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Upper Klamath Lake (UKL) and Agency Lake in south-central Oregon are 

hypereutrophic due to phosphorus (P) loading from both geologic and agricultural 

sources in the watershed.  Restoring historic lake-fringe wetlands to provide P sinks 

around the lakes has been accepted as a favorable means of reducing lake P levels and 

loading.  Hydrologic management strategies differ in their timing of wetland filling and 

draining, and they may have significantly different outcomes on P forms and 

concentrations released to the lakes.  To evaluate the effects of hydrologic management 

on P loading to the lakes, we investigated the biotic and abiotic mechanisms of P release 

related to timing and duration of inundation of wetland soils from four restoration sites 

through a laboratory and field study.  More specifically, we evaluated four hypotheses 

related to hydrologic management and P release in the restored wetlands: 1) timing 

(temperature) of inundation affects the concentrations and forms of P released in study 

wetlands, 2) the nature of P dynamics in the study wetlands releases primarily soluble 

reactive phosphorus (SRP), as opposed to organic P, 3) abiotic factors including 

dissolved oxygen, pH, redox, organic matter, and bulk density levels influence P release, 

and 4) soil P fractions change over time with different flooding regimes.  These 

hypotheses were investigated in a lab experiment in which dry wetland soil cores were 

flooded for 56 days and included sampling of total phosphorus (TP), SRP, dissolved 

oxygen (DO), pH, redox, and CO2.  Measurements were also taken on soil cores when 

dry, flooded for one day, after experiment flooding, and after flooding in the field for soil 

pH, organic matter, bulk density, total P, microbial P, and inorganic P fractions.  Higher 

release rates of TP were found in summer temperature treatments in all wetlands while 

release of SRP varied more with temperature and abiotic factors.  Low DO and redox 



levels also influenced greater release of P from soil cores.  Soil solution pH upon 

flooding resulted in dissolution of inorganic P fractions, leading to release of SRP to the 

water column.  After dissolution, wetlands with mineral soils had greater capacities of 

adsorbing SRP into P fractions than the wetlands with organic soils.  Microbial P was 

also a factor in SRP release; saturated biological demand resulted in higher 

mineralization than immobilization rates in two wetlands.   Our data indicate that 

wetlands with hydrologic connectivity to the lakes and mineral soils released the lowest 

concentrations of TP, while SRP was variable.  Further, our data provide evidence for 

determining best management strategies for wetlands to lower P loading to the lakes, 

which should be based upon soil type, how inorganic P is held in soil fractions, microbial 

activity, and the effect of abiotic factors such as temperature, DO, redox, and pH. 
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Effects of timing and duration of flooding on phosphorus release in four restored 

wetlands around Agency and Upper Klamath Lakes, Oregon 
 
 
Introduction         
 
 Eutrophication is one of the primary factors influencing biodiversity loss in 

aquatic systems and is a major environmental problem (Wassen and Olde Venterink 

2006, Capece et al. 2007).  Increased bioavailability of nutrients, specifically phosphorus 

(P), leads to highly productive and species-poor communities (Wassen and Olde 

Venterink 2006).  These impacts of eutrophication are important to the ecosystem 

services provided by natural wetlands, which includes nutrient filtration and assimilation 

(Mitsch et al. 1995), in addition to floodwater mitigation and wildlife habitat 

(Almendinger 1999, Mitsch and Gosselink 2000). One objective of wetland restoration is 

to mitigate the impacts of eutrophication by modifying the physical properties and 

hydrologic and biogeochemical processes influencing filtration and assimilation of 

nutrients in wetlands, though original ecosystem function is not frequently attained at 

wetland restoration sites (Zedler and Weller 1989, National Resource Council 1992).  In 

cases where restoration activities do not successfully recreate nutrient sequestration 

processes, wetlands may instead act as sources of those nutrients that stimulate/intensify 

the poor water quality conditions associated with eutrophication (Cooke et al. 1993). 

 The management of P in restored wetlands is of particularly high importance to 

water quality and wetland restoration in the lakes of Upper Klamath Basin in Southern 

Oregon.  Upper Klamath Lake (UKL) and Agency Lake are naturally eutrophic due to the 

volcanic geology of their drainages (Johnson et al. 1985, Walker 2001).  However, 

activities during the last century, including changes in land use practices, modification of 

lake hydrology, and draining and conversion of wetlands to agricultural lands (ODEQ 

2002), may have caused the lakes to become hypereutrophic (Bortleson and Fretwell 

1993; Fry 1999; NRC 2002).  Upper Klamath Lake was listed on Oregon’s 303(d) list for 

water quality impaired waters in 1998 for dissolved oxygen (DO), pH, and chlorophyll-a 

(ODEQ 2002).  Elevated P levels are in part driving severe algal blooms in UKL and 

Agency Lake, causing pH and DO to reach toxic levels for fish (ODEQ 2002, USFWS 
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1993).  The sources of P in UKL are well studied (Miller and Tash 1967, USACE 1982, 

Campbell et al. 1993, Kann and Walker 2001) and include a combination of internal and 

external sources accounting for about 2/3 and 1/3 of the yearly average load to the water 

column, respectively (ODEQ 2002). 

 Historically, lake-fringe wetlands likely played a key role in buffering external P 

loading to the lakes.  However, over 12,000 hectares of wetlands around UKL and 

Agency Lake were diked, drained, and converted to agricultural lands since 1885 

(National Research Council 2004), whereby only 36% of these natural marshes remain 

(Snyder and Morace 1997).  The converted wetlands are seasonally flooded and drained 

back to the lake for pest control and irrigation of the agricultural fields, which has been 

documented as a source of P to the lakes (Bortleson and Fretwell 1993, Snyder and 

Morace 1997).  The loss of these lake-fringe wetlands and the associated nutrient sink is 

cited as one of the factors contributing to excess nutrient input to UKL (Snyder and 

Morace 1997, National Research Council 2004). 

 Several wetland restoration projects, involving thousands of hectares, around 

UKL are underway with more being planned throughout the watershed with the goals of 

habitat restoration and reduction of external nutrient loads.  Such restoration is under the 

supposition that reduction in P loads is often the most effective approach to control 

eutrophication in lakes (Sas 1989, Cooke et al. 2005) and that wetlands effectively 

sequester P (Mitsch and Gosselink 1992). However, there is a great deal of uncertainty 

regarding the ability of wetlands to sequester P (Fisher and Ackerman 2004).  Some 

studies suggest that P sequestration in wetlands is generally low (Craft and Richardson 

1998; Richardson and Qian 1999), while others indicate it can be substantial (Graham et 

al. 2005), and still others demonstrate that wetlands may actually act as a source of 

phosphorus (Fisher and Acreman 2004, Aldous et al. 2007).  A more thorough 

understanding of P source-sink 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 P.  The storage of nutrients in peat soils, such as 

those in the wetlands around UKL and Agency Lake, is largely controlled by the aerobic 

or anaerobic conditions created by water table elevations (Snyder and Morace 1997, 
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Fisher and Acreman 2004).  Aerobic decomposition of peat soils accelerate when water 

tables are lowered in these wetlands, resulting in dramatic increases in P mineralization 

and P release rates (Snyder and Morace 1997).  In contrast, the inundated condition of 

wetland soils may actually support long-term nutrient storage by reducing aerobic 

decomposition.  However, there are tradeoffs; for example, anoxic sediments release Fe- 

and Al-bound phosphate as much as 1000 times faster than oxygenated sediments (Horne 

and Goldman 1994).  Also, when water tables rise and flood previously dry soils, P may 

be released under anoxic conditions due to microbial cell lysis (Wright et al. 2001) or 

changes in pH or redox (Olde Venterink et al. 2002).  Realistically, wetlands soils contain 

a mosaic of oxic and anoxic conditions, and understanding the net effects of these 

processes is key to understanding P sequestration and release from these soils.  The 

current understanding of the dynamics and mechanisms of P cycling in restored wetlands 

provides inconclusive evidence regarding the ability for reclaimed wetlands to sequester 

P when natural hydrology is restored.  The wetland restoration projects surrounding 

Agency and Upper Klamath Lakes provide an excellent opportunity to investigate such P 

dynamics.  

 An important consideration in the P dynamics of restored wetlands is the amount 

of soluble reactive phosphorus (SRP) released, as opposed to organically-bound P.  SRP 

is the bioavailable form of P necessary for plant uptake, including the growth of algal 

blooms.  Therefore, large amounts of bioavailable P released from restored wetlands can 

add to an existing high nutrient load to the lakes.   The release of SRP can be affected by 

biotic and abiotic mechanisms as well as how and where P is held in the soil.  

Investigation of P dynamics over time and by flooding regime and the biogeochemical 

properties of the soil and surface water is needed to improve the design and management 

of water quality and restored wetlands.   

