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Water Quality (UDWQ) to protect the integrity of these 
wetlands.

Wetlands perform many vital ecosystem functions, 
including storage of surface water, streamflow maintenance, 
sediment retention, fish and wildlife habitat, and nutrient 
transformation and/or retention (Tiner 2005). Wetland trans-
formation and/or retention of nitrogen (N) and phosphorus 
(P) is essential because it protects downstream waters from 
eutrophication. Baron and others (2013) found that 64% of 
reactive N removal in freshwater ecosystems of the United 
States occurs in wetlands. In addition, research conducted 
over 12 years in tile-drained agricultural lands shows that 
wetlands removed 28 to 52% of mass nitrate (NO3

-) and 
71 to 85% of mass orthophosphate loadings (Lemke et 
al. 2022). Wetland N removal occurs through denitrifica-
tion, biological uptake by plants and microorganisms, and 
sedimentation of organic particulates (Saunders and Kalff 
2001). The primary removal pathways for P are slightly dif-
ferent. Phosphorus remains in the phosphate (PO4

3-) form 
through assimilation and decomposition, and the primary 
phosphorus removal processes in wetlands are chemical 
sorption, precipitation, biological uptake, and soil accretion 
(Vymazal 2007).

Introduction

The Great Salt Lake (GSL) is the largest terminal saline lake 
in the Western Hemisphere and the largest inland body of 
water along the Pacific flyway, a major pathway for migra-
tory birds in the Americas (Cohenour and Thompson 1966; 
Kijowski et al. 2020). In addition, the lake is surrounded by 
approximately 145,000 ha of wetlands, many of which are 
waterfowl impoundments that are hydrologically managed 
to support submerged aquatic vegetation, an important food 
source for the 4–6 million waterfowl and other migratory 
birds that frequent the region (Downard and Endter-Wada 
2013; Downard et al. 2014). Because of their ecological 
importance, efforts are underway by the Utah Division of 
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Wetland impoundments are constructed for recreational and conservational purposes. Here, the water level can be carefully 
controlled, producing ideal conditions for aquatic plant growth to support migratory birds or other management goals. 
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that N assimilation was inversely correlated with water depth and positively correlated with soil % clay and total iron. 
Phosphorus assimilation was related to dissolved oxygen, aluminum, and N and P concentrations within the water column 
and soil. Nutrient assimilation did not differ among wetlands rated as poor, fair, and good by the MMI.
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Despite their importance in nutrient removal, wetlands 
are understudied at the regional, landscape, and global 
scales of nutrient cycling, partly because nutrient removal 
rates for processes like denitrification are difficult to quan-
tify due to high spatial and temporal variation (Groffman et 
al. 2006). In addition, instead of direct measurements, nutri-
ent removal rates in wetlands are frequently estimated from 
the inputs and outputs of total N and P (Cheng and Basu 
2017). As a result, the wetland characteristics that influence 
nutrient retention are not clearly defined. Crumpton and oth-
ers (2020) found that mass NO3

- removal is a function of 
hydraulic loading rate, temperature, and NO3

- concentration 
in restored corn belt wetlands. In waterfowl impoundments, 
seasonal water management and the soil physicochemi-
cal environment have been shown to significantly affect N 
cycling rates, with bird waste leading to high ammonium 
(NH4

+) concentrations, and environmental conditions caus-
ing inhibited nitrification (Hinckley et al. 2020). In addition, 
managed waterfowl impoundments can also act as a source 
of nutrients; during seasonal drawdown, impoundments 
have been shown to export similar loads of N as fertilized 
agricultural fields (Winton et al. 2016). Seasonal water man-
agement can also decrease nitrogen removal in impounded 
wetlands, and there are currently no best practices for nitro-
gen removal in managed wetland systems (Jones et al. 
2022).

Mesocosms may provide an effective method to directly 
measure ecosystem functions like nutrient assimilation in 
waterfowl impoundments. Mesocosms are intermediately-
sized environmental enclosures commonly used to research 
aquatic ecosystems (Odum 1984). Additionally, mesocosms 
make it possible to conduct controlled manipulative experi-
ments in the natural environment. For example, Wang and 
others (2006) used experimental mesocosms to study the 
effect of nutrient additions of phytoplankton growth in 
addition to estimating nutrient uptake kinetic parameters. 
Tavşanoğlu and others (2017) established mesocosms 
within a shallow lake to show how nutrient and water level 
variability effects zooplankton community taxonomic struc-
ture. In our study, we used wetland mesocosms to measure 
nutrient assimilation kinetics.

