment
released P at a significantly higher rate than in the
High DO treatment, whereas cores from the Wetland 3 showed no significant effect of DO treatment
(Table 5).
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Table 5. Mean P Release Rates (Plus or Minus One Standard Error) for Intact Core Experiments from Two
Locations in the Fort Custer Wetland Restoration Site in which Surface Water was Aerated (High DO) or
Unaerated (Low DO)
Site

Treatment

P release rate (mg P m-2 day-1)

Wetland 1

High DO
Low DO
High DO
Low DO

3.6
11.8
0.18
0.34

Wetland 3

±
±
±
±

1.3
2.7
0.08
0.15

P value
0.022
0.3

Six replicate cores per treatment were assayed, and bold P values indicate significant differences (a = 0.05) between High and Low DO treatments (F test) for each location.

DISCUSSION
Upon re-flooding of this historically drained wetland, we observed rapid release of inorganic P from
sediments to surface waters, generating high water
column P concentrations that supported the proliferation of duckweed and filamentous algae. In
addition, considerable amounts of P were likely
exported to downstream ecosystems in the months
following re-flooding. Restoring wetland hydrology
to historically drained lands may thus have unintended consequences for water quality.
Previous studies have shown that flooding historically drained soils and sediments may lead to P
release, but fewer studies have provided evidence
for the mechanism by which P is released in shallow water bodies. We have provided direct evidence by measuring sediment characteristics,
including P-binding fractions, before and after
re-flooding. During the first year of flooding, the
occurrence of the highest water column P concentrations at times of low DO suggests that the
release of Fe-bound P under reducing conditions
was responsible for much of the increase, as discussed below. The large pool of sediment P in this
fraction provides support for the plausibility of this
hypothesis. Release of the Fe-bound P has often
been observed when hypolimnetic waters of deep
stratified lakes become depleted in oxygen (Marsden 1989), but this mechanism has not often been
documented in wetland waters that are too shallow
to develop persistent thermal stratification.
This wetland had been drained for most of the
last century, but it had been occasionally backflooded by beaver dams as recently as the 1990s. It
is likely that P accumulated in the muck soils
during drained periods, although some accumulated P was presumably lost to the outflow during
dammed periods. Net P accumulation may have
occurred because the drained years exceeded the
flooded ones. Ecosystems with longer periods of
drainage might be expected to accumulate more

soil P that is stored in forms that are susceptible to
release upon re-flooding.

Sediment P Release Rates and
Mechanisms
In both the field and laboratory studies across a
diversity of environments, re-flooding historically
drained sediments has been shown to lead to P
release from sediments to surface waters, although
reported release rates vary greatly (Table 6). The
rates of sediment P release we observed (6.5 mg
SRP and 9.1 mg TP m-2 day-1) immediately following re-flooding were in the range of observed
values from past studies (Table 6). Following the
initial pulse of P release, we observed high surfacewater P concentrations and filamentous algal
blooms during the ensuing year, suggesting that
sediment P release continued to occur but the
released P was effectively sequestered in biomass.
Initial sediment P release was rapid (within
days), and over 70% was released as SRP, much of
which likely originated in Fe-bound sediment
fractions. Summer flooding probably caused rapid
oxygen depletion in these highly organic sediments, leading to reduction of oxidized Fe and
subsequent mobilization of the formerly Fe-sorbed
PO43-. We measured high dissolved Fe(II) concentrations in pore waters, and both the loosely
sorbed and redox-sensitive iron-bound inorganic P
pools (H2O–P and BD–SRP) measured in sediments
before flooding were large enough to explain the
observed increase in surface-water P. The rapid
decline observed in sediment BD–SRP after flooding also suggests the release of Fe-bound P. Finally,
the higher rates of P release in experimental intact
cores with low-oxygen surface water, which we
observed in the Wetland site containing the highest
total sediment Fe concentration (Tables 4, 6), provide further evidence for the sediment’s potential
to release Fe-bound P under hypoxic conditions.