Thus, understanding how hydrologic management of restored wetlands affects P 

release or sequestration may provide guidance for managing wetlands to minimize 

external P loading to the lakes.  Hydrologic management scenarios for wetland 

restoration sites around UKL and Agency Lake can be characterized by one of three 

strategies: (1) active management through mechanical pumping of a wetland unconnected 

to the lakes, (2) passive management with direct hydrologic connection to the lakes, and 
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(3) passive management without direct hydrologic connection to the lakes.  Restored 

wetlands that are actively managed are usually filled during the late spring for storage via 

mechanical pumping and then drained to the lakes in the summer to maintain minimum 

water elevations for endangered fish.  In contrast, passively-managed restored wetlands 

that are hydrologically connected to UKL or Agency Lake are flooded throughout the 

winter as lake levels rise, then slowly dewater over the summer as the lake levels drop.  

The third management scenario, passively managed wetlands not directly connected, may 

be flooded only in the winter for waterfowl habitat and allowed to dewater in the spring 

for germination of emergent vegetation.  These three management strategies differ in 

their timing of wetland filling and draining (Figure 1), and they may have considerably 

different outcomes on P forms and concentrations released to UKL and Agency Lake.  To 

improve design and management of restored wetlands, further studies are needed to 

improve understanding on the effects of hydrologic management on P release and 

sequestration. 

 To begin addressing this need, the overarching goal of this research was to 

improve understanding on how hydrologic management of restored wetlands can 

minimize external P loading to the lake.  We approached this goal by investigating the 

biotic and abiotic mechanisms of P release related to timing and duration of inundation of 

wetland soils from four restoration sites at UKL.  More specifically, we evaluated four 

hypotheses related to hydrologic management and P release in the restored wetlands: 1) 

timing (temperature) of inundation affects the concentrations and forms of P released in 

study wetlands, 2) the nature of P dynamics in study wetlands releases primarily SRP, as 

opposed to organic P, 3) abiotic factors including DO, pH, redox potential, and percent 

organic matter (OM) influence P release, and 4) soil P fractions change over time with 

flooding regimes.   
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Figure 1.  Flooding (black) and draining (grey) schedule for wetland sites over the    
     calendar year (a: passive management with direct hydrologic connection to the   
     lakes, b: passive management without direct hydrologic connection to the lakes, 
     c: active management through mechanical pumping of an unconnected      
     wetland to the lakes). 
 

 To address these hypotheses, field and laboratory studies were performed to 

analyze P and other relevant properties of wetland soils prior to, immediately following, 

and long after flooding over three temperature treatments representing summer, fall, and 

winter seasonal averages during which soils are flooded in the field.  By estimating the 

change in forms and concentrations of P, the amount of P that is lost from or sequestered 

in soils was quantified and the biogeochemical properties of the soil and water that have 

the greatest influence on P dynamics at the sites were identified. 
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Methods  
         
Site Description 
 
 UKL and Agency Lake are located in the Upper Klamath Basin in south-central 

Oregon (Figure 2).  They are shallow lakes (average depth of 2 meters) that contain 

volcanic ash and phosphorus-enriched soils.  Agency Lake is connected to UKL to the 

north by Agency Strait and, like UKL, has poor water quality due to high nutrient loads.  

Agency Lake receives the majority of its water from the Wood River, which then flows 

south into UKL and comprises over 16% of the discharge into UKL (Kann and Walker 

2001, NRC 2004).  Upper Klamath Lake receives over 50% of its discharge from the 

Williamson River (Kann and Walker 2001, NRC 2004).  Because of the substantial 

proportion of UKL volume draining from the Wood and Williamson Rivers, wetland 

restoration activities in the Upper Klamath Basin are expected to have a profound effect 

on the water quality in the lake.  Several restoration projects where the Wood and 

Williamson Rivers meet UKL and Agency Lake provided the unique opportunity to study 

the effect of different hydrologic management strategies in restored wetlands on P 

dynamics.  Four of these wetland restoration sites (Williamson River Delta, South Marsh, 

Wood River Wetland, and Agency Lake Ranch) with different hydrological management 

strategies were studied to evaluate the role of timing and duration of flooding regime on 

the forms and concentrations of P released or sequestered.   
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Figure 2. Location of restored wetlands and sampling sites. 
 
 
 The Williamson River Delta (WRD) is a 2400-hectare wetland restoration project 

directly adjacent to UKL and Agency Lake.  It straddles the last ~5 kilometers of the 

Williamson River before it drains to UKL.  The restoration area, operated by The Nature 

Conservancy, was formerly a functioning river-delta wetlands complex that provided a 

hydrologic transition zone between the Williamson River and UKL.  These former 

wetlands were hydrologically separated (reclaimed) from the lake and river when they 

were converted to cropland through levee construction during the 1940’s and 1950’s.  

Most of the project area was intensively farmed for alfalfa, potatoes, and barley until 
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1996, with some areas still in production today.  In 2000, wetland hydrology was restored 

for approximately 200 hectares of the site by removing portions of levees to reestablish 

historic hydrology on the delta and reconnecting it to the Williamson River and UKL.  

The WRD is a passively managed wetland due to direct connection to UKL and the 

Williamson River.  The objective of restoration at the Williamson River Delta was to 

improve and recreate habitats for endangered Lost River suckers (Deltistes luxatus) and 

shortnose suckers (Chasmistes brevirostris) and improve water quality (David Evans and 

Associates, Inc 2005).  The remainder of the Williamson River study site had not yet 

been reconnected to Upper Klamath Lake at the beginning of this study and the 

vegetation was comprised of weedy species such as prickly lettuce (Lactuca serriola), 

curly dock (Rumex crispus), and Canada thistle (Cirsium arvense).  These species will 

gradually become replaced by native wetland species after the restored hydrology to UKL 

in the fall of 2007.  Soils at the study sites are in the Tulana series and include Tulana Silt 

Loam and Algoma Silt Loam. 

 South Marsh (SM), approximately 125 hectares and located on the north shore of 

UKL, is a separate southeastern portion of the Williamson River Delta Project.  After 

being drained it was used for cattle grazing until 1999, when it was acquired by The 

Nature Conservancy.  SM was hydrologically reconnected to UKL in 2003 when two 

sections of levee surrounding SM were breached, followed by a third section of levee 

breached in 2004.  These actions restored hydrology for the objectives of improving and 

recreating habitats for endangered Lost River suckers (Deltistes luxatus) and shortnose 

suckers (Chasmistes brevirostris) and improving water quality (David Evans and 

Associates, Inc 2005).  Management of SM is passive due to direct connection to UKL. 

Wetland plant species during summer conditions when sampling occurred included water 

smartweed (Polygonum amphibium), hardstem bulrush (Scirpus acutus), creeping 

spikerush (Eleocharis palustris), and inland saltgrass (Distichlis spicata).  Soils in SM 

are Tulana Silt Loam in the Tulana series. 

 The Wood River Wetland (WR), approximately 1300 hectares, is located at the 

north end of Agency Lake and is operated by Bureau of Land Management (BLM).  It 

was irrigated for pasture after the wetlands were drained until the area was flooded by 
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mechanical pumping in 1995 for the primary objectives of improved water quality and 

improved habitat for the endangered Lost River sucker (Deltistes luxatus) and shortnose 

sucker (Chasmistes brevirostris) in the lakes.  Until 2007, the wetland, which is not 

directly connected to Agency Lake, was passively managed.  It was flooded via 

mechanical pumping only in the winter for waterfowl habitat and allowed to naturally 

dewater in the spring and summer to allow germination of emergent vegetation.  A new 

strategy was employed in 2007 using active wetland management: the wetlands were 

mechanically dewatered in late spring to aid in greater wetland vegetation establishment, 

with the addition of three flooding pulses throughout the summer to ensure adequate 

saturation for wetland vegetation.  Regardless of the management strategy (pre-2007 or 

current), drawdown during the spring creates drying conditions.   Current management 

floods dry soils in the summer and pre-2007 management flooded soils in the fall.  This 

study was able to study the effects of both management strategies.  Wetland plant species 

include water smartweed (Polygonum amphibium), creeping spikerush (Eleocharis 

palustris), and western marsh cudweed (Gnaphalium palustre).  Soils throughout WR are 

Histosols in the Lather series. 

 Agency Lake Ranch (AL), approximately 2900 hectares, is located along the 

northwest shore of Agency Lake.  The area had been under irrigated pasture after wetland 

drainage until 1998 when it was purchased by US Bureau of Reclamation (USBOR) with 

the objective of supplementing water supply for the combined Agency Lake/Upper 

Klamath Lake complex.  It is not directly connected to Agency Lake and is actively 

managed by filling via mechanical pumping during the late winter and early spring for 

storage and then draining in the summer when water is needed to supply the lake.  

Species of wetland plants during July sampling included a dense monoculture of creeping 

spikerush (Eleocharis palustris).  Agency Lake wetland soils are Histosols in the Lather 

series. 

