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Effects of Temperature and Site Characteristics
on Phosphorus Dynamics in Four Restored
Wetlands: Implications for Wetland
Hydrologic Management and Restoration
Carla J. Stevens and Desiree D. Tullos
Abstract
Restoring historic lake-fringe wetlands is considered a favorable means of reducing lake phosphorus levels; however, it
is unclear how various strategies for managing wetland connectivity influence phosphorus release. We investigated the
relationships between temperature and soil characteristics of restored wetlands to identify management strategies that
minimize external phosphorus loading to Upper Klamath and Agency Lakes. We flooded soil cores at various temperatures
and analyzed them for several forms of phosphorus and other physical properties. We compared measures of microbial
activity and physical characteristics of phosphorus fractions within the wetland soils to forms of phosphorus in water
relevant to phosphorus-loading in the lakes. Greater release rates of total phosphorus occurred in summer temperature
treatments for all study wetlands (average 31.81 to 240.61 mg/m2/d), while release rates of soluble reactive phosphorus
(average -15.9 to 62.19 mg/m2/d) varied with temperature and soil characteristics. Wetlands with mineral soils and direct
hydrologic connectivity to the lakes released the lowest concentrations of total phosphorus, while soluble reactive phosphorus release varied across management strategies and soil types. These differences can be explained by the dominant
phosphorus processes associated with the hydrology and biogeochemistry of the individual sites, and temperature and
potential for microbial activity at the timing of inundation. Our results provide evidence that directly connected wetlands
may release less phosphorus than indirectly or mechanically connected wetlands, due to early timing of inundation and
longer duration of inundation.
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T

he dynamics of phosphorus (P)
in wetlands are of importance to
water quality and wetland restoration
in the lakes of Upper Klamath Basin in
southern Oregon (Snyder and Morace
1997). Upper Klamath Lake (UKL)
and Agency Lake are naturally eutrophic due to the volcanic geology of
their drainages (Walker 2001). However, the lakes are now hypereutrophic, likely due to activities during
the last century including changes
in land use practices, modification
of lake hydrology, and draining and
conversion of wetlands to agricultural
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lands (Bortleson and Fretwell 1993,
ODEQ 2002). Concentrations of
total phosphorus (TP) in UKL can
exceed 300 μg/L (ODEQ 2002)
during summer months. Elevated
soluble reactive phosphorus (SRP)
levels, primarily inorganic orthophosphate (PO4), are thought to be
driving severe algal blooms in UKL
and Agency Lake, causing pH and
dissolved oxygen (DO) to reach toxic
levels for endangered fish (ODEQ
2002). Because SRP is the bioavailable
form of P that plants utilize (Mitsch
and Gosselink 2000), reduction of
SRP in UKL and Agency Lake may
in turn reduce the algal growth that
results in degraded water quality.
Historically, lake-fringe wetlands
likely played a key role in buffering
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external P loading to the lakes. However, since 1885 over 12,000 ha of the
wetlands around UKL and Agency
Lake have been diked, drained, and
converted to agricultural lands (NRC
2004), leaving only 36% of the original natural marshes unmodified today
(Snyder and Morace 1997). Several
wetland restoration projects around
UKL, involving thousands of hectares,
are underway with the goals of habitat
restoration and reduction of nutrient
levels in the lakes.
The ability of wetlands to sequester P is variable; some studies suggest
that P sequestration in wetlands can
be substantial (Graham et al. 2005),
and others indicate it is generally low
(Craft and Richardson 1998, Richardson and Qian 1999). Results from
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dynamics in restored wetlands with
inundation.

Methods

Figure 1. Location of restored wetlands and sampling sites in Upper
Klamath Lake and Agency Lake.

local studies around UKL demonstrate
that wetlands may actually act as a
source of phosphorus (Aldous et al.
2007, Duff et al. 2009). Thus, a more
thorough understanding of P sourcesink relationships is needed as wetland
restoration projects are developed.
Locally, there is additional cause for
concern over the capacity of restored
wetlands adjacent to UKL to sequester
phosphorus. The storage of nutrients
in peat soils, such as those in the wetlands around UKL and Agency Lake,
is largely controlled by the extent and
duration of anaerobic conditions,
which is influenced by water table
elevations (Snyder and Morace 1997,
Fisher and Acreman 2004). In addition, warmer temperatures are known
to increase microbial mineralization
(Cross and Schlesinger 2001, Malecki
et al. 2004), resulting in P release.
Further, by reducing temperatures
(from 20°C to 5°C), P adsorption is
decreased (Kadlec and Reddy 2001).
The release of P can also be affected by
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abiotic mechanisms, including those
driven by soil pH, dissolved oxygen,
organic matter, and how and where
P is held in the soil. The goal of this
research is to improve understanding
of the relationships between temperature and soil characteristics of restored
wetlands in order to identify management strategies that minimize external
P loading to UKL and Agency Lake.
Specifically, we investigated the biotic
and abiotic mechanisms of P release
related to differences in temperature
at the time of inundation for 2 wetland soil types, predominantly mineral
or organic, from 4 restoration sites
at UKL. The objectives of this study
include: 1) characterization of how TP
and SRP concentrations in the water
column change with temperature at
time of inundation; 2) illustration of
the role of microbial activity in SRP
release; 3) investigation of the effects
of temperature and site characteristics
on SRP release; and 4) characterization of the processes dominating P
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Site Description
Agency Lake and UKL are located in
the Upper Klamath Basin in southcentral Oregon (Figure 1). They
are shallow lakes (average depth of
2 m) that contain volcanic ash and
P-enriched soils (ODEQ 2002). We
studied four wetland restoration sites
around UKL and Agency Lake (Williamson River Delta, South Marsh,
Wood River Wetland, and Agency
Lake Ranch) (Figure 1) with different
hydrological management strategies to
evaluate how the forms and concentrations of P released or sequestered
varied with the temperature at the
time of flooding. Sites consisted of 2
primary soils types, mineral and wetland, abbreviated site name-soil type
(e.g., WRD-min and WR-org for mineral and organic soils, respectively).
Hydrologic management scenarios
for these wetland restoration sites can
be characterized by 1 of 3 strategies
(Figure 2): 1) passive management
with direct hydrologic connection to
the lakes as lake levels rise (winter)
and recede (late summer); 2) passive
and active management without direct
hydrologic connection to the lakes
(mechanical pumping into the wetland
in fall and passive dewatering in spring
and summer); and 3) active management through mechanical pumping
of water into (winter) and out of
(summer) a wetland unconnected to
the lakes.
South Marsh (SM-min), covering
approximately 125 ha and located on
the north shore of UKL, was drained
in the 1940s and used for cattle grazing until 1999. SM-min was hydrologically reconnected to UKL in 2003
when 2 sections of the levee surrounding SM-min were breached, followed
by a third section of levee breached
in 2004. Management of SM-min is
considered passive due to direct connection to UKL. The mineral soils in