Our study goal was to determine which wetland charac-
teristics are most related to nitrogen and phosphorus assimi-
lation in wetland impoundments. Specifically, our objective 
was to relate wetland function (nutrient assimilation) to 
measures of wetland structure across environmental gradi-
ents. Our second objective was to evaluate whether wetland 
biological condition (e.g., good, fair, poor) predicts nutrient 
assimilation functioning. We hypothesized that sites identi-
fied as poor may have impaired nutrient retention function. 
Finally, understanding the relationship between wetland 
condition and function can help to inform appropriate water 

quality standards that should be kept to maintain wetland 
quality.

Methods

We collaborated with the Utah Division of Water Qual-
ity (UDWQ) to select 18 waterfowl impoundments for 
the study. These sites were selected because they captured 
the broad range of environmental conditions we hypothe-
sized to be important drivers of wetland sensitivity to cul-
tural eutrophication. In addition, the sites were previously 
assessed through the UDWQ in 2012, so comparisons could 
be made in their quality over time. The impoundments were 
studied during the summer, with water depths ranging from 
approximately 15–70 cm (Table 1). Most sites were from 
Bear River, Ogden, and Farmington Bay wetland complexes 
surrounding the Great Salt Lake, Utah (Fig. 1). These engi-
neered impoundments are fed by surface flows from the 
Wasatch Mountains, through the Bear, Weber, and Jordan 
Rivers. They are diked, and the water level is carefully 
controlled to promote the growth of desirable submerged 
aquatic plants like Stuckenia spp. to support waterfowl 
(Downard et al. 2014).

At each site, a mesocosm was installed to provide an envi-
ronmental enclosure where nutrient concentrations could be 
manipulated within wetland ponds. The mesocosms used in 
this study were made of clear plastic (polycarbonate resin 
thermoplastic). They were cylindrical, with a diameter of 
1.94 m and a height of 1 m. They are open to the soil at the 
bottom, allowing interactions between the soil and water. At 
each site, the mesocosm was installed approximately 30 cm 
deep in the soil, enclosing soil and water from the impound-
ment. The experiments were performed between June and 
August (working with one site at a time). The mesocosm 
was deployed at each location two days before sampling and 
assessment to allow time for the soil and water column to 
equilibrate from disturbance.

To estimate nutrient assimilative capacity, we performed 
an experimental pulse release of nutrients (Tank et al., 
2008). A single dose of nutrients was released concurrently 
as nitrate (NaNO3) and phosphate (KH2PO4) at 0.1 mg N, 
P L-1 doses and mixed into the water column. Water sam-
ples were collected from each mesocosm before the nutri-
ent addition and at 15, 30, 45, 60, 75, 90, 105, 120, 150, 
180, 210, and 240 min after addition to capture the decline 
in water column nutrients. The samples were filtered in the 
field (Whatman glass fiber filter size GF/F, Maidstone, UK) 
and stored on ice until arrival at the lab, where they were 
frozen until analysis for NO3-N and PO4-P concentrations.

Additionally, wetland condition was assessed through 
sampling across a 100 m transect, with the first point of the 
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transect being next to the mesocosm. Measurements were 
taken at 0, 25, 50, 75, and 100  m along the transect. We 
measured pH, specific conductance, and temperature on site 
using a handheld meter (Pro1030, YSI Inc., Yellow Springs, 
OH, USA). Dissolved oxygen was measured on-site using 
an optical meter (ProODO, YSI Inc., Yellow Springs, OH, 
USA). Water samples were taken to measure dissolved 

organic carbon (DOC), NO3-N, NH4-N, SRP, Total N and 
P, and dissolved elements. As mentioned above, the samples 
(except for total N and P) were immediately filtered, stored 
on ice, and frozen until analysis. Water sample analyses 
were conducted at the Utah State University (USU) Aquatic 
Biogeochemistry Laboratory and the Brigham Young Uni-
versity (BYU) Environmental Analytical Laboratory. DOC 