 
Soil Core Sampling 
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 In July 2007 when the wetland soils were dry, soil cores were collected from each 

of the wetland sites.  Four replicates were collected from four stratified, randomly 

selected locations at each of the wetlands.  The locations (Figure 2) were stratified by 

elevation and randomly, using a random grid sample, selected at each of the sites, for a 

total of 64 cores.  An additional core was collected at each of the sixteen sites for 

immediate lab analysis to characterize variability in physical and chemical properties of 

the soil across each wetland to determine spatial patterns and distributions of P forms and 

concentrations prior to inundation.  Cores were collected using 15cm tall and 10cm 

diameter polyvinyl chloride (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 level with the tube.  Any wetland vegetation was left on the 

surface of the core. Each core was inserted into a 76 cm long, 10 cm diameter PVC tube 

and the bottom of the core was sealed with a fitted PVC cap. 

 
Lab Experiment 
 
 The PVC tubes containing the dry soil cores were taken to the Klamath Tribes 

Water Quality Lab for experiment set-up. The key differences between the hydrology of 

the sites that were simulated in the laboratory study were the timing and duration of 

flooding.  All cores were collected at the same time of year (during dry summer 

conditions).  By controlling temperature of the cores, through refrigeration, to correspond 

to the time of year that soils are flooded in the field (winter, fall, and summer), we 

simulated the timing of inundation.  Through this approach, patterns of biotic activity in 

mobilizing P and the role of inundation timing in P release at the wetlands were 

investigated. Average seasonal lake temperatures were obtained from US Geological 

Survey (USGS) data collected on an annual basis (USGS - Kurt Carpenter, unpublished 

data).  Then, one core from each of the sampling locations was held at three different 

temperatures that reflected flooding in summer, fall, and winter (21.3°C, 7.2°C, and 

1.6°C respectively) for 56 days.  There were four soil cores per wetland (one per site) 

remaining to evaluate changes in soil properties immediately after flooding, but there 

were only three temperature treatments.  Therefore, only three of the remaining cores per 
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wetland were each held at one temperature treatment for 24 hours.  Thus, one soil core 

from each sampling location was placed at each of the three temperatures for a total of  

16 cores per temperature for the duration of the experiment, as well as an additional four 

cores per temperature that were only flooded for one day.   

 All soil cores were flooded with fours liters of water drawn from a large, well-

mixed tank filled from Agency Lake.  This lake water was analyzed for total phosphorus 

(TP) and SRP concentrations prior to application on soil cores.  Soil cores were capped in 

order to measure the release of CO2 with decomposition.   

   The flooded cores were held for 24 hours prior to water quality and CO2 sampling 

in order to allow time for cores to reach designated temperatures.  Since P tends to be 

released from soils rapidly immediately after flooding (Aldous et al. 2007), we sampled 

the cores daily at the beginning of the experiment and decreased sampling intensity with 

increasing duration of the experiment (e.g., sampling days 1, 2, 3, 4, 5, 6, 7, 14, 21, 28, 

42, and 56).  Sampling activities consisted of three steps: 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 0.45µm syringe filters for SRP and 3) a YSI multi-probe was 

placed into the water to take readings for pH, temperature, DO, and redox potential, after 

which the caps were replaced. 

 Soil characterization and fractionation analysis, described below, was performed 

on the soil core samples reflecting conditions prior to, after 24 hours of, and after 56 days 

of flooding in this laboratory experiment.  All soil cores were divided into two depths (0-

5 cm and 5-15 cm) prior to being sent to the lab to evaluate the change in soil features 

with depth. For cores flooded the entire duration of the study, additional lake water from 

the tank was added to the cores three times throughout the experiment in order to 

maintain a constant headspace.  Every time lake water was added, the amount of water 

and concentrations of TP and SRP in the lake water were analyzed.  At the end of the 

experiment, day 56, one soil core from each wetland and temperature treatment was 

randomly selected to be sent to the lab for analysis for a total of 12 cores.  
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Field Study Sampling 
 
 The effects of flooding restored wetland soils were also studied in a field 

experiment.  Using the same study sites as were used in the lab experiment, soil cores 

were collected following spring 2008 flooding.  To compare pre- and post-flooded soil 

cores in situ, an additional set of 16 soil cores, one from each site at each restored 

wetland, were collected in the flooded wetlands, split into 0-5cm and 5-15cm increments, 

and sent to the lab for analysis.   

 
Soil Characterization and Fractionation Analysis 
 
 Total N and P were analyzed by nitric and perchloric acid digestion (Sommers & 

Nelson 1972) using a Perkin-Elmer 4000 CHN analyzer.  Organic matter was analyzed 

using the loss on ignition (LOI) method and bulk density was measured by dividing the 

70°C oven-dried soil weight by the soil volume. 

  Soil cores (dry, one-day flooded, post-experiment, and field-flooded cores) were 

analyzed for four inorganic P fractions and one organic P fraction: 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 

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 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 the total chloroformed P was subtracted to calculate the microbial biomass P.  

Quality control (QC) measures were taken by each laboratory on multiple parameters on 

all soil analyses to determine accuracy. 

 
Water Analysis 
 
  Total P was analyzed using potassium persulfate digestion and, along with SRP, 

run using the colorimetric method on a Konelab 20XT discrete analyzer (Thermo 
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Electron Corporation).  Quality control methods were performed on the analyzer before 

running samples, and quality assurance methods included analyzing five random 

duplicate samples each for TP and SRP as well as five random spiked samples.  Detection 

limits were 0.004mg/L for TP and 0.0008 for SRP.  The release of total P and SRP per 

experiment day was calculated using the equation:  
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Total concentrations over the entire experiment were then calculated by summing the 

total releases of all days. 

 
Statistical Analysis 
 
 Two-way repeated measures analysis of variance (ANOVA) models were used to 

test treatment effects of temperature, wetland, abiotic factors, and P fractions on TP and 

SRP release (S-Plus, Insight Corporation).  One-way ANOVA models were used to test 

soil P fractions by temperature treatments.  Log transformations were taken of those 

parameters that did not meet normality requirements.  Multiple comparisons were 

determined by Bonferroni adjustment and Fisher’s Least Significant Difference (LSD). 

 
 
Results 
 
Soil Chemistry 
 
 Soil characteristics did not significantly differ between the top 0-5cm and 5-15cm 

sections of the soil cores and thus results are reported on the top 5cm of the soil core, 

which reflect the soil/water interface  Soil chemistry parameters of dry/pre-flooded soil 

cores indicate differences between organic and mineral soils (Table 1).  AL and WR, with 

organic soils, had lower bulk densities, higher OM percentages, and acidic soil pH.  

Mineral soils of SM and WRD had higher bulk densities, lower OM, and alkaline soil pH.  

Total soil phosphorus levels were significantly lower in SM soils than the other wetlands. 



14 
Table 1.  Soil characteristics of dry/pre-flooded, one-day flooded, post-experiment                    
flooded, and field flooded cores from top 5cm.  Data are means and one standard 
deviation (n=4 for dry and flooded cores, n=3 for one-day flooded cores). 
 
                                                                                Percent    Bulk   
Sitea)           Typeb)         Tempc)        Soil pH          Organic        Density             Total  N              Total P 
                                       (°C)                        Matter  (g/cm3)             (µg/cm3)          (µg/cm3) 
 
AL           Dry                        5.6 ± 0.05      55.0 ± 1.6                           19076 ± 110        1071.3 ± 82.9   
                1-Day                             5.8 ± 0.03      57.0 ± 2.8                           17960 ± 333          823.2 ± 69.4 
               Flooded                          5.5 ± 0.1        63.5 ± 1.3    0.36 ± 0.02     23904 ± 1133    1014.7 ± 194.1 
               Post-Exp         1.6                5.6                 59.3              0.37               22580                   1292.9 
              7.2                5.6                 63.7              0.35               19887               865.7 
            21.3                      5.6                 55.3              0.40               21518             1031.7 
 
SM           Dry                                  7.9 ± 0.5        5.8 ± 1.2                              2668 ± 604        512.5 ± 57.9 
                1-Day                              8.3 ± 0.1         5.2 ± 1.2                              3256 ± 887        592.2 ± 81.7 
                Flooded                           7.7 ± 0.8         3.9 ± 0.9      1.04 ± 0.20      1815 ± 479        440.9 ± 54.3 
                Post-Exp          1.6              6.5                  4.8             0.91           1986  347.6 
              7.2              6.3                  3.6                0.90                 1078  302.1 
            21.3              6.1                            2.8               1.27                  796  322.1 
 
WRD        Dry              7.3 ± 0.3         7.1 ± 0.8                         3931 ± 385         955.3 ± 170.6 
           1-Day                               7.3 ± 0.1         9.9 ± 1.0                         3938 ± 406         725.5 ± 62.7 
                Flooded                             7.7 ± 0.3        6.0 ± 0.5    1.01 ± 0.11      2825 ± 260       1054.3 ± 175.1 
          Post-Exp          1.6              8.2                   8.7             0.92                 3633            1438.7 
             7.2             8.1                   9.7             0.92                 4486            1410.5 
           21.3            8.1                  7.4              1.00                 3900            1463.8 
            
WR        Dry                                   5.5 ± 0.1       46.5 ± 6.6                           20539 ± 3736    1101.5 ± 163.0 