SM-min are Tulana Silt Loam in the
Tulana series.
The Williamson River Delta
(WRD-min) is a 2400ha restored
wetland that is directly adjacent to
UKL and Agency Lake. This delta area
was hydrologically separated from the
lake and river when it was converted to
cropland through levee construction
during the 1940s and 1950s. The site
was reconnected to UKL following
a series of levee breaches in 2007. It
is important to note that restoration
activities had not been completed at
the beginning of this study; samples
collected from WRD-min represent
agricultural areas that were not yet
inundated in order to explore differences between a more mature (SMmin) and newly restored site. Currently, hydrologic management is
considered passive at WRD due to
direct connection to UKL and the
Williamson River. The mineral soils
at the study sites are in the Tulana
series and include Tulana Silt Loam
and Algoma Silt Loam.
The Wood River Wetland (WRorg), covering approximately 1300
ha, is located at the north end of
Agency Lake. By 1960, the wetlands
were drained for irrigated pasture
and remained so until the area was
returned to wetlands via mechanical pumping in 1995. The wetland
is not considered to be directly connected to Agency Lake as it is flooded
via mechanical pumping only in the
winter for waterfowl habitat and
allowed to naturally ( passively) dewater in the spring and summer to allow
germination of emergent vegetation.
The organic soils throughout WR-org
are Histosols in the Lather series.
Agency Lake Ranch (AL-org), covering approximately 2900 ha, was
reclaimed to irrigated pasture in the
1950s and converted back to wetlands
in 1998 to provide water storage for
Agency and Upper Klamath Lakes. It
is not directly connected to Agency
Lake and is instead actively managed
by filling via mechanical pumping
during the late winter/early spring
for storage and then draining in the

Figure 2. Flooding (black) and draining (gray) schedule for wetland sites over the calendar year:
a) passive management with direct hydrologic connection to the lakes; b) passive and active
management without direct hydrologic connection to the lakes; c) active management through
mechanical pumping of water in and out of an unconnected wetland to the lakes. Wetlands are
dewatered from August to October.

summer when water is needed to meet
minimum level requirements in the
lakes. Like WR-org, the organic soils
at Agency Lake are Histosols in the
Lather series.
Soil Core Sampling
In July 2007, dry soil cores were collected from each of the wetland sites
during the fall when the sites were
dewatered. The 16 locations (Figure 1)
within emergent marsh (based upon a
water depth between 0.6 and 1.5 m)
were selected randomly using a
random grid sample. Four replicates
were collected from each of the locations in each wetland for a total of
64 cores. One core from each of the
16 sites was sent for immediate lab
analysis to characterize variability in
physical and chemical properties of
the soil prior to inundation, while
the others were immediately placed
in refrigerators for the temperature
experiment.
The remaining 48 cores were used
in the laboratory experiment. Cores
were collected using 15-cm tall and
10-cm diameter PVC tubes. Each tube
had a beveled end that was rotated
while being pushed into the soil to cut
roots. The cores were removed with a
shovel, and the core bottom was cut
September 2011

level with the tube. To reflect local
site conditions, the wetland vegetation that was present on all cores was
left on the surface of the core, with
the potential for decomposing roots
to impact phosphorus concentrations
and forms in the cores over time. Each
core was inserted into a 76-cm tall,
10-cm diameter PVC tube, and the
bottom of the core was sealed with a
fitted PVC cap. The PVC tubes were
76 cm tall to provide a water depth
over the soil core that would closely
represent emergent marsh water levels
while still being short enough to stand
upright within refrigerators.
Lab Experiment
Soil cores were inundated in a laboratory study to investigate the influence
of timing of inundation on P dynamics. Average seasonal lake temperatures
were obtained (USGS, unpublished
data) to represent the timing of inundation across the sites (Figure 2). Temperatures and light exposure of the
cores were controlled through refrigeration to correspond to the time of
year that soils are flooded in the field
(winter, fall, and summer). One core
from each of the sampling locations
was simultaneously held in the dark
at the 3 different temperatures that