Timberlake Restoration Project, North Carolina, USA (440 ha)
Everglades Nutrient Removal Project, Florida, USA (1,545 ha)
Marsh Flow-Way Demonstration Project, Florida, USA (210 ha)
Williamson River Delta, Oregon, USA (2,200 ha)
Wood River Wetland, Upper Klamath Basin, Oregon, USA (1,300 ha)
Fort Custer Wetland, Michigan, USA (9 ha)

Ardón and others (2010a)
Newman and Pietro (2001)
Coveney and others (2002)
Wong and others (2011)
Duff and others (2009)
This study

Restored wetlands near Upper Klamath Lake, Oregon, USA
Blue Cypress Marsh Conservation Area, Florida, USA
Blue Cypress Marsh Conservation Area, Florida, USA
Everglades Nutrient Removal Project Wetland, Florida, USA
Artificially drained agricultural (dairy) land slated for
a constructed wetland, Florida, USA
Drained fens, Germany and Poland
Fort Custer Wetland, Michigan, USA

Aldous and others (2005)
Bostic and White (2007)
Corstanje and Reddy (2004)
Martin and others (1997)
Pant and Reddy (2003)

Zak and others (2010)
This study

Sediment source

Source

(B) Intact core studies

Location

Source

(A) Field studies

0–52.3
0.18–11.8

8.6–55
5.74–43
0.7–109
1.2–6
11–22

SRP release
(mg m-2 day-1)

19.2–72
6.5

0.03
0.33–1.5
10–20

SRP release
(mg m-2 day-1)

8.69–26.6
2.8–436

TP release
(mg m-2 day-1)

9.1

10

0.15

TP Release
(mg m-2 day-1)

Table 6. Published P Release Rates from Re-flooded Historically Drained Sediments Measured in Situ (A) or in Intact Cores (B) Sampled from
Drained or Recently Re-flooded Wetland Ecosystems
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Sediment P Release from a Re-flooded Wetland
Ultimately, P release occurred because the
drained sediments contained large amounts of
readily mobilized P forms. Wetland sediments store
large amounts of P in organic matter, which is slow
to decompose under flooded, anoxic conditions.
However, when wetland sediments are drained,
mineralization rates increase as organic sediments
are exposed to atmospheric oxygen (McLatchey
and Reddy 1998), producing inorganic P. In addition to the conversion of the existing sediment
organic P to the more reactive inorganic P, large
amounts of P are commonly added to drained
wetland soils when they are used for agriculture.
The specific agricultural management history of the
Fort Custer Wetland is unknown; the area was
converted to a military training area in 1917, and it
may have been farmed subsequent to conversion as
well as before. Although it is unlikely that the site
received high loads of industrial P fertilizer, it may
have received P supplements through the use of
manure or other amendments.
The Fe-rich sediments in this wetland likely led
to even higher rates of inorganic P accumulation
during drained periods than may have otherwise
occurred because of the high P-sorption capacity of
oxidized Fe when the soils were unsaturated. The
sediment Fe:P molar ratios were lower (7) than
the suggested threshold ratios of 8–10 below which
sediments are likely to release formerly Fe-bound P
(Jensen and others 1992; Geurts and others 2008;
Zak and others 2010). In addition, a high proportion of sediment total Fe was in the amorphous,
poorly crystalline form (i.e., oxalate extractable),
which has a higher P-sorption capacity than more
crystalline forms of oxidized iron due to higher
surface area and greater content of –OH groups for
PO43- ions to exchange with (McLaughlin and
others 1981; Axt and Walbridge 1999).
Comparatively low concentrations of inorganic N
and low (below Redfield) N:P ratios indicate high P
availability in the wetland waters during most of
our sampling periods, and suggest that aquatic
primary production would have been N-limited
during this time. Sediment re-flooding is less frequently associated with release of inorganic N than
with release of P. In fact, the oxygen depletion
associated with flooding likely enhances denitrification, leading to net retention or transformation,
rather than release, of sediment N (Ardón and
others 2010b). High DOC concentrations in the
wetland following re-flooding may reflect leaching
of the newly flooded soils, and the released DOC
may have been associated with P as a component of
organic molecules or sorbed to humic materials via
metal oxides (Gerke 2010). Sediments in this wet-
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land contained remarkably high humic-associated
P compared with other wetlands in the area
(Kinsman-Costello 2012); thus, some P release
from these fractions associated with DOC is possible. However, most of the initial pulses of released
P we observed in the water column were in the
form of SRP rather than DOP.
The duration of P release beyond the 2 years of
this study is difficult to ascertain. To roughly estimate the potential range of duration of sediment P
release, we calculated the amounts of ‘‘releasable
P’’ in sediments as the masses of P in loosely bound
(H2O–P) and redox-sensitive iron-bound (BD–SRP)
fractions in the newly flooded sediments. We estimated the amount of time it would take to release
this mass of P using the high (Wetland 1, Low DO)
and low (Wetland 3, High DO) P release rates
measured in the intact core experiment (Table 5).
These estimates of P release duration are based on
the assumptions that (1) only, and all, P in H2O–P
and BD–SRP fractions will be released from sediments, (2) P fraction pools are homogenous
throughout Wetland zones, (3) P release rates
measured in intact cores reflect actual release rates
in the ecosystem, and 4) P release rates are not
temporally variable.
Based on the above approach, the estimated
duration that the wetland sediments could continue to release P into surface waters ranges from 3
to 177 years, a very large range that reflects the
variable rates of P release in the core experiment. It
is notable that we observed much lower water
column P concentrations in the second year of
inundation, although high aquatic primary production was still evident, suggesting nutrientreplete conditions that could be maintained by
ongoing P release. Remote-sensing imagery available in Google Earth shows that this high aquatic
production persisted in the summers of 2011 and
2012.