                1-Day                           5.6 ± 0.1       47.1 ± 8.5                           16626 ± 1925      925.3 ± 131.0 
               Flooded                              5.8 ± 0.0       58.4 ± 2.8   0.44 ± 0.03     22144 ± 570      1074.0 ± 118.1 
               Post-Exp         1.6             5.8                   62.7            0.38               20880             1129.9 
            7.2             5.8                   63.1            0.27               19770             1030.5 
          21.3               5.7                   64.9            0.28               21741             1144.9 
  
a)  AL: Agency Lake Ranch, SM: South Marsh, WRD: Williamson River Delta, WR: Wood River Wetland 
b)  Types are soil cores when dry, flooded for one day, flooded in the field, and post-experiment flooded. 
c)  1.6: average winter temperature, 7.2: average fall temperature, 21.3: average summer temperature   
 
 
Effects of Temperature on TP    
 
 Total phosphorus release to the water column over the lab experiment varied 

significantly with time,  with the majority of TP released over the first three days in each 

temperature treatment (Figure 3).  Total phosphorus water column concentrations in 

winter and fall temperature treatments reached a steady state within one week with little 

to no TP released thereafter.  Summer temperatures created more fluctuation in TP levels 

as release occurred throughout the experiment, although still releasing the majority within 
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the first three days.  Concentrations of TP released into the water column were 

significantly higher in summer temperature treatments than in fall and winter 

temperatures with pairwise differences between SM and WR wetlands and WRD and WR 

wetlands.   
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Figure 3.  Total phosphorus release over lab experiment temperature  
                 treatments (a: winter, b: fall, c: summer). 
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 The cumulative release of TP over the duration of the experiment for each 

wetland showed varying results of temperature on soil flooding (Figure 4).  WR soils 

released the most TP under winter temperatures (454.4±35.6mg/m²) and fall temperatures 

(659.8±48.3mg/m²), while AL released the most under summer temperatures 

(1082.0±49.5mg/m²).  AL and WR released more TP during summer temperatures than 

SM and WRD. 
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Figure 4.  Sum of TP release for each wetland by temperature treatment  
                over 56 days of the lab experiment. 
 
 
 The TP released into the water column is dependent upon the concentrations of 

soil TP within each wetland.  A wetland with more soil TP has more stores available to 

release into the water column than wetlands lower in soil TP.  When total TP release to 

the water column was calculated as the percent released from initial soil TP, summer 

temperatures showed the greatest percentages released over the experiment in each 

wetland (Figure 5).  Highest percentages of TP released from soil TP were from organic 

soils of WR followed by AL. 
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Figure 5.  Total phosphorus released by temperature treatments 
                 as percentage of total soil phosphorus. 
 
 
Effects of Temperature on SRP    
 

 SRP also differed significantly with time, but with more fluctuation throughout 

the experiment (Figure 6) than TP.  Winter temperature treatments were significantly 

different from fall and summer temperature treatments.  Study wetlands also differed in 

SRP release, with WRD releasing significantly more SRP than SM and AL wetlands.  

There was also a significant interaction between temperature treatments and wetlands 

site. 
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Figure 6.  Soluble reactive phosphorus release over lab experiment temperature  
                treatments (a: winter, b: fall, c: summer). 
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 Totals for SRP over the course of the experiment for each wetland also showed 

varying results of flooding by temperature (Figure 7).  WRD soils released the most SRP 

under winter temperatures (545.0±7.3mg/m²) and WR released the most TP under fall 

temperatures (524.5±11.1mg/m²).  Summer temperature treatments released more SRP 

from AL (379.8±7.1mg/m²).  The total release of SRP in winter was greater in WRD than 

the other wetlands, and SRP from WR in fall temperatures was significantly greater than 

the other three restored wetlands. 
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Figure 7.  Sum of SRP release for each wetland by temperature 
                treatment over 56 days of the lab experiment. 
 
 
 As with TP release, SRP was calculated as a percentage of soil TP (Figure 8).  

Based on these percentages, summer temperatures produced the greatest SRP release in 

SM and AL, winter temperatures in WRD, and fall temperatures in WR.  
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Figure 8.  Soluble reactive phosphorus released by temperature  
                 treatment as percentage of total soil phosphorus.  
 
 
 
SRP Released as Percentage of TP 
 
 SRP released as a percentage of TP varied significantly across wetlands and 

temperature treatments.  Pairwise comparisons indicated (a) significantly higher SRP 

percentages released in WR fall temperature treatments than summer, (b) SM summer 

percentages were higher than winter, and (c) WRD summer SRP was significantly lower 

than winter and fall temperature treatments. 

 Lab experiment data showed the study wetlands released primarily SRP, as 

opposed to organic P, when SRP was taken as a percentage of TP.  Wetland sites that 

released over 50 percent of SRP in a temperature treatment were considered to have 

released a majority of SRP.  The percentages of SRP varied, but seven of the twelve 

temperature/wetland categories released over 50 percent SRP (Table 2), with the 

remainder of TP being organic P.   
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Table 2. SRP released in lab experiment as percentage  
of TP by temperature treatment.  Percentages are  
averages of 12 experiment daysa). 
       
            Winter     Fall           Summer 
Siteb)              (1.6°C)            (7.2°C)           (21.3°C) 
             
 
AL            62.9%  27.0%  63.2% 
             
SM         39.3%  65.4%  80.6%    
 
WRD       91.0%  67.8%  7.2% 
                    
WR          45.7%  71.4%  14.0%  
    
a)  Negative percentages were rounded up to zero and percentages 
     greater than 100 were rounded down to 100 before averaging. 
b)  AL: Agency Lake Ranch, SM: South Marsh, 
    WRD: Williamson River Delta, WR: Wood River  
 
 
 
Abiotic Effects on P 
 
  In addition to temperature, abiotic factors of redox potential, DO, and pH affected 

the release of TP and SRP from soils (Table 3).  Higher DO concentrations (Figure 9) 

influenced lower TP concentrations to a greater extent in winter temperatures than in 

summer and fall temperatures, while low redox potential (Figure 10) had a greater 

influence on higher TP release in summer temperatures compared to fall and winter 

temperatures.  Redox and pH influenced variations in SRP concentrations between winter 

and summer treatments, and higher DO concentrations produced lower SRP release in 

winter temperatures than in fall treatments.   
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Table 3.  ANOVA results for effect of abiotic factors on release of TP and  
               SRP from soil cores over duration of lab experiment. 
 
Abiotic Factors and Interactions  TP   SRP 
 
                ------------- p-values -------------------- 
pH     <0.001   <0.05 
DO     <0.05   <0.001 
Redox     NS   <0.05 
pH * temperature   <0.001   <0.05 
DO * temperature   <0.001   <0.05 
redox * temperature   <0.001   <0.05 
pH * wetland site   NS   <0.001 
DO * wetland site   NS   <0.001 
redox * wetland site   NS   <0.001 
  
NS = not significant 
 

 Water column pH in winter temperature treatments was slightly higher than in 

summer temperature treatments.  The greatest amount of TP and SRP released occurred 

in the lab experiment during the first three days when water pH was highest.  Summer 

temperatures produced the lowest pH levels of all temperature treatments.  The pH levels 

dropped below 7 within the first week.  When pH dropped to 6.5, however, SRP release 

into the water column slightly increased in summer temperature treatments.   At pH 6.5, 

SRP availability is at an optimum due to the minimization of precipitation with Fe, Al, 

and Ca (Sylvia et al. 2005).  It should be noted that the pH of the water column was 

measured near the water surface rather than at the soil surface, but should be 

representative of the soil/surface interface. 

 Organic matter showed non-significant increasing percentages in lab-flooded 

cores except for SM.   One-day flooded cores showed increasing OM in AL, WR, and 

WRD while the soils in SM showed decreasing percentages under all flooding regimes.  

Increases in OM were also observed in all lab temperature treatments and field flooded 

soil cores of AL and WR.  Soils in WRD increased in percent OM during the lab 

experiment, which contradicts observations of decreased OM in field flooded cores. 
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Figure 9. Dissolved oxygen concentrations by temperature treatment over lab 
                  experiment (a: winter, b: fall, c: summer). 
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Figure 10. Redox measurements by temperature treatment over lab 
                  experiment (a: winter, b: fall, c: summer). 
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Flooding on P Fractions 

 Phosphorus fractionation of dry/ pre-flooded soil cores showed a significant 

difference between top (0-5cm) and bottom (5-15cm) core sections in microbial P and 

carbonate bound P, and all P fractions differed by wetland (Table 4).  Field flooded cores 

only differed between top and bottom sections in carbonate-bound P.  Microbial P varied 

by wetland without correlation with OM, pH, or soil TP, but was significantly higher in 

AL compared to the other three restored wetlands.  All wetlands exhibited a decrease in 

microbial P in summer temperatures, with SM, WRD, and WR exhibiting very low 

concentrations following flooding.  Microbial P concentrations in WRD and WR were 

greater in cores held at fall temperatures and greatest in cores at winter temperature.   