Ecological Restoration

29:3  •

281

Table 1. Soil characteristics of soil types (dry/pre-flooded and post-experiment flooded cores). The data for the
dry (D) cores are the means and standard error of 4 cores from each wetland. The data for each post-experiment
flooded (P) core (N = 1) for all wetlands is listed.
Sitea

Typeb

AL-org

SM-min

WRD-min

WR-org

D
P

D
P

D
P

D
P

Tempc
(°C)

Soil pH

% Organic Matter

Bulk Density4
(g/cm3)

Total P
(µg/cm3)

1.6
7.2
21.3

5.6 ± 0.05
5.6
5.6
5.6

55.0 ± 1.6
59.3
63.7
55.3

ND
0.37
0.35
0.40

1071.3 ± 82.9
1292.9
865.7
1031.7

1.6
7.2
21.3

7.9 ± 0.5
6.5
6.3
6.1

5.8 ± 1.2
4.8
3.6
2.8

ND
0.91
0.90
1.27

512.5 ± 57.9
347.6
302.1
322.1

1.6
7.2
21.3

7.3 ± 0.3
8.2
8.1
8.1

7.1 ± 0.8
8.7
9.7
7.4

ND
0.92
0.92
1.00

955.3 ± 170.6
1438.7
1410.5
1463.8

1.6
7.2
21.3

5.5 ± 0.1
5.8
5.8
5.7

46.5 ± 6.6
62.7
63.1
64.9

ND
0.38
0.27
0.28

1101.5 ± 163.0
1129.9
1030.5
1144.9

a: AL-org: Agency Lake Ranch, SM-min: South Marsh, WRD-min: Williamson River Delta, WR-org: Wood River Wetland
b: Types are soil cores when dry (D) and post-experiment flooded (P)
c: 1.6°C: average winter temperature, 7.2°C: average fall temperature, 21.3°C: average summer temperature
d: ND: No data collected

reflected flooding in summer, fall, and
winter (21.3°C, 7.2°C, and 1.6°C,
respectively) for 56 d, following the
findings of Aldous and colleagues
(2007) that P dynamics became steady
after approximately 60 d. At the end of
the experiment, 1 soil core from each
wetland and temperature treatment
was randomly selected and sent for
analysis (see next section for details
on laboratory analyses). We note that
this lack of replication in the analyzed
samples renders any interpretations
as preliminary indications of patterns
worth further study.
All soil cores were flooded with 4 L
of water drawn from a large, wellmixed tank filled from Agency Lake,
which resulted in approximately
50 cm of flooding depth in each
tube. This lake water was analyzed
for TP and SRP concentrations prior
to application on soil cores on day 0.
We sampled the cores daily at the
beginning of the experiment and
decreased sampling intensity with
increasing duration of the experiment
282
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(i.e., sampling days 1, 2, 3, 4, 5, 6,
7, 14, 21, 28, 42, and 56). Sampling
activities consisted of: 1) CO2 samples
were extracted with a syringe through
a butyl stopper in the top PVC cap
and stored in a vacuum container for
later analysis on a gas chromatograph;
2) top caps were removed and water
quality samples were collected from
the surface of the water in the core
using syringes for TP and syringes
with 0.45 µm filters for SRP; and 3) a
YSI multi-probe was placed into the
water to take readings for temperature,
DO, and pH, after which the caps
were replaced. In order to maintain a
constant headspace for the entire duration of the study, additional lake water
from the tank was added to the cores
3 times throughout the experiment.
Every time lake water was added, concentrations of TP and SRP in the lake
water were reanalyzed.
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Analysis of Soil and
Water Characteristics
Total P in sample was analyzed using
potassium persulfate digestion and,
along with SRP, run using the colorimetric method on a Konelab 20XT
discrete analyzer (Thermo Electron
Corporation). For quality assurance
and control of TP and SRP samples,
we performed several analyses. We
performed lab-blind quality assurance,
which included 5 duplicates and 5
spikes in each run. The instrument was
calibrated each day with an R-value
= 0.999 or greater. The calibration
was then cross-checked with third
party checks (TPC) from another
source (different lot number for the
second set of controls) with a high,
medium, and low value on the curve
and flagged for any of the values outside of a ± 7.5% difference. During the
analysis, we repeated the three TPC
samples every 20 samples to check
for drift through the run. Further,
we also ran Laboratory Information

Management System (LIMS) quality control checks, which included a
blank, spike, duplicate, LCC, for both
SRP and TP, and an extra digest check
for the TP samples. The release of total
P and SRP per experiment day was
calculated using the equation:

where Pconc_in_core is the concentration
of TP or SRP in a core’s water column
(on a given sampling day), Pconc. lake is
the concentration of TP or SRP in
the lake water (when added to flood
the cores and maintain headspace),
and volumePVC_tube is the volume
of the PVC tube containing water
(not headspace). Total phosphorus
and SRP concentration units are in
mg/m2/day, Pconc units are in mg/L,
volume units are in L, and surface area
units are in m2.
Soil characterization was performed
on dried soil core samples reflecting
conditions prior to and after 56 days
of flooding in this laboratory experiment. Prior to nutrient and physical
property analyses, soil samples were
air-dried (25 to 30°C) and crushed to
pass a 2 mm sieve. Total P was analyzed
by nitric and perchloric acid digestion
(Sommers and Nelson 1972). All P
extracts were analyzed colorimetrically
using the ascorbic acid method (APHA
1998). Total nitrogen was measured
using a Perkin-Elmer 2400 CHN analyzer. Bulk density was calculated by
weighing the moist field soil sample,
then applying a moisture correction
factor. The moisture correction factor
was determined by drying a subsample
at 70°C, then weighing it to correct
for its water content. Organic matter
was analyzed using the loss on ignition
(LOI) method, and then bulk density
was measured again by dividing the
105°C oven-dried soil weight by the
soil volume. Soil pH was measured
in a 1:1 soil-water suspension with a
pH electrode.
Fractionation analysis was performed on the moist soil core samples,
also to investigate changes between

Figure 3. Flux of soluble reactive phosphorus released by temperature treatments over
56 experiment days. The data are means and 1 standard error of 4 cores from each wetland.

the pre-flooded and post-experiment
cores. Soil moist cores were analyzed
for 4 inorganic P fractions (Pi ) and 1
organic P fraction (Po ): non-occluded
Fe- and Al-bound Pi, carbonate
bound Pi, occluded oxide bound Pi,
Ca-bound Pi, and microbial Po. The
inorganic fractions were sequentially
extracted using a modification of the
September 2011

Chang and Jackson procedure (Olsen
and Sommers 1982). Non-occluded
Fe- and Al-bound Pi was extracted
with 0.1N NaOH, carbonate bound
Pi was extracted using 1M NaCl and
citrate-bicarbonate (CB), occluded
oxide bound Pi was extracted with
citrate-dithionite-bicarbonate (CDB),
and calcium bound Pi was extracted
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Table 2. Soil phosphorus fractions between dry and post-experiment flooded cores. The data for the dry (D) cores
are the means and standard error of 4 cores from each wetland. The data for each post-experiment flooded (P)
core (N = 1) for all wetlands is listed.
Site

Type

a

b

AL-org

SM-min

WRD-min

WR-org

D
P

D
P

D
P

D
P

Tempc
(°C)

Microbial P

Non-Occluded
Fe- and Al-Pi

Carbonate
Bound Pi

Occluded Oxide
Bound Pi

Ca-Pi

24.5 ± 8.8
26.0
46.3
5.7

5.1 ± 2.6
0.30
0.75
0.90

1.6
7.2
21.3

243.4 ± 25.8
145.1
208.4
175.6

354.0 ± 37.4
440.8
382.4
430.6

mg/cm3
190.2 ± 21.3
251.9
254.4
243.4

1.6
7.2
21.3

28.6 ± 5.2
11.0
10.7
2.7

104.9 ± 5.9
103.3
96.7
61.9

43.2 ± 11.8
94.7
68.4
23.1

32.1 ± 3.5
12.4
30.1
3.7

135.7 ± 29.0
125.0
166.0
139.0

1.6
7.2
21.3

54.2 ± 29.9
113.2
68.9
15.1

416.7 ± 52.5
120.5
111.5
102.8

294.8 ± 29.3
146.8
186.0
126.2

38.2 ± 11.9
24.0
3.7
30.1

2.6 ± 1.0
982.0
928.0
954.0

1.6
7.2
21.3

44.8 ± 13.9
155.9
122.8
23.4

234.0 ± 57.2
489.6
482.8
452.1

155.4 ± 33.1
312.7
354.4
314.5

56.4 ± 10.7
28.0
30.1
60.5

58.3 ± 27.2
0.30
0.60
0.15

a: AL-org: Agency Lake Ranch, SM-min: South Marsh, WRD-min: Williamson River Delta, WR-org: Wood River Wetland
b: Types are soil cores when dry (D) and post-experiment flooded (P)
c: 1.6°C: average winter temperature, 7.2°C: average fall temperature, 21.3°C: average summer temperature

using 1N HCl. Microbial biomass
P was determined by the chloroform (CHCl3) fumigation technique
(Hedley and Stewart 1982). The total
labile P pool was extracted with 0.5M
NaHCO3 at pH 8.5, and total chloroformed P was subtracted to calculate
the microbial biomass P.

We characterized temporal trends
in SRP fluxes by plotting mg SRP
released per m2 of soil per day, and
summarized the effect of temperature
on concentrations of P fractions at the
beginning ( prior to inundation) and
end (day 56) of the experiment.

Statistical Analysis
Two-way repeated measures analysis
of variance (ANOVA) models (S-Plus,
Insight Corporation) were performed
to test effects of and interactions
between the temperature treatments
and wetland site, soil pH, organic
material content, P fractions, and DO
on TP and SRP concentrations in the
water column. Log transformations
were taken of those parameters that
were not normally distributed. Multiple comparisons were determined by
Bonferroni adjustment (Bonferroni
1936) and Fisher’s Least Significant
Difference (LSD) (Hayter 1986). All
test analyses were considered significant at α ≤ 0.05 (95% confidence).