Table 1  Selected characteristics of the impounded wetland sites
Site Area (ha) WaterDepth 

(cm)
Macro-invertebrate 
Simpson Diversity

% SAV 
Cover

% Algae 
Cover

Specific 
Conduc-tance 
(dS/m)

Total N 
(mg/L)

Total P 
(mg/L)

1 28.62 34.4 0.80 100 0 5.4 0.85 0.06
2 3209.85 15.4 0.39 90 0 11.6 1.92 0.05
3 19.76 39.8 0.56 94 5 3.5 1.13 0.09
4 501.53 13.8 0.64 43 2 3.1 1.08 0.17
5 23.5 41.8 0.84 73 0.2 4.1 1.54 0.07
6 13.76 59.0 0.61 9.4 0 0.7 0.89 0.10
7 743.91 48.2 0.78 84 40 1.8 0.81 0.09
8 147.64 35.8 0.41 80 31 1.8 2.99 1.33
9 257.92 73.8 0.82 68 9.6 2.1 1.58 0.18
10 103.58 37.6 0.81 51 23 1.9 0.84 0.18
11 26.52 27.2 0.82 77 0.4 1.8 1.81 0.90
12 68.93 32.4 0.82 80 0 1.3 1.40 0.10
13 33.45 29.9 0.55 77 0.4 1.0 1.95 0.42
14 6.99 27.0 0.74 84 1.4 1.0 1.23 0.12
15 98.76 27.8 0.83 98 5.8 2.0 1.08 0.18
16 62.58 38.8 0.46 0 0 0.7 4.45 0.58
17 324.32 26.3 0.75 93 0.6 3.5 3.06 0.19
18 23.07 16.4 0.06 0 0 1.4 2.86 1.39

Fig. 1  Waterfowl impoundment 
wetland sites surrounding the 
Great Salt Lake, Utah, USA
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incidence of surface algal mats, and diverse macroinverte-
brate communities. The specific characteristics used were 
percent SAV cover, percent algae cover, and the composi-
tion of benthic macroinvertebrate communities. The benthic 
macroinvertebrate composition includes Simpson’s Index 
(SI) of invertebrates and the relative abundance of inverte-
brates anticipated to be strongly correlated with SAV. The 
invertebrates strongly correlated with SAV include: Ephem-
eroptera (mayflies), Odonata (dragonflies and damselflies, 
excluding the genus Aeshna), Hesperocorixa spp., Ylodes 
sp., and Gyraulus (Gray 2009, 2012, 2013).

For each characteristic, the relative value across sites was 
calculated by dividing the mean (of five transect observa-
tions) obtained at the site by the geometric mean across all 
measured sites. Next, a metric was created by rescaling the 
data that ranged from 100 (representing high water quality) 
to 0 (representing poor water quality). For variables with 
values expected to decrease with decreasing water quality 
(SAV cover and macroinvertebrate diversity), the site value 
was divided by the maximum concentration across all sites 
and then multiplied by 100. For variables that increase with 
decreasing water quality (algae cover), the same process was 
followed, except the final value was subtracted from 100 so 
that lower scores indicate poorer water quality (CH2M Hill 
2009). The metrics were then rescaled using the following 
equation so that the site with the best water quality received 
a score of 100.

MMIparameter =
Siteavg

maximumofSiteavgacrosssites
× 100

Finally, all three MMI parameters (SAV cover, algae cover, 
macroinvertebrates) were averaged to obtain the overall 
MMI metric. Classes were assigned based on the relative 
quality of wetland impoundments found during an exten-
sive, randomized impounded wetland assessment by the 
Utah Division of Water Quality in 2012 (UDWQ 2014). 
Sites with an MMI score greater than or equal to the 75th 
percentile were classified as ‘Good’ quality, below the 25th 
percentile were classified as ‘Poor ‘quality, and all others 
were classified as ‘Fair.’