 Non-occluded Fe- and Al-Pi was significantly lower in SM than the other restored 

wetlands.  Dry cores compared to one-day flooded experiment cores did not show 

significant differences in P fractions, but comparison of dry cores to field-flooded cores 

showed a significant difference between all P fractions and wetlands.  There was a 

significant interaction between wetland and occluded oxide bound Pi, and pairwise 

comparisons for oxide bound Pi found lower levels in SM compared to other wetlands.  

Total P was significantly affected by microbial P and Ca bound Pi in field-flooded cores. 
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Table 4. Soil phosphorus fractions between dry, one-day flooded, post-experiment  
             flooded and field flooded cores from top 5cm.  Data are means and one standard           

deviation (n=4 for dry and flooded cores, n=3 for one-day cores, n=1 for post-
experiment cores). 

 
                                   Occluded  
Sitea)     Typeb)      Tempc)       Microbial       Non-Occluded        Carbonate          Oxide                   Ca- P 
                             (°C)            P               Fe- and Al-Pi          Bound Pi           Bound Pi  

   
        µg / cm3 
 
AL       Dry                 243.4 ± 25.8       354.0 ± 37.4        190.2 ± 21.3       24.5 ± 8.8          5.1 ± 2.6            
            1-Day              131.7 ± 28.7       311.7 ± 59.9        174.9 ± 20.0       37.5 ± 3.6          0.8 ± 0.2                  
            Flooded                    147.0 ± 41.3       355.2 ± 84.5        123.1 ± 40.4       15.8 ± 4.6         14.7 ± 8.3 
            Post-Exp      1.6              145.1                   440.8                  251.9                  26.0                  0.30     
      7.2              208.4                   382.4                  254.4                  46.3                  0.75      
    21.3                     175.6                   430.6                            243.4                   5.7                   0.90 
 
SM      Dry                              28.6 ± 5.2         104.9 ± 5.9         43.2 ± 11.8        32.1 ± 3.5        135.7 ± 29.0      
            1-Day                          26.6 ± 3.7          77.1 ± 16.8        56.9 ± 13.1        38.2 ± 3.7       249.6 ± 114.4  
            Flooded                       37.1 ± 10.1       103.2 ± 17.1       59.3 ± 23.1         5.1 ± 3.9         185.3 ± 26.0 
            Post-Exp       1.6              11.0                   103.3                    94.7                  12.4                  125.0           
       7.2              10.7                    96.7                     68.4                  30.1                  166.0      
     21.3                  2.7                     61.9                     23.1                  3.7                   139.0 
 
WRD     Dry                    54.2 ± 29.9    416.7 ± 52.5       294.8 ± 29.3       38.2 ± 11.9         2.6 ± 1.0   
            1-Day                           23.8 ± 2.3          274.6 ± 33.2      199.3 ± 33.0       40.9 ± 9.1         39.7 ± 29.4     
            Flooded                        43.9 ± 5.7          195.0 ± 72.9      205.8 ± 16.1      13.0 ± 9.7      621.9 ± 249.8 
            Post-Exp       1.6              113.2                  120.5                  146.8                 24.0                 982.0        
       7.2                68.9                  111.5                  186.0                  3.7                  928.0 
     21.3                 15.1                  102.8                  126.2                         30.1                 954.0  
 
WR     Dry                               44.8 ± 13.9       234.0 ± 57.2       155.4 ± 33.1       56.4 ± 10.7        58.3 ± 27.2 

           1-Day                            21.0 ± 2.6         330.6 ± 37.6       213.7 ± 20.3       35.5 ± 5.9            0.7 ± 0.1       
          Flooded                        101.4 ± 26.9       360.4 ± 54.4       140.9 ± 24.3       26.6 ± 1.3           12.8 ± 6.8 
          Post-Exp        1.6               155.9                489.6                    312.7                  28.0                   0.30     
      7.2               122.8                482.8                    354.4                  30.1                   0.60     
                 21.3                    23.4                452.1                    314.5                          60.5                    0.15 
  
a)  AL: Agency Lake Ranch, SM: South Marsh, WRD: Williamson River Delta, WR: Wood River Wetland 
b)  Types are soil cores when dry, flooded for one day, flooded in the field, and post-experiment flooded. 
c) 1.6: average winter temperature, 7.2: average fall temperature, 21.3: average summer temperature   
 

 
 
Discussion 
 
Temperature Effects on TP Release 
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 Flooding of dry soil cores released TP in all temperature treatments, with the 

majority released in the first three days, consistent with other wetland soil experiments 

that document similar initial P release to the water column upon flooding (Wright et al. 

2001, Aldous et al. 2005, Bostic and White 2007, Aldous et al. 2007).  Under all three 

temperature treatments AL and WR initially released more TP than SM and WRD.  We 

believe this is explained by the initial decomposition of OM and mineralization of P 

under the aerobic conditions created as the organic soils of AL and WR dried upon 

draining of the wetlands.  The soils then underwent organic matter hydrolysis upon 

flooding in the lab experiment and released P to the water column (Ogwada et al.1984, 

Corstanje and Reddy 2004, Aldous et al. 2005).  The organic soils of AL and WR had a 

high turnover of organic P; and as P was mineralized, it was released and may have 

stayed in solution rather than being bound to soil minerals as in SM and WRD mineral 

soils (Bridgham et al. 2006).   

 Total phosphorus levels in winter and fall temperature treatments reached 

equilibrium within one week with little to no TP being released thereafter.  Summer 

temperatures created more fluctuation in TP levels as release occurred throughout the 

experiment, although still releasing the majority within the first week.  Summer 

temperature treatments were significantly different in their effects on TP release 

compared to winter and fall temperatures.  Seasonal cycles in nutrient concentrations and 

distributions are expected in restored wetlands.  Increased temperature increases 

microbial process rates, thereby changing mineralization and consumption rates (Cross 

and Schlesinger 2001, Malecki et al 2004).  The warmer summer temperatures result in 

decreased P adsorption and increased biological activity (Kleeberg and Korzerski 1997, 

Perkins and Underwood 2001, Christophoridis and Fytianos 2006).  Increased microbial 

activity was documented in CO2 measurements as summer temperature soil cores 

released the greatest concentrations over the duration of our experiment and was lower 

with cooler fall temperatures and cold winter temperature treatments.  Corstanje et al 

(2007) found similar results with microbial respiration, reporting CO2 measurements to 

be highest in June and September with higher temperatures and lowest in March and 

December with cooler temperatures.  While increased respiration under anoxic conditions 
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may seem improbable, saturated and low DO soils may still maintain an oxidized layer at 

the top few millimeters where aerobic microorganisms can maintain immobilization and 

mineralization processes (Mitsch and Gosselink 2000).  

  

Temperature Effects on SRP Release 

 The release of SRP also varied by temperature treatment, but not in similar 

patterns as TP.  SRP concentrations did not peak in the first week and decline to a steady 

state, but instead fluctuated by day, temperature, and wetland.  The total SRP released 

over the experiment did not reveal any seasonal cycles as each temperature treatment 

produced the greatest SRP release in three different wetlands.   The majority of SRP 

released as a percentage of soil TP occurred during summer temperature treatments in 

SM and AL soil cores.  This was expected due to increased mineralization under the 

warmest temperatures.  Mayer (2005) documented similar increasing SRP with 

increasing temperatures in a seasonal wetland in Lower Klamath National Wildlife 

Refuge.  Reasons for such increases under summer temperatures in the refuge may have 

involved similarities in soil type, pH, OM, and vegetation, resulting in consistent 

outcomes between wetlands.  Our study wetlands contained differences between all of 

these measures, thereby resulting in differences in SRP release with temperature as well. 

 The high SRP release over winter temperature treatments in WRD may also be 

due to microbial activity.  Microbial P concentrations in WRD increased throughout the 

experiment in winter temperatures compared to lower concentrations of microbial P in 

fall temperatures and lowest in summer treatments.  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), which may explain continued 

immobilization and mineralization throughout our experiment, albeit more slowly than 

under warmer temperatures.  Our results suggest that microorganisms 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).  As 

mineralization processes occurred throughout the experiment, additional SRP was 

released.  Because the WRD agricultural soils had remained fallow since 1996, we 
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anticipated WRD soils to release more P overall than the other sites because it had not 

recently been flooded.  Our expectations of a large nutrient flux to the water column upon 

first flooding were confirmed by this experiment as dissolution released P from the high 

nutrient load in fertilized land.  The substantial increase in SRP to the water column that 

we observed in the lab and field flooded cores suggests microbial P reached saturation, 

mineralization rates remained high, and saturation of P fraction adsorption sites occurred 

(see Flooding Effects on Soil P Fractions). 

 Microbial P saturation may have also played a role in the release of high SRP 

during fall temperatures in WR.   Our data suggest that continued mineralization 

processes added to further SRP release as our data indicate soil TP concentrations 

decreased over fall temperature treatments.  As SRP was released into solution, 

adsorption sites for Fe- and Al-Pi and carbonate bound Pi fractions may have reached 

saturation causing the release of SRP to remain in the water column (see Flooding Effects 

on Soil P Fractions). 