Results
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Temporal Patterns
in SRP Release
Results from these experiments indicate that concentrations of TP varied
significantly with temperature treatments and with time since flooding ( p ≤ 0.001), with higher release
rates of TP in summer temperature
treatments. The majority of TP was
released over the first 3 days in each
temperature treatment: winter treatments released average TP concentrations of 58.04–122.98 mg/m2/d,
fall treatments released an average of
80.31–177.83 mg/m2/d, and summer
treatments released an average of 31.81
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to 240.61 mg/m2/d. Total phosphorus water column concentrations in
winter and fall temperature treatments
reached a steady state within 1 week
with little to no TP released thereafter.
Concentrations of SRP varied with
temperature and site conditions but
differed significantly with time ( p ≤
0.001), with more fluctuation over
the duration of the experiment (Figure
3) than TP. Over the first 3 experiment days, SRP concentrations averaged 0.00 to 42.21 mg/m2/d in winter
treatments, -15.9 to 62.19 mg/m2/d
in fall treatments, and -2.43 to 49.91
mg/m2/d in summer treatments.
In the winter treatment, the organic
soils at AL-org and WR-org and the
mineral soils at SM-min released very
little SRP throughout the experiment
(Figure 3). In contrast, the mineral
soils at the unrestored WRD-min
released SRP throughout the experiment, with variability in the rate
released until day 21, when SRP
release steadily declined. A different
pattern exists for the fall treatment.

Organic soils at AL-org and WR-org
appeared to sequester SRP from the
water column early in the experiment,
but then began releasing SRP at an
increasing rate (WR-org) or ceased
sequestering SRP (AL-org). Both
WRD-min and SM-min released SRP
early at fall temperature treatment at
a decreasing rate until around day 7
when they no long released SRP. In
the summer treatment, AL-org and
SM-min released SRP early in the
experiment, with a general decreasing
or consistent release rate over time.
Effects of Temperature and Site
Conditions on Biogeochemistry
To better understand the relationships
between temperature, microbial activity, and SRP release, we investigated
how water column pH, DO, and CO2
concentrations varied with temperature across the sites. Summer temperatures produced steadily decreasing pH
(Figure 4) until it reached a minimum
value of pH = 6.30 at 21 d and then
began increasing. For fall and winter,
pH decreased steadily across all sites
with time since inundation. Across all
temperature treatments, the organic
soils at WR-org and AL-org produced
lower water column pH values, though
not significantly different ( p > 0.05),
than the mineral soils of WRD-min
and SM-min (Figure 4).
The release of SRP differed significantly with CO2 concentrations ( p ≤
0.001), but there was also a significant
interaction between CO2 and wetland
sites ( p ≤ 0.001). We found CO2 concentrations were slightly higher for
organic soils than mineral soils under
winter temperature treatments. With
warmer temperature treatments, however, the differences in CO2 concentrations between mineral and organic
soils became more extreme (Table 3).
We found indications of increased
microbial activity in the summer
treatments, as documented by higher
cumulative CO2 concentrations for
the cores held at the average summer
temperature (Table 3). Cumulatively
over the experiment for the summer
treatment, organic soils of AL-org and

Figure 4. Flux of water column pH released by temperature treatments over 56 experiment days.
The data are means of 4 cores from each wetland and all standard errors are less than 0.216.

WR-org released an average of 35 µg/L
CO2, while the mineral soils released
an average of 19 µg/L CO2 (Table 3).
Dissolved oxygen concentrations
also varied with soil type. Organic soils
of AL-org and WR-org released smaller
concentrations of DO over winter and
summer temperature treatments than
September 2011

mineral soils of SM-min and WRDmin. Dissolved oxygen concentrations
were significantly different ( p ≤ 0.001)
between winter temperatures (1.64
mg/L) and summer temperatures
(0.31 mg/L) and between fall temperatures (1.39 mg/L) and summer
temperatures (0.31 mg/L).
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Table 3. Carbon dioxide released from capped wetland cores. Data are
means of the 4 cores analyzed for each wetland summed over the 12
sampling days of the experiment and standard error.
Sitea

AL-org
SM-min
WRD-min
WR-org

Soil Type

Winter
(1.6°C)

Organic
Mineral
Mineral
Organic

3.31 ± 1.05
1.92 ± 1.15
2.48 ± 0.93
2.90 ± 1.06

Fall
(7.2°C)
µg / L
3.79 ± 2.0
3.26 ± 1.34
1.68 ± 0.65
3.76 ± 1.45

Summer
(21.3°C)
41.64 ± 9.11
20.25 ± 4.31
17.77 ± 4.92
28.90 ± 4.71

a: AL-org: Agency Lake Ranch, SM-min: South Marsh, WRD-min: Williamson River Delta, WR-org: Wood
River Wetland

Table 4. SRP released in lab experiment as percentage of TP by temperature
treatment. Percentages are averages of 12 experiment daysa.

Siteb)
AL-org
SM-min
WRD-min
WR-org

Winter
(1.6°C)
62.9%
39.3%
91.0%
45.7%

Fall
(7.2°C)
27.0%
65.4%
67.8%
71.4%

Summer
(21.3°C)
63.2%
80.6%
7.2%
14.0%

a) Negative percentages were rounded up to zero and percentages greater than 100 were rounded
down to 100 before averaging.
b) AL-org: Agency Lake Ranch, SM-min: South Marsh, WRD-min: Williamson River Delta, WR-org: Wood
River