Fate of P Released from Sediments
Sediment-released P was ultimately returned to the
sediments, assimilated into algal and vascular plant
biomass, and/or exported from the ecosystem via
the outflow. Differences in the distributions of
P-binding fractions before and after flooding
(Figure 5, Supplemental Table 1) provide some
evidence that at least a portion of readily mobilized
inorganic P was transformed to less-reactive forms,
even in the days following re-flooding.
Export of total P via the wetland outflow was
very high, and exceeded the estimate of initial P
release, suggesting that sediments continued to

654

L. E. Kinsman-Costello and others

release P after the initial release we observed. Most
of the export was as organic P, although the initial
P release was largely as SRP. There is uncertainty in
our estimates of export because of a deficiency of
discharge data early on in the study. However,
concentrations of conservative ions, such as Mg2+,
as well as the lack of observed internal wetland
flow, suggest that mixing between most of the
newly re-flooded Wetland zones and Ditch 1 and
the Outflow Pond was minimal. Thus, a substantial
portion of sediment-released P in the wetland
zones was likely not flushed from the wetland but
rather was ultimately stored in sediments or continues to be internally cycled. The balance between
P stored in sediments and transported to downstream ecosystems depends on the morphometry
and hydrology of a particular wetland, and would
thus be system-specific.

Laura Podzikowski, David Kinsman, Steve Robbins,
Brandon Kovnat, Rob Davis, Paige Howell, and
Megan Lowenberg for support in lab and the field.
Allen Burton and his lab at the University of
Michigan provided protocols and logistic support
for measuring acid-volatile sulfides in sediments.
Early drafts of this article were improved by comments from Alan Steinman, Jay Lennon, R. Jan
Stevenson, and two anonymous reviewers. This
research was funded by NSF DEB Grants 0743402,
0423627, 0910008, and 1027253.

CONCLUSIONS

Allen HE, Fu G, Boothman W, DiToro DM, Mahoney JD. 1991.
Determination of acid volatile sulfides (AVS) and simultaneously extracted metals in sediment. Draft analytical method
for determination of acid volatile sulfide in sediment. Washington, DC: U.S. Environmental Protection Agency.