 Results of our lab experiment indicate that flooded soils released TP and SRP in 

all temperature treatments, with the majority released within the first three days.  TP 

water concentrations increased with warmer temperature treatments due to increased 

microbial activity, mineralization, and changing abiotic factors (see Influence of Abiotic 

Factors).  Concentrations of SRP also varied by temperature treatment, but with various 

factors influencing releases between temperatures.  Overall, the timing (temperature) of 

inundation was shown to affect the concentrations and forms of P released into the water 

column, which allows the acceptance of our first hypothesis. 

 

SRP Released as Percentage of TP 
 
 When SRP was calculated as a percentage of the TP released into the water 

column over the lab experiment, the majority of the wetland/temperature combinations 

released primarily SRP (i.e., over 50 percent of TP was SRP).  The influences behind 

these fluctuations are similar to those in SRP release as percentage of soil TP.  Mineral 

soils of SM and WRD released the majority of SRP under dissolution of inorganic soil P 

fractions as pH, DO, and redox changes occurred.  Microbial P dominated in AL where 



30 
high microbial mineralization released SRP to the water column.  Our data also suggest 

that WR produced a combination of microbial activity and inorganic P dissolution as 

influences on SRP release.  Under similar wetland soil flooding, Corstanje and Reddy 

(2004) found SRP remained a sizable percentage (60-80%) of the water column TP 

throughout their 30-day experiment.  These findings agree with our second hypothesis 

that the study wetlands release more SRP than organic P.  

 The consequence of releasing a majority of SRP to the water column is a greater 

concentration of the bioavailable form for plants, specifically algae, to take up for 

growth.  Lower SRP concentrations and increases in organic P concentrations would aid 

in improved water quality in the lakes as smaller algal blooms would exist and more 

particulate organic P could be stored within the wetland soils.  No evidence was provided 

by the data that temperature is the main driver of SRP release.  Temperature should, 

however, be taken into consideration along with other abiotic factors and P fractions. 

 

Influence of Abiotic Factors 

 TP and SRP were found to be influenced by abiotic factors including redox 

potential, DO, pH, and OM.  It has been found that redox potentials of -220mV increase 

dissolution, which releases adsorbed and occluded P (Shenker et al. 2005).  This was 

observed in our experiment as highly reduced conditions under summer temperatures 

caused ferric iron (Fe3+) to be reduced into soluble ferrous iron (Fe2+), leading to the 

release of SRP to the water column from the Fe- and Al-Pi soil fraction (Malecki et al. 

2004, Christophoridis and Fytianos 2006).  Reduction reactions in alkaline conditions 

decrease pH toward neutrality (Vepraskas and Faulkner 2001). Under highly reduced 

conditions in summer temperatures, high pH levels likely shifted toward neutral more 

than in the less-reduced winter temperatures. 

 Low or depleted DO concentrations also contributed to the release of P due to a 

reduced need for biological P as microbes become dormant, as well as a release of P from 

microbial death due to cell lysis or decomposition from facultative anaerobic microbes 

(Davelaar 1993, Wright et al. 2001).  The lowest DO and redox concentrations were 

measured under summer temperature treatments when the greatest concentrations of TP 

were released into the water column.   
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 We believe that the DO and redox conditions in these lab experiments may result 

in overestimating P release relative to what could occur in the field   In this lab 

experiment, soil cores were held under saturated conditions that caused decreased DO 

concentrations with continued microbial respiration.  Under field conditions, surface 

water may not have reached such low DO concentrations during fall and winter seasons 

because of higher water elevations, cooler temperatures, and lower pH.  This difference 

between field and lab conditions could indicate that TP and SRP concentrations released 

during winter and fall temperature treatments are lower in the field than what are reported 

here.  Differences between lab and field concentrations can not be confirmed because no 

measurements of water DO, redox, pH, TP, and SRP were taken in the field when cores 

were collected during field-flooded conditions. 

 Initial measurements of pH in the water column were between 8 and 10 due to the 

high pH of lake water during summer months that was used to flood the cores.  All soil 

cores at all temperature treatments displayed decreasing water pH over the experiment 

(winter: 9.5 to 7.9, fall: 9.2 to 7.0, summer: 9 to 6.5).  With prolonged flooding of soil 

cores, pH levels moved toward neutrality.  As microbes produced organic acids during 

decomposition, the acids released lowered the pH (Craft 2001, Oberson and Joner 2001).  

Lowered pH may have also resulted from oxidation-reduction reactions.  Christophoridis 

and Fytianos (2006) documented a pattern of increased P release under reduced 

conditions of -200mV and high pH values where P released at pH 9 was twice that 

released at pH 8.  Similar outcomes were observed in our soil cores held at summer 

temperatures under highly reduced conditions: TP concentrations over the first three days 

decreased by over half while pH levels decreased from ~9 to ~8.   

 Organic matter percentages for wetlands soils also changed with flooding.  While 

percent OM may decrease due to carbon lost as carbon dioxide through microbial 

mineralization (Stewart and Tiessen 1987), percentages may also increase as plant 

residues and animal remains are incorporated into humus, immobilized into microbial 

biomass, or accumulated when anoxic conditions result in microbial dormancy or cell 

lysis (Collins and Kuehl 2001,  Sylvia et al. 2005).  OM decomposition and/or 

accumulation in soils is regulated not only by oxygen, but also temperature, pH, OM 

quality, nutrients, and the availability of terminal electron acceptors (Craft 2001).  The 
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OM increase in one-day flooded cores in AL, WRD, and WR, may have resulted from 

microbial cell lysis upon flooding.  A decrease in OM in SM one-day cores may have 

occurred due to low microbial P present in SM soils compared to the other three 

wetlands, thereby allowing fewer microbial products to accumulate after cell rupture.   

Our results suggest that greater OM content in SM may have been lost to hydrolysis than 

accumulated as microbial products, especially since microbial P concentrations decreased 

very little over one day of flooding.   

  Soils in WRD lost OM during the lab experiment, which contradicts observations 

of decreased OM in WRD field flooded cores.  We believe that this difference between 

the field and laboratory study may be explained by a removal of the top soil layer that 

may have washed from the surface of the wetland as WRD flooded for the first time in 

fall 2007.  Reconnection of WRD to the lakes was accomplished through breaching 1-

2km sections of levee, and current conditions may allow sediment mixing of WRD 

mineral soils as fetch continues from the lakes into the wetland.  Thus, OM percentages 

may continue to decrease until wetland vegetation can become established to stabilize the 

soil and undergo decomposition cycles. 

 Accumulation of OM tends to occur with low rates of decomposition that are 

caused by low pH and cold temperatures (Craft 2001), while high temperatures increase 

decomposition and reduce OM (Collins and Kuehl 2001).  In AL and WR soils, high in 

OM, increases in OM in field-flooded conditions were observed.  When field-flooded soil 

cores were taken in April 2008 air temperatures were 2-3°C.  Cold water temperatures 

and low soil pH (5.5-5.8) in AL and WR explain the increase in OM from dry soil cores 

to field-flooded cores. 

 Our data documented changes in DO, pH, redox, and OM that influenced the 

release of TP and SRP.  Based upon these observations, we accepted our third hypothesis. 

 

Flooding Effects on Soil P Fractions 

 Wetlands showed both increasing and decreasing release of microbial P between 

dry and flooded soils, which may have resulted from changing environmental conditions, 

of which all abiotic factors may play a role (Oberson and Joner 2001).  An increase in 

microbial P indicates immobilization of P while a decrease indicates P mineralization or 
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microbial death.  While higher OM soils tend to have higher microbial P (Oberson and 

Joner 2001), we found higher microbial P at one of our high OM sites (AL) but not in the 

other (WR).  The higher microbial P in AL may be due to the vast amount of plant roots 

(mostly Eleocharis palustris) and extensive rhizosphere where microbes tend to thrive as 

compared to the less-vegetated WR.  Conversely, microbial P was lowest in SM soils, 

which also had the lowest OM percentages. 

 Microbial P concentrations were the lowest in SM field-flooded cores and under 

all temperature treatments, thus many microbes were likely lost to osmotic shock and cell 

rupture.  It is documented that rapid rehydration of soils can kill between 17 and 58% of 

soil microbes (Turner 2001).  A decline in microbial P may also be attributed to depletion 

of substrate, since SM had the lowest OM, reaching percentages close to zero in summer 

temperatures.  Because summer temperatures created highly reduced and anoxic 

conditions, many aerobic microorganisms did not survive, leaving behind small 

populations of anaerobic microbes that could not immobilize large amounts of SRP.   

 Greater microbial P concentrations in WRD and WR at colder temperatures may 

have resulted from reduced microbial activity.  Though activity was slowed, the greater 

DO concentrations in our winter data suggest that microbes continued immobilizing SRP 

throughout the experiment.  Another explanation of high microbial P reflects the 

microbial community present in the soils.  If WRD and WR soils contained bacteria, but 

the cold temperatures and lowered DO killed the bacterial grazers (or they were already 

in low quantities), P immobilization would remain high with no net mineralization 

(Oberson and Joner 2001).  While it was beyond the scope of our study to identify soil 

microbes, we believe our data suggest continued immobilization of SRP as the likely 

cause for higher microbial P concentrations.  