In addition, SRP release varied significantly with site conditions, with
WRD-min releasing more SRP than
SM-min and AL-org wetlands (p≤
0.001). Calculated as a percentage
of initial soil TP, SRP concentrations
in the water (Figure 5) were highest in summer at sites SM-min and
AL-org, while releases were highest
in winter at WRD-min and in fall at
WR-org. Lab experiment data showed
the study wetlands released primarily
SRP, as opposed to organic P, when
SRP was taken as a percentage of TP
(Table 4). The percentages of SRP
varied, but 7 of the 12 temperature/
wetland categories released over 50%
SRP, with the remainder of TP being
organic P.
Finally, site conditions appeared to
exert a greater influence on the fractionation of P in the soils than temperature. Phosphorus fractionation of
dry/ pre-flooded soil cores was significantly different between wetland sites
for all P fractions ( p ≤ 0.05) (Table 2).
Concentrations of microbial P were
not correlated with organic matter
286
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(OM), pH, or soil TP, though they
were significantly higher in AL-org
compared to the other 3 restored wetlands ( p ≤ 0.001) (Table 2). However, while no significant effect of
temperature treatment on P fractions
was detected ( p > 0.05), all wetlands
exhibited a decrease in concentrations of microbial P in the soils for
the summer temperature treatments
following flooding, with SM-min,
WRD-min, and WR-org exhibiting
very low concentrations following
flooding.

Discussion
Flooding of dry soil cores released TP
in all temperature treatments, with
the majority released in the first 3
days, consistent with other wetland
soil experiments (Wright et al. 2001,
Aldous et al. 2005, Aldous et al. 2007,
Bostic and White 2007). The release
of SRP also varied by temperature
treatment, but not in similar patterns
as TP. Soluble reactive phosphorus
concentrations did not peak in the
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first week and decline to a steady
state, but instead fluctuated by day,
temperature, and wetland (Figure 3).
Our findings of SRP release rates are
comparable to other studies completed on soils in the UKL area. Our
range of SRP flux for WRD-min in
fall (4.14–64.1 mg/m2/d) is similar to
the SRP release rate of 74 mg/m2/d by
Kuwabara and others (2010) for the
WRD area in May (when lake temperatures parallel fall temperatures).
Release rates of -19.66–69.52 mg/
m2/d over all temperature treatments
in WRD compare similarly with SRP
rates found by Aldous and colleagues
(2007) of 7.2–64.8 mg/m2/d in a flux
experiment of WRD soils, though our
results contrast by finding that some
sequestration of SRP can occur. Duff
and collaborators (2009) documented
Wood River SRP release rates from
flux chambers of 19–72 mg/m2/d,
which falls within our WR-org range
of -6.8–76.5 mg/m2/d over all temperature treatments, though again,
with evidence of SRP sequestration
in our experiment.
The initial flushing of P from the
soil is likely due to cell lysis and OM
hydrolysis, which occur with initial
wetting of dry soils, followed by dissolution of SRP from P fractions. However, following that initial pulse, the
dominant process driving P dynamics
varied with related abiotic factors that
differed across sites and with temperature treatments. Those processes may
be driven by microbial activity (e.g.,
mineralization, immobilization) and
by biogeochemistry in the soils (e.g.,
dissolution). Though microbial activity plays a role in the release of SRP, it
is in combination with other factors,
especially pH and soil characteristics,
that the release of SRP is promoted
(Oberson and Joner 2001).
The majority of TP was released
as SRP (Table 4), which is similar to
findings of 60% of TP being released
as SRP by Duff and others (2009).
Further, given the complexity of factors driving SRP release and that SRP
is the form directly assimilated by
algae (Bortleson and Fretwell 1993),

we emphasize the following trends in
pH, CO2, and P fractions, relative to
SRP release over the duration of the
experiment.
pH and CO2 Concentrations
Across the duration of the experiment, pH levels moved toward neutrality for all temperature treatments
(Figure 4). It is likely that this change
in pH was driven by decomposition and oxidation-reduction reactions, as microbes produce organic
acids during decomposition, which
lowers pH (Craft 2001, Oberson and
Joner 2001). Our results documented
higher release rates of SRP with higher
pH, which was also found in UKL
samples by Fisher and Wood (2004).
Our CO2 data is consistent with other
studies (Corstanje et al. 2007) that
found similar results with respect to
microbial respiration, reporting CO2
measurements to be highest in June
and September corresponding to our
summer temperatures and lowest in
March and December corresponding
to our winter temperatures. Our data
indicate that CO2 release is dependent upon temperature, indicating
that microbial activity accounts for
our finding of greater concentrations
of organic P, as opposed to inorganic
SRP, in warmer temperatures.
Phosphorus Fractions
After soils have dried out, flooding soils
can reduce P adsorption by increasing
the solubility of phosphates that are
bound to aluminum and iron oxides
and amorphous minerals (Song et al.
2007). This appears to have occurred
in our soil cores, as described by the
contrasting changes in non-occluded
Fe- and Al-Pi and Ca- Pi fractions of
the mineral and organic soils with
flooding, regardless of temperature
treatments (Table 2). Fe- and Al-Pi
and Ca-Pi fractions are pH dependent, and when the organic soils of
AL-org and WR-org were flooded,
low soil-solution pH increased Ca-Pi
solubility, thereby releasing SRP. After
dissolution of Ca-phosphates and Cacarbonates, phosphates at low pH

Figure 5. Soluble reactive phosphorus released by temperature treatment throughout the experiment as percentage of total soil phosphorus. The data are means and one standard error of 4
cores from each wetland.