Shallow flooding of historically drained organic
soils high in Fe caused rapid release of large
amounts of inorganic P from sediments to surface
waters, with resultant prolific growth of duckweed
and filamentous algae. The observed increase in
water column P concentrations diminished after
1 year, but in the meantime, substantial concentrations of P were exported to downstream ecosystems. High biomass of aquatic primary producers
was observed for several years after re-flooding.
Our observations demonstrate that when restoring
wetlands by re-flooding historically drained areas,
especially if sediments are high in readily mobilized
P, managers should incorporate monitoring of
water quality before and after re-flooding and
consider the potential for sediment P release to
jeopardize restoration goals and negatively affect
downstream ecosystems, at least in the first few
years after re-flooding. More research is needed to
improve our ability to predict how restoration of
hydrological regimes in particular wetland settings
will affect P release and export, and how the ecological effects of substantial P releases may be
managed or mitigated.

ACKNOWLEDGMENTS
The authors are grateful to Jim Langerveld and the
Environmental Office at the Fort Custer Training
Center for providing site access and logistic support,
as well as to Henning S. Jensen and colleagues at
the University of Southern Denmark for valuable
advice on phosphorus sequential extraction techniques. Thanks are due to David Weed, Jen Pham,

REFERENCES
Aldous A, McCormick P, Ferguson C, Graham S, Craft C. 2005.
Hydrologic regime controls soil phosphorus fluxes in restoration and undisturbed wetlands. Restor Ecol 13:341–7.
Aldous AR, Craft CB, Stevens CJ, Barry MJ, Bach LB. 2007. Soil
phosphorus release from a restoration wetland, Upper Klamath Lake, Oregon. Wetlands 27:1025–35.

Aminot A, Kirkwood DS, Kérouel R. 1997. Determination of
ammonia in seawater by the indophenol-blue method: evaluation of the ICES NUTS I/C 5 questionnaire. Mar Chem
56:59–75.
Andersen JM. 1976. An ignition method for determination of
total phosphorus in lake sediments. Water Res 10:329–31.
Ardón M, Montanari S, Morse JL, Doyle MW, Bernhardt ES.
2010a. Phosphorus export from a restored wetland ecosystem
in response to natural and experimental hydrologic fluctuations. J Geophys Res 115:1–12.
Ardón MJL, Morse MW Doyle, Bernhardt ES. 2010b. The water
quality consequences of restoring wetland hydrology to a
large agricultural watershed in the southeastern coastal plain.
Ecosystems 13:1060–78.
Axt JR, Walbridge MR. 1999. Phosphate removal capacity of
palustrine forested wetlands and adjacent uplands in Virginia.
Soil Sci Soc Am J 63:1019–31.
Baldwin DS, Mitchell AM, Rees GN. 2000. The effects of in situ
drying on sediment–phosphate interactions in sediments from
an old wetland. Hydrobiologia 431:3–12.
Bostic EM, White JR. 2007. Soil phosphorus and vegetation
influence on wetland phosphorus release after simulated
drought. Soil Sci Soc Am J 71:238–44.
Boström B, Andersen JM, Fleischer S, Jansson M. 1988. Exchange of phosphorus across the sediment–water interface.
Hydrobiologia 170:229–44.
Corstanje R, Reddy KR. 2004. Response of biogeochemical
indicators to a drawdown and subsequent reflood. J Environ
Qual 33:2357–66.
Coveney MF, Stites DL, Lowe EF, Battoe LE, Conrow R. 2002.
Nutrient removal from eutrophic lake water by wetland filtration. Ecol Eng 19:141–59.
Dahl TE. 1990. Wetland losses in the United States 1780s to
1980s. Washington, D.C., Jamestown, ND. http://www.npwrc.
usgs.gov/resource/wetlands/wetloss/index.htm.