 Non-occluded Fe- and Al-Pi and Ca- Pi fractions changed in the soils cores with 

flooding, with little to no change between temperature treatments.  Fe- and Al-Pi and Ca- 

Pi fractions are pH dependent, and the soil pH influenced geochemical changes in these 

fractions.  When AL and WR soil cores were flooded, low soil solution pH increased Ca- 

Pi solubility, releasing SRP.  Under dissolution of Ca-phosphates and Ca-carbonates, 

phosphates at low pH precipitated with Fe and Al and carbonates, so in AL and WR as 
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Ca- Pi concentrations decreased, Fe- and Al-Pi and carbonate bound Pi concentrations 

increased.  The opposite holds true for SM and WRD with high soil pH.  Under reducing 

conditions and high pH, dissolution of Fe- and Al-Pi released SRP into the water column 

and phosphates precipitated with Ca (Shenker et al. 2005).  Both SM and WRD showed 

decreased Fe- and Al-Pi concentrations over all flooding regimes and increased Ca- Pi 

concentrations, with the largest fluctuations in WRD which had the highest levels of Fe- 

and Al-Pi.  Regardless of Fe- and Al-Pi increase or decrease, the summer temperature 

treatments in SM, WRD, and WR resulted in the lowest levels of Fe- and Al-Pi.  

Increasing temperatures and reduced conditions in SM and WRD cores produced the 

greatest concentration loss of P from the Fe- and Al-Pi fractions.   However, the tendency 

of desorbed P to precipitate with Ca-Pi, and thus remain in the soil (Litaor et al. 2005, 

Litaor et al. 2006), explains why we observed an approximately 75% decrease of Fe- and 

Al-Pi concentrations in WRD cores over the experiment and a concomitant increase of 

Ca-Pi of almost 99%.  Since highly reduced conditions during summer temperature 

treatments push pH toward neutrality, the lower redox conditions in summer may have 

changed the pH enough to prevent SRP adsorption compared to the winter and fall 

temperature treatments. 

 The dissolution and adsorption of Fe- and Al-Pi and Ca- Pi fractions is pH 

dependent and once SRP is released, more Fe- and Al-Pi and Ca- Pi was adsorbed to 

mineral soils of SM and WRD.  Changes in soil P fractions in WR, with organic soils, 

showed evidence of dissolution and adsorption.   The dissolution produced a flux of SRP 

to the water column, but SRP release may actually be a combination of dissolution and 

microbial mineralization.  The soils of AL, however, did not show much loss or gain in P 

fractions to document dissolution and adsorption as main factors of SRP release.   Due to 

the significantly higher microbial P in AL soils, before and after flooding, this fraction is 

most likely responsible for SRP release due to greater mineralization rates compared to 

immobilization rates.  Increased mineralization rates could be explained by higher 

densities of vegetation and organic matter compared to other wetlands, providing a 

substantial carbon source. 

 Carbonate bound Pi and occluded oxide bound Pi were found to change with 

fluctuations in Ca- Pi.  We observed decreases in carbonate bound Pi with increasing Ca- 



35 
Pi concentrations in the soil.  Deposition of Ca-bound P can occur through: a) chemical 

precipitation of calcium phosphates, b) coprecipitation with calcium carbonate, and c) 

adsorption and precipitation of PO4 on the surfaces of calcium carbonate (Swift 1984, 

Qualls and Richardson 1995).  Dissolution of carbonate bound Pi released SRP, but also 

released carbonates which may bind with Ca and SRP, thereby increasing the Ca-bound 

fraction.  Dissolution of occluded oxide bound Pi, the smallest inorganic fraction, 

increased and decreased without pattern with flooding or temperature treatments, and the 

changes were small.  This was to be expected, as it is the most tightly bound P fraction. 

 The greatest influence on how P was released or sequestered involved how P was 

distributed between soil P fractions.  pH was responsible for the majority of SRP released 

from P fractions, with dissolution of Ca- Pi at low pH and dissolution of Fe- and Al-Pi at 

high pH.  Microbial P also affected SRP as immobilization sequestered SRP and 

mineralization released P.   Which microbial process dominates depends upon the 

microbial community makeup, how many microbes were lost to cell lysis upon flooding, 

temperature, pH, and nutrient availability.  Our data documented that flooding regimes 

produced decreases and increases in P fractions.  Such changes in soil P fractions over 

time with flooding regimes allowed for the acceptance of our final hypothesis. 

 

Management Implications 

 The data suggest that there are differences in how the study wetlands release SRP, 

and such findings can inform the hydrologic management of restored wetlands.  SM and 

WRD consist of mineral soils and are already hydrologically connected to the lakes.  Fe- 

and Al-Pi and Ca- Pi fractions did not significantly change with temperature, but were 

influenced by high pH.  High pH conditions, however, are associated with the effects of 

warmer temperatures in the lakes, including reduced DO concentrations and low redox 

potentials.  If SM and WRD were unconnected, water temperatures warmer than the lakes 

would produce lower DO and redox and higher pH than the lakes.  Such changes could 

create larger releases of SRP from the Fe- and Al-Pi fraction and possibly stay in 

solution.  Thus, the hydrologic management of SM and WRD, passive management with 
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hydrologic connectivity, appears to be the most beneficial in regards to lowest SRP 

release to the lakes. 

 Changes in soil P fractions in WR cores and increases in microbial P with 

flooding provide evidence of two processes in the release of SRP to surface waters.  

Decreased soil solution pH influenced dissolution of Ca- Pi, and released SRP, while 

increased microbial P concentration with flooding documented higher rates of 

immobilization and greater mineralization.  Dissolution of Ca- Pi may be the larger 

contributor to release of SRP, since organic soils have lower adsorption rates than 

mineral soils.  The SRP released from Ca-Pi would be more likely to stay in solution than 

adsorb to the Fe- and Al-Pi fraction.  Under passive hydrologic management prior to 

2007, soils dried out during the summer, whereby flooding would release TP and SRP 

from OM hydrolysis, dissolution of Ca- Pi, and microbial mineralization.  Under the new 

management regime in 2007 providing three flood pulses throughout the summer, soils 

may not have the opportunity to completely dry out between late spring/early summer 

drawdown and the first pulse flooding in the summer.  Soils may be able to stay 

saturated, reducing the chances of drying and OM mineralization.  This current strategy is 

a change from passive to active management, but it may be the best management strategy 

to release the lowest concentrations of SRP in this wetland.  Depending on wetland soil 

elevations and previous subsidence, connecting WR to the lakes may provide longer 

periods of inundation (less SRP release) or longer periods of dry soils (more SRP release 

upon flooding).  However, active management is usually not the goal of wetland 

restoration.  The goals of all of the four wetlands need to be considered first, which are 

improving water quality and providing habitat for endangered fish species. 

 Active hydrologic management of AL, which is not connected to the lakes, 

requires pumping water on in late winter/early spring and pumping water off into the 

lakes in the summer.  As soils are flooded, TP and SRP are released from hydrolysis of 

OM and SRP is also released as a result of net mineralization.  SRP release is not likely 

due to dissolution of Ca- Pi, because concentrations in the soil fraction are very low.  Due 

to the expected large microbial community (based upon microbial P concentrations), 

microbial activity increases as temperatures warm in the summer, thereby increasing the 
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immobilization and mineralization rates.  If the microorganisms have reached biological 

demand for C, immobilization will cease and mineralization will continue and result in 

continuing release of SRP to the surface water.  Our data suggest that when the water 

from AL is finally pumped back into the lakes, it is at its highest SRP concentrations.  

Based upon these results, we believe that restoring hydrologic connectivity to the lakes 

would reduce SRP loads as water temperatures and DO concentrations would be similar 

to the lakes, creating improved conditions in AL during the warmest time of the year.   

 

 

Conclusions 

 Substantial research efforts have been dedicated to understanding the ecosystems 

at Upper Klamath Lake (Brownell and Rinallo 1995; ODEQ 2002), including studies  

characterizing sources of nutrients in the watershed (Rykbost and Charlton 2001), 

evaluating changes in water quality of the watershed over time (Eilers et al. 2001), 

evaluating the N and P contributions from active agricultural fields adjacent to UKL 

(Snyder and Morace 1997), comparing the hydrologic controls on soil P in natural and 

restored wetlands along UKL (Aldous et al. 2005), and P release from flooding of 

restoration wetland soils (Aldous et al. 2007).  In the global wetlands literature (see 

Dunne et al. 2005; Kadlec and Knight 1996), research in P has focused on nutrient 

dynamics of estuarine marsh restoration (Craft 1996), effects of draining wetlands on soil 

P (Olila et al. 1997), and modeling of carbon, N, and P dynamics and interactions (Van 

der Peijl and Verhoeven 1999).  However, none of the existing studies directly measures 

the amount and forms of P released or sequestered by wetland soils prior to and following 

flooding and the effects of inundation timing.  Different management strategies of the 

restoration wetlands around UKL vary in the timing and duration of inundation, which 

should affect P patterns and processes.  This study was designed to elucidate such 

changes. 