were adsorbed and precipitated with
Fe and Al and carbonates.
Mineral soils of SM-min and
WRD-min, with high soil pH, had
larger initial concentrations of SRP
in the Fe and Al-Pi fractions, which
were then released upon dissolution.
However, desorbed P tends to precipitate with Ca (Shenker et al. 2005) and
remain in the soil (Litaor et al. 2006).
This tendency to precipitate with
Ca-Pi may explain why we observed
an approximately 75% decrease in Feand Al-Pi concentrations in WRDmin cores over the experiment and a
concomitant increase of nearly 99%
in Ca-Pi (Table 2).
We also saw differences between
the previously unflooded/unrestored
soils of WRD-min and the soils of
SM-min that had been inundated for
4 seasons prior to our sampling. The
dry cores from the unrestored sites
at WRD-min were found to have
nearly twice the TP soil concentrations and 4 times the Fe- and Al-Pi
fraction concentrations of SM-min
soils (Table 1, Table 2). This indicates
that most of the WRD-min soil sites
capable of retaining P were initially
saturated with P and available for
September 2011

release upon flooding. However, with
low concentrations of Ca-Pi fraction
in the dry WRD-min cores, more sites
were available in this Ca-Pi fraction for
readsorbing some of the SRP during
the experiment. Our data (Table 2)
for the winter treatment illustrate this
process, indicating that Ca-Pi fraction
reached adsorption capacity during
the time flooded, after which point
SRP remained in the water as it continued to be released from the Fe and
Al-Pi fraction. In contrast, the dry soils
at SM-min had lower TP concentrations and higher Ca-Pi concentrations,
likely due to the multiple seasons over
which TP was liberated from the soils
and readsorbed by Ca-Pi through
wetting and drying cycles.
The greatest influence on how P was
released from or sequestered in soils
was the distribution of P between the
P fractions of the soil prior to flooding and soil characteristics ( pH). Our
results illustrate that a diversity of processes (e.g., dissolution, adsorption,
precipitation, mineralization, immobilization) drive changes in P fractions
over time and by soil type, and that
these processes strongly influence SRP
release to the surface waters.
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Figure 6. Generalized conceptual model of relative concentrations and P processes controlling release and/or sequestration of SRP. Figure represents
natural connectivity to the lake, as this represents the scenario most likely to reduce SRP release. Factors (e.g., pH, OM content, etc.) influencing P
dynamics outside of temperature and soil saturation are captured by the two soil types.

Microbial Phosphorus
Concentrations of P stored as microbial biomass in the soil were also a
factor in SRP release. Microbial P
is related to SRP through immobilization, sequestering SRP in the
soils through microbial uptake, and
through mineralization, releasing SRP
to the water through microbial decay.
However, which microbial process
dominates across a site depends upon
the microbial community makeup,
temperature, pH, presence of organic
matter, and the extent of microbial
loss to cell lysis upon flooding.
While higher OM soils typically
have higher initial microbial P (Oberson and Joner 2001), this pattern was
only true for one (AL-org) of our high
OM sites. We found significantly
higher microbial P in AL-org soils
than the other sites, both before and
after flooding, which is likely responsible for high SRP release. Cores from
this site contained higher OM content
and underwent greater mineralization
rates compared to immobilization
rates. The higher initial microbial P
in AL-org compared to the other wetlands may be due to extensive plant
roots and rhizosphere where microbes
tend to thrive, as compared to the lessvegetated WR-org. Microbial P concentrations also varied with seasonal
temperature treatments. Generally,
we found that warmer temperatures
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were related to higher microbial process rates, augmenting mineralization and immobilization rates (Cross
and Schlesinger 2001, Malecki et al.
2004). This was particularly clear at
SM-min and AL-org. For the mineral
soils at WRD-min, higher SRP release
occurred over winter temperature
treatments. This is likely explained by
continued immobilization and mineralization throughout our experiment,
albeit more slowly than under warmer
temperatures. It has been reported that
temperatures less than 5°C may reduce
microbial respiration to a level where
soil water is not depleted of oxygen
(Megonigal et al. 1996). Our results
suggest that microorganisms in WRDmin mineral soils immobilized SRP
until biological demand was saturated,
after which microbes could immobilize no additional SRP and it remained
in the water column (Olde Venterink
et al. 2002).
Implications for Restoration
and Management of Wetlands
Our study suggests that there are differences in how wetlands release SRP,
and such findings can inform the
hydrologic management of restored
wetlands. We summarize our results
in a conceptual model (Figure 6) characterized by 2 general soil scenarios:
1) mineral soils with high pH, low
OM and bulk density; and 2) organic
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soils with low pH, high OM and bulk
density. In combination with a site’s
soil conditions, the temperature at
time of inundation, and the duration of inundation both appear to be
important factors in driving the release
of SRP. We explain these relationships
through the case studies of our sites.
Mineral Soils
Both WRD-min and SM-min sites
consist of mineral soils and have direct
hydrological connections to the lakes.
Under this passive hydrologic management regime, soils dry out late
in the summer, and winter flooding
releases TP and SRP via OM hydrolysis, dissolution of Fe- and Al-Pi, and
microbial mineralization. In our study,
Fe-, Al-Pi and Ca-Pi fractions did not
drastically change with temperature
but were influenced by high soil pH.
Our data indicate that higher pH
conditions are related to greater rates
of SRP release to the water, which is
more likely to occur in warmer unconnected wetlands. Hydrologically connected wetlands, with the lower pH
and temperature conditions of the lake
(although slight, particularly in the
summer), are less favorable for SRP
release because immobilization and
adsorption are maximized, of which
mineral soils have greater capacities
than organic soils, while dissolution
and decomposition are minimized.