Statistical Analysis

The decline in NO3-N and PO4-P over time within meso-
cosms was modeled as first-order decay, which has been 
shown to accurately describe nutrient removal in wetland 
mesocosms (Messer et al. 2017). We plotted the natural log 
concentration of NO3-N and PO4-P vs. time and determined 
the first-order rate constant (i.e., the nutrient removal rate 
constant) from the slope of the regression line. The rate con-
stant was used as a measure of nutrient assimilation.

was quantified using catalytic oxidation (TOC/TN-L, Shi-
madzu Scientific, Kyoto, Kyoto Prefecture, Japan). Micro-
segmented flow analysis was used to determine NO3-N, 
NH4-N, and orthophosphate-P (Detection limits 0.001, 
0.030, and 0.005, respectively; Astoria Analyzer, Astoria-
Pacific, Clackamas, OR). The concentration of NO3-N was 
determined using the cadmium reduction method (U.S. 
Environmental Protection Agency 1993b), and the concen-
tration of NH4-N was determined by the phenol-sodium 
nitroprusside method (U.S. Environmental Protection 
Agency 1993a). Orthophosphate was measured using the 
molybdenum blue method (U.S. Environmental Protection 
Agency 1993c). Total N and P were measured by persulfate 
digestion (Ameel et al. 1993) and quantified using micro-
segmented flow as described above (Astoria Analyzer, 
Astoria-Pacific, Clackamas, OR). Dissolved elements (Al, 
Ca, Fe) were determined by ICP-OES (iCAP 7400, Thermo 
Scientific, Waltham, MA, USA).

We sampled submerged aquatic vegetation (SAV), soil, 
chlorophyll a, algae (if present), zooplankton, and benthic 
macroinvertebrates at 0, 25, 50, 75, and 100 m across tran-
sects at each site. The percent cover of SAV and algae was 
recorded at each location. SAV samples were analyzed for 
total N, total P, and percent ash. Total N in SAV and total 
C and N in soil samples were determined by combustion 
(McGeehan & Naylor, 1988; TruSpec CN Determinator, 
LECO Instruments, St. Joseph, MI, USA). Total P in SAV 
and total P, Ca, Fe, and Al in soil samples was determined 
by nitric-hydrogen peroxide microwave digestion (Ethos 
EZ, Milestone, Shelton, CT, USA) followed by quanti-
fication with ICP-OES (iCAP 7400, Thermo Scientific, 
Waltham, MA, USA). Soil % organic matter was deter-
mined by dichromate oxidation (Walkley and Black 1934), 
and soil texture was analyzed by hydrometer (Gee and Or 
2002). Chlorophyll a was extracted from filters using hot 
ethanol and analyzed using a fluorometer (Hauer and Lam-
berti 2006). Benthic macroinvertebrates were sampled with 
five x 1 m sweeps using a 500 μm D-net. Zooplankton was 
collected with five x 5 m tows (radial) using a Wisconsin 
net (153 μm mesh size). The BLM/USU National Aquatic 
Monitoring Center Bug Lab at Utah State University con-
ducted the identification and enumeration of species.

We assessed wetland quality through a multimetric index 
(MMI) developed by the Utah Division of Water Quality 
(CH2M Hill 2009). While beneficial to prioritize manage-
ment needs, assessment tools like MMIs are not compre-
hensive descriptors of wetland quality. For example, it is 
unknown whether assessments of wetland quality based on 
structural attributes predict wetland functions like nutrient 
removal. The MMI used in the study is based on three areas 
related to habitat quality for wildlife. According to this met-
ric, a high-quality wetland would have extensive SAV, a low 
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constants were generally lower than NO3. They ranged 
from 0.005 to 0.95 h-1 with a median of 0.08 h-1. The plots 
showing nutrient decline over time can be viewed in Online 
Resource 1. The wetland sites were relatively evenly spread 
according to the determined MMI condition class with six 
“Good,” eight “Fair,” and four “Poor” (Table 2).

Through Spearman’s rank correlation coefficient, we 
found the following wetland characteristics to be related 
to the NO3 assimilation rate constant. Nitrate assimilation 
was strongly inversely correlated with water depth (Fig. 2; 
Table 3; ρ(18) = − 0.65, p < .01) and was positively associ-
ated with soil % clay (Table  3; ρ(18) = 0.55, p < .05) and 
total Fe (Table 3; ρ(18) = 0.41, p < .10).

