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Abstract: Land managers increasingly use wetland restoration to improve water quality, particularly in cultivated
landscapes. In agricultural wetland restoration, managers regularly excavate accumulated sediments eroded from
the surrounding landscape to increase water storage capacity, decrease invasive species cover, or improve water
quality. However, it is unclear whether the effects of sediment excavation are influenced by wetland hydroperiod.
Additionally, we lack data on how long excavation effects persist in restored wetlands. We examined dissolved nu-
trient concentrations (i.e., NH4

1, NO3
–, total dissolved N, soluble reactive P, total dissolved P, and dissolved or-

ganic C) as proxies for water quality in 54 restored agricultural wetlands ranging from 1 to 10 y post-restoration in
the Prairie Pothole Region of west central Minnesota, USA. In 26 of these wetlands, restoration practitioners re-
stored natural (i.e., either seasonal or semipermanent inundation) hydrological regimes by removing subsurface
tile drainage and plugging surface drainage ditches (business-as-usual treatment). In 28 wetlands, practitioners re-
moved accumulated sediment and redeposited it on the surrounding landscape (excavated treatment) prior to re-
storing hydrology. We found that wetlands in the excavated treatment group initially experienced reduced dis-
solved P concentrations, but over time P levels increased, particularly in wetlands with shorter hydroperiods.
Excavated wetlands had lower NH4

1 and dissolved organic C concentrations compared with business-as-usual
wetlands, but the trend was driven by differences between restoration treatments in semipermanent wetlands.
N and P dynamics were almost universally related to hydroperiod, both immediately following restoration and over
the ensuing years. We postulate that the effects of hydroperiod are likely related to differences in redox conditions
via direct mechanisms (water level fluctuations related to hydroperiod) and indirect mechanisms (development of
dense emergent macrophyte communities in seasonal wetlands). In basins with seasonal hydroperiod, inorganic N
concentrations decreased over time and inorganic P concentrations increased, suggesting net P mobilization con-
current with growing N limitation. Our results illustrate that hydroperiod regulates the expression of legacy P fol-
lowing wetland restoration, with little long-term effect of sediment removal on water quality outcomes.
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Freshwater ecosystems continue to suffer from N and P nu-
trient enrichment through human activity, a process known
as cultural eutrophication (Smith 2003). Eutrophication is
the product of both chronic and episodic nutrient enrich-
ment contributing to the degradation of aquatic ecosystem
structure and function (Heisler et al. 2008). Eutrophication
has far-reaching effects that have economic and cultural
costs (Dodds et al. 2009, Scholte et al. 2016). For example,
eutrophication can support the proliferation of harmful algal
blooms (Heisler et al. 2008), create hypoxic conditions, and
result in concomitant fish kills (Mallin et al. 2006). Eutrophi-
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cation also affects aquatic food webs (Hall et al. 1999, Liston
et al. 2008), alters plant assemblage composition (Woo and
Zedler 2002), and increases the risk of harmful parasite loads
in wildlife (Johnson and Chase 2004, Smith and Schindler
2009).

N and P enrichment is caused by a combination of in-
creasing nutrient availability (e.g., fertilizers, human and an-
imal wastewater effluent) and the systemic removal of water
storage features across the landscape (e.g., wetland drainage,
channelization; Mitsch and Day 2006, Harrison et al. 2009,
Cheng and Basu 2017). Thus, landscape-level solutions to
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the eutrophication problem require a combination of de-
creasing nutrient amendments and restoring high-quality
water storage features, including floodplains and wetlands.