Organic Soils
The processes driving uptake and
release of P for the organic soils at
WR-org appear to be related to the
timing of, and consequently temperature at, flooding. Changes in soil P
fractions in WR-org cores suggest that
SRP is released to the surface water via
dissolution of Ca-Pi, with decreased
soil solution pH increasing dissolution. Future hydrologic connection
to the lake presents the question of
when and what concentrations of SRP
release may occur due to the 5 m elevation range across the sloped surface
at this site, including stream channels and deep canals (Carpenter et
al. 2009). Depending on wetland soil
elevations and previous subsidence,
connecting WR-org to the lakes may
provide longer periods of inundation
than the wetland currently experiences, leading to reduced SRP release
over current rate, or longer periods of
dry soils, leading to greater SRP release
upon flooding than currently occurs.
In the actively managed AL-org, soil
flooding releases TP and SRP via OM
hydrolysis and additional SRP due
to net mineralization. SRP release is
not likely due to dissolution of Ca-Pi
at this site because concentrations of
Ca-Pi in the soil fraction for this wetland are very low. As temperatures
warm in the summer, immobilization
of Pi and mineralization of Po increase
due to the temperature-related boost
to microbial activity and large microbial community (expected based upon
the microbial P concentrations found
in our experiment). Once microorganisms have reached biological demand
for carbon, immobilization will cease
and mineralization will continue,
resulting in a net and continued
release of SRP to the surface water.
Given this series of P processes and the
results of our experiments, it is possible that SRP concentrations are at
their highest in AL-org when the water
from AL-org is pumped back into the
lakes during the summer. Therefore,
restoring hydrologic connectivity at
this site could reduce overall SRP

loads by facilitating immobilization
and minimizing mineralization.

Conclusions
Complex but important relationships
exist between hydrologic management and P dynamics, as indicated
by the preliminary studies presented
herein. First, while the release of TP
is clearly temperature dependent, the
relationship between SRP and temperature is less clear, as temperature
also influences a variety of site factors,
including microbial activity, DO, and
pH. Second, key differences between
organic and mineral soils appear to
drive the sensitivity of a site to differences in temperature at time of flooding, particularly with respect to pH
and OM content. Third, hydrologic
management of restored wetlands can
play a key role of P dynamics, particularly in the timing and duration of the
wetting and drying of soils (Snyder
and Morace 1997).
Timing of inundation is critical.
Temperature at the timing of flooding
was found to be an important factor
driving immobilization and mineralization/decomposition, and is related to
other processes driving SRP release. In
the hydrologically-connected systems
around UKL, wetlands get wet very
early, when temperatures are cooler and
vegetation is beginning to reestablish
and assimilate SRP. Further, hydrologically-connected wetlands may be moist
longer throughout the summer. The
directly-connected hydrology appears
to be the most appropriate for minimizing total SRP release. Unconnected
wetlands, specifically actively managed
AL-org, are also inundated early, but
water levels decrease throughout the
summer due to plant uptake, evapotranspiration and mechanical pumping, without resupply from the lake.
Lower water levels in the summer
are conducive to higher water temperatures and lower dissolved oxygen
concentrations, increasing decomposition and mineralization rates, which
result in greater concentrations of SRP
release into a contained area.
September 2011

Timing of draining is important.
Generally, there is lower DO and
higher microbial rates in warmer conditions, and SRP concentrations are
higher when water is mechanically
pumped from the wetlands in summer
back into the lakes. Those wetlands
that are directly connected to the lakes
are allowed to dewater and dry out
naturally as the lake levels decrease,
and there is no additional pulse of
SRP into the lakes from pumping at
a time when the summer lake conditions already tend to be degraded (low
DO, high pH, high temp).
Duration of inundation is important. Our study and others (Wright et
al. 2001, Aldous et al. 2005, Aldous
et al. 2007, Bostic and White 2007)
document significant release of SRP
over the first few days following
inundation and then stabilization of
P release over periods of a week to a
month. However, the longer duration a wetland area is flooded provides
greater opportunity for the wetland to
sequester some of the phosphorus that
is initially pulsed out of the system
(especially in mineral soils), although
more SRP may be released depending
on water depth, temperature, DO,
and pH. Indeed, it has been shown
that moist soils release the least P over
time (Aldous et al. 2005), compared to
continually saturated soils and those
undergoing annual wetting/drying
cycles. However, further research and
modeling are needed to more fully
understand P dynamics in restored
wetlands over longer time periods.
Based upon this study, management decisions intended to minimize
P release from wetland soils should be
based upon soil type, how Pi is held
in soil fractions, and site characteristics (Figure 6). Further studies should
be conducted, however, to examine
basic questions regarding P dynamics
over time, such as: Do the rates of P
processes in maturing restoration wetlands become more similar to natural
and to more mature restoration sites
over time? Does release and sequestration of P in restored wetlands measurably contribute to the P dynamics of
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the broader ecosystem (e.g., UKL)?
Because water quality, and its impacts
to endangered species, can be strongly
influenced by key attributes (e.g.,
timing and duration of filling and
draining) of hydrologic management
and the characteristics of individual
wetlands, information about P processes should be considered in designing and managing wetland restoration
projects.
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