The PO4 assimilation rate constant was positively cor-
related with % DO saturation in the water column (Table 3; 

We tested the hypotheses of relationships between the 
measured biological, geochemical, and physical charac-
teristics with NO3 and PO4 assimilation rate constants and 
the MMI. We used Spearman’s rank correlation coefficient 
since it is a nonparametric measure and is not sensitive to 
outliers (Zar 1972). We set alpha to 0.10 and conducted the 
analysis using IBM SPSS Statistics version 28.0 (IBM Corp 
2021).

Finally, a Kruskal-Wallis test was performed to deter-
mine if there were differences among MMI classes (“Good,” 
“Fair,” “Poor”) and measured nutrient assimilation rate con-
stants for NO3 and PO4. The test was performed in R using 
the base R function kruskal.test (R Core Team 2020).

Results

The impounded wetlands sampled represent a gradient in 
environmental characteristics. The surface areas ranged from 
6.99 to 3209.85 ha, with depths from shallow (13.8 cm) to 
relatively deep ponds (73.8 cm; Table 1). The wetlands also 
ranged from freshwater to saline, with specific conductance 
values varying from 0.7 to 11.6 dS/m (Table 1). The ambi-
ent N and P concentrations measured within transects were 
generally high in all the measured impoundments, with 
0.051 mg/L total water column P as the lowest measured and 
0.175 mg/L as the median total P (Table 1). Total N in the 
water column ranged from 0.85 to 4.45 mg/L (Table 1). The 
NO3 assimilation rate constants ranged from 0.05 to 1.21 h-1 
with a median value of 0.28 h-1. The PO4 assimilation rate 

Table 2  Results for nutrient assimilation rate constants and multimet-
ric index
Site NO3

−rate con-
stant (h− 1)

PO4
3− rate

constant
(h− 1)

MMI MMI 
Con-
dition 
Class

1 0.26 0.06 95.0 Good
2 1.21 0.95 73.5 Fair
3 0.28 0.22 75.5 Fair
4 0.61 0.12 58.7 Fair
5 0.10 0.11 90.8 Good
6 0.09 0.34 50.2 Poor
7 0.09 0.05 57.5 Fair
8 0.28 0.005 43.6 Poor
9 0.08 0.01 76.0 Fair
10 0.36 0.05 54.0 Fair
11 0.47 0.10 87.6 Good
12 0.14 0.05 84.7 Good
13 0.05 0.05 72.5 Fair
14 0.16 0.06 80.4 Fair
15 0.72 0.20 90.5 Good
16 0.85 0.10 42.5 Poor
17 0.52 0.30 83.9 Good
18 0.86 0.04 34.5 Poor

Table 3  Spearman’s rank correlation coefficients (ρ(18)) of wetland 
characteristics with nutrient assimilation rate constants and the multi-
metric index (MMI)

NO3
− Rate 

Constant
PO4

3− Rate 
Constant

MMI

PO4
3− Rate Constant 0.31

MMI − 0.19 0.24
Area 0.21 − 0.04 − 0.10
Depth − 0.65*** − 0.21 − 0.08
Secchi Fraction 0.12 0.13 0.26
pH − 0.08 0.20 0.34
Specific Conductance 0.25 0.31 0.51**
Temp 0.09 − 0.01 − 0.32
% DO Sat. 0.36 0.41* 0.06
% SAV − 0.03 0.27 0.64***
% Algae − 0.22 − 0.27 − 0.08
water NH4

+ 0.00 − 0.10 − 0.38
water NO3

− 0.07 -0.46* − 0.25
water SRP 0.01 − 0.61*** − 0.10
water TN 0.33 − 0.10 − 0.20
water TP 0.23 -0.43* -0.43*
Chlorophyll α 0.17 − 0.31 − 0.37
% Clay 0.55** 0.30 − 0.06
% OM − 0.38 − 0.30 − 0.31
Simpson Diversity − 0.36 − 0.03 0.73***
Evenness − 0.34 0.01 0.66***
water Ca 0.10 − 0.27 0.04
water Fe 0.14 − 0.26 − 0.19
water Al 0.23 0.44* 0.27
soil Total N − 0.15 -0.44* − 0.38
soil Total C − 0.13 − 0.10 − 0.28
soil Total Ca − 0.14 − 0.12 0.02
soil Total Fe 0.41* 0.21 − 0.59***
soil Total P − 0.20 − 0.73*** -0.42*
soil Total Al 0.25 0.18 − 0.29
*** Correlation is significant at the 0.01 level (2-tailed)
** Correlation is significant at the 0.05 level (2-tailed)
* Correlation is significant at the 0.1 level (2-tailed)
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class (Kruskal-Wallis H(2) = 0.81, p = .67; Fig. 5). Finally, 
most wetland impoundments (66%) had a higher MMI score 
in 2018 compared to the previous assessment by UDWQ in 
2012 (Fig. 6).