Sediment P Release from a Re-flooded Wetland
Duff JH, Carpenter KD, Snyder DT, Lee KK, Avanzino RJ, Triska
FJ. 2009. Phosphorus and nitrogen legacy in a restoration
wetland, Upper Klamath Lake, Oregon. Wetlands 29:735–46.
Gerke J. 2010. Humic (organic matter)–Al(Fe)–phosphate complexes: an underestimated phosphate form in soils and source
of plant-available phosphate. Soil Sci 175:417–25.
Geurts JJM, Smolders AJP, Verhoeven JTA, Roelofs JGM, Lamers LPM. 2008. Sediment Fe:PO4 ratio as a diagnostic and
prognostic tool for the restoration of macrophyte biodiversity
in fen waters. Freshw Biol 53:2101–16.
Golterman H, Clymo R. 1969. Methods for chemical analysis of
fresh waters. Oxford: Blackwell.

655

Montgomery JA, Eames JM. 2008. Prairie Wolf Slough Wetlands
Demonstration Project: A case study illustrating the need for
incorporating soil and water quality assessment in wetland
restoration planning, design and monitoring. Restor Ecol
16:618–28.
Murphy J, Riley JP. 1962. A modified single solution method for
the determination of phosphate in natural waters. Anal Chim
Acta 27:31–6.
Newman S, Pietro K. 2001. Phosphorus storage and release in
response to flooding: implications for Everglades stormwater
treatment areas. Ecol Eng 18:23–38.

Grasshoff K, Ehrhardt M, Kremling K, Eds. 1983. Methods of
seawater analysis. Weinheim: Verlag Chemie.

Niedermeier A, Robinson JS. 2009. Phosphorus dynamics in the
ditch system of a restored peat wetland. Agric Ecosyst Environ
131:161–9.

Hamilton SK. 2012. Biogeochemical time lags may delay responses of streams to ecological restoration. Freshw Biol
57(Suppl. 1):43–57.

Olila OG, Reddy KR, Stites DL. 1997. Influence of draining on
soil phosphorus forms and distribution in a constructed wetland. Ecol Eng 9:157–69.

Hansson L-A, Bronmark C, Anders Nilsson P, Abjornsson K. 2005.
Conflicting demands on wetland ecosystem services: nutrient
retention, biodiversity or both? Freshw Biol 50:705–14.
Jensen HS, Kristensen P, Jeppesen E, Skytthe A. 1992.
Iron:phosphorus ratio in surface sediment as an indicator of
phosphate release from aerobic sediments in shallow lakes.
Hydrobiologia 235(236):731–43.
Kinsman-Costello LE. 2012. Effects of water level fluctuations
on phosphorus, iron, sulfur, and nitrogen cycling in shallow
freshwater ecosystems. Doctoral Dissertation, Department of
Zoology, Michigan State University.

Paludan C, Jensen HS. 1995. Sequential extraction of phosphorus in freshwater wetland and lake sediment: Significance
of humic acids. Wetlands 15:365–73.

Langerveld J. 2009. Using partnership and low cost structure to
successfully restore wetland on a military base in Michigan.
Master’s Thesis, Department of Geography, Western Michigan
University.

Reitzel K, Ahlgren J, Gogoll A, Jensen HS, Rydin E. 2006.
Characterization of phosphorus in sequential extracts from
lake sediments using P-31 nuclear magnetic resonance spectroscopy. Can J Fish Aquat Sci 63:1686–99.

Loeb R, Lamers LPM, Roelofs JGM. 2008. Effects of winter
versus summer flooding and subsequent desiccation on soil
chemistry in a riverine hay meadow. Geoderma 145:84–90.

Schönbrunner IM, Preiner S, Hein T. 2012. Impact of drying and
re-flooding of sediment on phosphorus dynamics of riverfloodplain systems. Sci Total Environ 432:329–37.

Lovley DR, Phillips EJP. 1987. Rapid assay for microbially
reducible ferric iron in aquatic sediments. Appl Environ
Microbiol 53:1536–40.