 Some limitations to our ability to understand these changes exist in this study.  

Bulk density did not undergo analysis in dry soil cores due to a laboratory oversight.  

Reductions in bulk density have been documented in other studies as a result of soil 

reflooding, and such results may have been seen here as well.  Total carbon (C) should 
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also have been measured in the soil cores, specifically dry.  The extent of P 

immobilization is affected by the C/P ratio of the organic materials being decomposed.  

Mineralization should occur with C/P ratios of <200:1 and immobilization should occur 

with C/P ratios of >300:1 (Sylvia et al. 2005).  Since our soil TP was high and we 

observed extensive SRP release (especially over summer temperatures), we may assume 

that net mineralization occurred in soils with C/P ratios of <200:1, but being able to 

document the main microbial process occurring under flooding may have helped 

determine whether abiotic factors played a larger role.  Also, there may have been a 

decrease in the release of P under fall and winter temperature treatments if the lake water 

used to flood the experiment cores had already been at fall and winter temperatures.  

Lastly, understanding the implications of wetland hydrologic management may be clearer 

if the study wetlands had involved one connected and one unconnected wetland for each 

of the two soils.  This could have better elucidated how P fractions and abiotic 

mechanisms factor into release of P.  Such choices for study wetlands were not available 

for this research, but are recommended for future studies.   

 This study highlights the potential outcomes of management decisions about 

hydrology of restored wetlands in an effort to minimize P loading to the lakes.  While it 

was expected that AL and WR wetlands with high OM release more TP initially from 

flooding soil cores due to hydrolysis of OM, these wetlands also released more TP 

throughout the experiment in summer temperature treatments.  This is a reflection of 

what may occur in the field as high summer temperatures and shallow water in AL and 

WR wetlands not connected to the lakes undergo highly reduced and low DO conditions.  

It is expected that opening these wetlands to the lake would increase redox and DO levels 

to those levels in the lakes and thus could reduce P concentrations released from the 

reflooded wetland soils.  Wetlands of SM and WRD also released P upon flooding, but 

concentrations decreased over time to reach equilibrium with little to no TP release.  

Mineral soils have higher adsorption capacities compared to organic soils and along with 

their connection to the lakes, should release smaller concentrations of P after flooding.   

While WRD released the most TP in the experiment, this was the only study wetland that 

had not previously been flooded.  We would expect these soils to release more P during 

the first flooding of former agricultural land with a high nutrient load.  However, the 
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concentrations in WRD were not much higher than those of organic soils.  The P released 

from WRD soils should decrease in the future since the initial large concentration of P 

was released upon flooding, and adsorption properties of mineral soils are stronger than 

organic soils.  The soils from SM, directly connected to the lakes, were the lowest in P 

release and provide evidence of the best management practice for minimizing P release to 

UKL in mineral soils: hydrologic reconnection of restored wetlands.  The best 

management strategy to minimize SRP release from wetlands with organic soil would be 

maintenance of saturated soils, thereby preventing mineralization of OM upon drying and 

hydrolysis upon flooding.  This may come close to being achieved under current WR 

management with summer flooding pulses.  However, active management is often not the 

goal of wetland restoration.  If organic wetland soils continued drying and flooding 

cycles, but were hydrologically reconnected to the lakes, SRP release may still be 

decreased due to improved conditions (higher DO, higher redox, lower water temps) in 

the wetlands during warmer temperatures when more SRP tends to be released. 

 Reducing the P load from the restored wetlands to the lakes is important in the 

Upper Klamath Basin.  Based upon this study, the best management decisions should be 

based upon soil type, how inorganic P is held in soil fractions, and the effect of abiotic 

factors such as temperature, DO, redox, and pH.  Further studies should be conducted, 

however, to document how WRD P concentrations change with future annual flooding 

regimes, whether they decrease in the release of SRP over time, and if they become more 

similar in processes and functions to SM.  A study on new hydrologic management of 

WR with summer flooding pulses would be valuable in determining how saturated the 

soils remain and if SRP release is reduced.  Continuing research on P release from AL 

and WR wetlands would be imperative to document changes if/when they are 

reconnected to the lakes.  Studies involving taking soils cores and water data in the field 

seasonally over a large timeframe would provide the clearest data about how P is stored 

and released in these wetland soils.   
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APPENDIX A:  APPENDIX FIGURES 
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Figure A1.  Soil pH in each wetland (0-15cm cores). 
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Figure A2.  Change in site 1 soil pH between pre and post-experiment soil cores by 0-
5cm and 5-15cm increments.   
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Figure A3.  Change in soil pH between dry and field flooded soil cores by 0-5cm and 5-
15cm increments.   
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Figure A4.  Percent organic matter in each wetland (0-15cm cores). 
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Figure A5.  Change in site 1 organic matter between pre and post-experiment soil cores 
by 0-5cm and 5-15cm increments.   
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Figure A6.  Change in organic matter between dry and field flooded soil cores by 0-5cm 
and 5-15cm increments.   
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Figure A7.  Total phosphorus in each wetland (0-15cm cores). 
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Figure A8.  Change in site 1 total phosphorus between pre and post-experiment soil cores 
by 0-5cm and 5-15cm increments.   
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Figure A9.  Change total phosphorus between dry and field flooded soil cores by 0-5cm 
and 5-15cm increments.   
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Figure A10.  Wetland phosphorus fractions in top 5cm of soil. 
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Figure A11.  Wetland phosphorus fractions pre and 1-day experiment in top 5cm. 
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Figure A12.  Wetland phosphorus fractions pre and post experiment in top 5cm. 
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Figure A13.  Wetland phosphorus fractions pre and field flooded in top 5cm. 
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Figure A14.  Carbon dioxide released from wetland cores over lab experiment from 
temperature T1 (winter).  Concentrations released show continued microbial respiration 
throughout the experiment, except for SM which shows little to no respiration after the 
first week. 
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Figure A15.  Carbon dioxide released from wetland cores over lab experiment from 
temperature T2 (fall).  Concentrations released show continued microbial respiration 
throughout the experiment, with higher releases than under cooler winter temperatures. 
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Figure A16.  Carbon dioxide released from wetland cores over lab experiment from 
temperature T3 (ambient summer).  Concentrations released show continued microbial 
respiration throughout the experiment, with significantly higher releases than under fall 
and winter temperature treatments.  Such large concentrations indicate high microbial 
activity, which corresponds to a greater release of TP into the water column. 
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Figure A17.  Surface water column pH by temperature treatment over the duration of the 
experiment (a: winter, b: fall, c: summer).  pH levels decrease toward equilibrium due to 
release of organic and carbonic acids into the water column, thereby increasing hydrogen 
ions in solution. 
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APPENDIX B: APPENDIX TABLES 

 
Table B1. Total phosphorus released as a percentage of total soil phosphorus. 

Site and Temp
TP Released 

(µg/cm3) TP St Error
Total Soil P 

(µg/cm3)
Total Soil P 

St Error
Percent 

Released
AL T1 3.17 0.90 1071.3 82.9 0.30
AL T2 3.29 0.48 1071.3 82.9 0.31
AL T3 12.08 0.57 1071.3 82.9 1.13

SM T1 1.55 0.94 512.5 57.9 0.30
SM T2 3.81 0.96 512.5 57.9 0.74
SM T3 5.25 1.27 512.5 57.9 1.02

WRD T1 2.93 0.84 955.3 170.6 0.31
WRD T2 2.00 0.48 955.3 170.6 0.21
WRD T3 7.04 1.35 955.3 170.6 0.74

WR T1 3.01 1.21 1101.9 163.0 0.27
WR T2 3.49 1.79 1101.9 163.0 0.32
WR T3 16.10 1.71 1101.9 163.0 1.46  

 
 

 
Table B2. Total soluble reactive phosphorus released as a percentage of total soil       
phosphorus. 

Site and Temp

SRP 
Released 
(µg/cm3)

SRP St 
Error

Total Soil P 
(µg/cm3)

Total Soil P 
St Error

Percent 
Released

AL T1 2.49 0.30 1071.3 82.9 0.23
AL T2 0.73 0.32 1071.3 82.9 0.07
AL T3 9.78 1.88 1071.3 82.9 0.91

SM T1 1.30 0.53 512.5 57.9 0.25
SM T2 2.42 1.08 512.5 57.9 0.47
SM T3 6.54 1.77 512.5 57.9 1.28

WRD T1 13.66 1.98 955.3 170.6 1.43
WRD T2 3.26 0.94 955.3 170.6 0.34
WRD T3 0.58 0.30 955.3 170.6 0.06

WR T1 1.01 0.86 1101.9 163.0 0.09
WR T2 17.82 2.46 1101.9 163.0 1.62
WR T3 2.12 0.52 1101.9 163.0 0.19  
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