Discussion

Our experimental goals were to (1) determine which wetland 
characteristics are associated with short-term NO3 and PO4 
assimilation and (2) evaluate whether NO3 and PO4 assimi-
lation differs among groups of sites determined to be good, 
fair, or poor in habitat quality for waterfowl. The nutrient 
assimilation rate constants we measured were comparable 
to others reported within natural wetlands. Cheng and Basu 
(2017) completed a meta-analysis with articles providing 
information on hydraulic residence time and input/output 
nutrient concentrations and mass loads to and from wetlands. 
They calculated an overall removal rate constant based on a 
continuously stirred tank reactor (CSTR) model (Vollenwei-
der 1975; Spieles and Mitsch 1999; Cheng and Basu 2017). 

ρ(18) = 0.41, p < .10) and dissolved Al (Table 3; ρ(18) = 0.44, 
p < .10). Phosphate assimilation was negatively correlated 
with many of the nutrient concentrations. For example, PO4 
assimilation rate constant was inversely correlated with 
water column dissolved NO3-N (Table  3; ρ(18) = − 0.46, 
p < .10), soluble reactive P (Table 3; ρ(18) = − 0.61, p < .01), 
and total P (Table  3; ρ(18) = − 0.43, p < .10). It was also 
inversely correlated with soil total N (Table 3; ρ(18) = − 0.44, 
p < .10) and total P (Fig. 3; Table 3; ρ(18) = − 0.73, p < .01).

The MMI, an index calculated from macroinvertebrate 
diversity, aquatic plant cover, and algae cover, was positively 
associated with specific conductance (Table 3; ρ(18) = 0.51, 
p < .05). It was also significantly inversely associated with 
soil total Fe (Table 3; ρ(18) = − 0.59, p < .05), soil total P 
(Table  3; ρ(18) = − 0.42, p < .10), and water column total 
P (Table  3; ρ(18) = − 0.43, p < .10). Chlorophyll a was 
strongly, inversely correlated with % SAV cover (Table 3; 
ρ(18) = − 0.65, p < .01). In contrast to our hypothesis, NO3 
assimilation did not differ by MMI condition class (Krus-
kal-Wallis H(2) = 1.26, p = .53; Fig. 4). Similarly, there were 
no demonstrated differences in PO4 assimilation over MMI 

Fig. 2  Measured NO3-N assimilation rate constant compared to the flooded depth of impounded wetland sites, ρ(18) = − 0.65, p < .01
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PO4 assimilation was positively correlated with the concen-
tration of dissolved Al in the water column. This finding is 
not surprising as Al is commonly used to precipitate P in 
wastewater treatment and remediation efforts (de-Bashan 
and Bashan 2004; Liu et al. 2009). We also found a posi-
tive association of PO4 assimilation with % DO saturation, 
likely due to more P uptake occurring when primary pro-
ducers are active. Hourly in situ measurements of SRP in 
a large river in Florida showed a strong correlation to DO 
variation, suggesting photosynthetic organisms control the 
SRP concentration directly through uptake or indirectly 
through geochemical reactions (Cohen et al. 2013).

Factors commonly attributed as being influential to 
nutrient reduction in wetlands include oxygen concentra-
tion, redox, and waterlogging of the soil, as well as veg-
etation processes and hydraulic loading and retention time 
(Fisher and Acreman 2004). We found NO3 assimilation to 
be negatively correlated with water depth. Similar findings 
have been reported in stream isotope tracer studies (Botter 
et al. 2010; Ye et al. 2012). This relationship may be found 
because shallow waters are especially effective at NO3 

For natural wetlands, they reported 1.009 d-1 (0.042 h-1) for 
NO3 and 0.190 d-1 (0.008 h-1) for PO4. Our measured nutri-
ent assimilation rate constants ranged from 0.05 to 1.21 h-1 
for NO3 and 0.005 to 0.95 h-1 for PO4. Most of our measured 
values were higher than the removal rate constants reported 
in their study. However, the values reported by Cheng and 
Basu (2017) fall within the range or are close to the range 
we measured from wetland impoundments.