Smolders AJP, Moonen M, Zwaga K, Lucassen ECHET, Lamers
LPM, Roelofs JGM. 2006. Changes in pore water chemistry of
desiccating freshwater sediments with different sulphur contents. Geoderma 132:372–83.

Lucassen ECHET, Smolders AJP, Roelofs JGM. 2005. Effects of
temporary desiccation on the mobility of phosphorus and
metals in sulphur-rich fens: differential responses of sediments
and consequences for water table management. Wetlands
Ecol Manag 13:135–48.
MacDonald GK, Bennett EM, Taranu ZE. 2012. The influence of
time, soil characteristics, and land-use history on soil phosphorus legacies: a global meta-analysis. Glob Change Biol
18:1904–17.
Marsden MW. 1989. Lake restoration by reducing external
phosphorus loading: the influence of sediment phosphorus
release. Freshw Biol 21:139–62.
Martin HW, Ivanoff DB, Graetz DA, Reddy KR. 1997. Water
table effects on histosol drainage water carbon, nitrogen, and
phosphorus. J Environ Qual 26:1062–71.
McLatchey GP, Reddy KR. 1998. Regulation of organic matter
decomposition and nutrient release in a wetland soil. J
Environ Qual 27:1268–74.
McLaughlin JR, Ryden JC, Syers JK. 1981. Sorption of inorganic
phosphate by iron- and aluminum-containing components. J
Soil Sci 32:365–77.
Mitchell AM, Baldwin DS. 1998. Effects of desiccation/oxidation
on the potential for bacterially mediated P release from sediments. Limnol Oceanogr 43:481–7.

Pant HK, Reddy KR. 2003. Potential internal loading of phosphorus in a wetland constructed in agricultural land. Water
Res 37:965–72.
R Development Core Team. 2011. R: A language and environment for statistical computing. Vienna: R Foundation for
Statistical Computing.
Reddy KR, DeLaune RD. 2008. Biogeochemistry of wetlands.
Boca Raton: CRC Press.

Soil Survey Staff, Natural Resources Conservation Service, and
United States Department of Agriculture. 2012. Web soil
survey. http://websoilsurvey.nrcs.usda.gov/. Accessed 9 April
2012.
Steinman AD, Ogdahl ME. 2011. Does converting agricultural
fields to wetlands retain or release P? J N Am Benthol Soc
30:820–30.
Stookey LL. 1970. Ferrozine—a new spectrophotometric reagent
for iron. Anal Chem 42:779–81.
USDA-FSA Aerial Photography Field Office. 2006. naip_11_2n_mi077_2006_1 Version1. Utah: Salt Lake City.
Verhoeven JTA, Arheimer B, Yin C, Hefting MM. 2006. Regional
and global concerns over wetlands and water quality. Trends
Ecol Evol 21:96–103.
Walbridge MR, Richardson CJ, Swank WT. 1991. Vertical distribution of biological and geochemical phosphorus subcycles
in two southern Appalachian forest soils. Biogeochemistry
13:16–85.
Wetzel RG, Likens GE. 2000. Limnological analyses. 3rd edn.
New York: Springer.
Whitmire SL, Hamilton SK. 2005. Rapid removal of nitrate and
sulfate in freshwater wetland sediments. J Environ Qual
34:2062–71.

656

L. E. Kinsman-Costello and others

Wong SW, Barry MJ, Aldous AR, Rudd NT, Hendrixson HA,
Doehring CM. 2011. Nutrient release from a recently flooded
delta wetland: comparison of field measurements to laboratory results. Wetlands 31:433–43.

Zak D, Wagner C, Payer B, Augustin J, Gelbrecht J. 2010.
Phosphorus mobilization in rewetted fens: the effect of altered
peat properties and implications for their restoration. Ecol
Appl 20:1336–49.

Young EO, Ross DS. 2001. Phosphate release from seasonally
flooded soils: a laboratory microcosm study. J Environ Qual
30:91–101.

Zedler JB. 2003. Wetlands at your service: reducing impacts of
agriculture at the watershed scale. Front Ecol Environ 1:65–
72.