As wetlands are continuously loaded with P, the capacity 
for P assimilation decreases (Reddy et al. 1995; Richard-
son et al. 1996), and wetlands more heavily loaded with P 
may provide close to zero removal of P (Kadlec 1999). In 
agreement with these findings, we found that higher SRP, 
water column total P, and soil total P were related to lower 
PO4 assimilation rate constants. In addition, we found PO4 
assimilation rate constants to be lower than NO3, similar 
to our findings in a mesocosm experimental manipulation 
study (Wood et al., in preparation). Similar results were 
found in Louisiana, where nutrient assimilation was high-
est for NO3, intermediate for NH4, and lowest for PO4 in a 
forested wetland (Brinson et al. 1984). We also found that 

Fig. 3  Measured PO4-P assimilation rate compared to soil total P of 18 impounded wetland sites, ρ(18) = − 0.73, p < .01
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predominantly Stuckenia pectinata. NO3 and PO4 assimi-
lation were also not different among our calculated MMI 
condition classes, contrasting our hypothesis that high-
quality wetlands in terms of waterfowl habitat would also 
have a high nutrient removal capacity. Our previous meso-
cosm manipulation experiment within wetland impound-
ments showed that removing aquatic plants did not change 
NO3 and PO4 assimilation rate constants (Wood et al., in 
preparation), so the lack of correlation between % aquatic 
plant cover and NO3 and PO4 assimilation is in line with 
this finding.

Stapanian and others (2016) found that an index of veg-
etation biological integrity was lower in emergent wetlands 
with high concentrations of plant available P in the soil. 
Similarly, the MMI used in this study, an index representing 
% aquatic plant cover, % algae cover, and macroinvertebrate 
diversity, declined with increasing soil and water total P, 
supporting a well-documented phenomenon that increased 
P leads to reduced aquatic plant cover and eutrophication of 
water bodies.

A limitation of this study is that only one experimen-
tal pulse release of nutrients occurred at each site during 

removal through coupled nitrification-denitrification (Pen-
ton et al. 2013; Racchetti et al. 2016; Xia et al. 2017). Fur-
thermore, the result is not surprising given that volumetric 
reaction rates are inversely linked to water depth (Tanner et 
al. 1999). It may also be related to higher soil surface-to-
water ratio and increased interactions with soil. NO3 assimi-
lation was also positively associated with % clay, and clay 
soils may have more anoxic microsites for denitrification. 
Kunickis and others (2010) studied the relationship between 
soil texture and redox potential within riparian buffers. They 
found that clay-textured soils provided lower redox values 
within the range for denitrification to occur (Kunickis et al. 
2010).

Phosphate and NO3 assimilation rate constants were 
found to be correlated with abiotic variables, including 
depth, soil texture, and nutrient concentrations. However, 
they were not associated with biotic variables like % aquatic 
plant cover, chlorophyll a, or macroinvertebrate diversity. 
Differences in plant community composition have been 
shown to affect N removal (Weller et al. 2016); however, we 
only assessed the % cover of aquatic plants as a factor, and 
the aquatic plants found within these impoundments were 

Fig. 4  Nitrate-N assimilation by multimetric index (MMI) condition. Good, n = 6, Fair, n = 8, Poor, n = 4. The center horizontal line denotes the 
median, with the box showing the bounds of Q1 to Q3. The whiskers extend to points that are not outliers
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Fig. 6  Comparison of wetland 
quality assessments through the 
multimetric index (MMI) in 2012 
and 2018

 

Fig. 5  Phosphate-P assimilation by multimetric index (MMI) condition. Good, n = 6, Fair, n = 8, Poor, n = 4. The center horizontal line denotes the 
median, with the box showing the bounds of Q1 to Q3. The whiskers extend to points that are not outliers
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