The North American Prairie Pothole Region (PPR),
which stretches from northwest Iowa in the United States
to Manitoba and Alberta in Canada (Fig. 1), was character-
ized by an abundance of depressional wetlands prior to Eu-
ropean settlement in the 19th century (Dahl 2014). Through-
out the 19th and 20th centuries, 61% of PPR wetlands were
drained for cultivation, both to increase the amount of arable
landand to reduce the inconvenience of farming aroundwet-
lands (Gelso et al. 2008). Most drained PPR wetlands are
relatively small (<0.5 ha; Dahl 2014), but large networks of
small wetlands increase water residence time on the land-
scape (Mitsch et al. 2005, Cheng andBasu 2017), capture nu-
trients (Romero et al. 1999, Salk et al. 2018), and improve
down-gradient water quality (Westbrook et al. 2011, Hansen
et al. 2018). In the PPR, the presence of undrained depres-
sional wetlands reduces spring discharge in nearby streams
by 70% and nutrient export by 85 to 89% forN and P, respec-
tively (Westbrook et al. 2011).

Restoration managers can improve a wetland’s ability to
capture and retain nutrients by removing accumulated ag-
ricultural sediments, a substantial source of internal nutri-
ent loading in restored wetlands (Preston et al. 2013). Man-
agers often use sediment dredging in eutrophic systems
burdened by high rates of internal P loading from benthic
sediments (Bormans et al. 2016). Core incubation studies
have shown that removing nutrient-laden sediments should
decrease the rates of internal P loading by as much as 95% in
shallow eutrophic systems (Oldenborg and Steinman 2019).
Removing accumulated sediment can diminish the pool of
labile and mineralizable nutrients (Søndergaard et al. 2001,
Gulati and vanDonk 2002) and promote conditions favoring
permanent N removal by extending the duration of soil sat-
uration (Luo et al. 1997). However, in situ dredging experi-
ments often fail to permanently reduce internal nutrient
loading, likely because external nutrient loads remain ele-
vated following manipulation (Liu et al. 2016, Li et al. 2020)
and exposed soils may lack the appropriate chemical profile
to adsorb dissolved P that is reintroduced from external
sources (Liu et al. 2016, Oldenborg and Steinman 2019).

In agricultural wetland restorations, managers use sedi-
ment dredging to increase wetland depth and water storage
capacity (Galatowitsch and van der Valk 1994). Removing
accumulated eroded sediments can lengthenwetland hydro-
period, the number of consecutive days with standing water,
by increasing maximum wetland volume (Luo et al. 1997,
Tsai et al. 2007), with implications for nutrient cycling.Wet-
lands with seasonal hydroperiod retain standing water for
most of the growing season but often dry out for at least a
couple of weeks every year, whereas semipermanent wet-
lands retain standing water throughout the growing season
in most years (Galatowitsch and van der Valk 1994). Pro-
longed water residence times promote nutrient assimilation
and N removal via denitrification (Cheng and Basu 2017,
Müller et al. 2021), whereas shorter hydroperiods can pro-
mote aerobic organic matter decomposition and nutrient
Figure 1. North American Prairie Pothole Region (shaded gray) within west central Minnesota, USA (inset). Each dot represents 1
or more wetlands.
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mineralization (Richardson and Simpson 2011, Bünemann
2015). However, short periods of water drawdown that oxy-
genate soils can stimulate coupled nitrification–denitrification
resulting in net N removal (Groffman et al. 2009). Com-
peting pathways for N and P mineralization and removal
make it difficult to predict how small changes in hydro-
period following sediment removal will affect dissolved nu-
trient availability.

Few published studies have considered the form and con-
centration of dissolved nutrients in restored prairie pothole
wetlands (but see Detenbeck et al. 2002, Westbrook et al.
2011, Skopec and Evelsizer 2018)much less the effect of sed-
iment removal as a restoration strategy. Studies conducted
outside of the PPR suggest that improvements in water qual-
ity following sediment excavationmay be short lived, partic-
ularly in the absence of substantial changes in nutrient appli-
cation in the surrounding watershed (Liu et al. 2016).

In this study, we compared nutrient dynamics in agricul-
tural wetlands located in the PPR that were restored by either
re-establishing hydrology alone (business as usual [BAU]) or
excavating accumulated eroded sediments (excavation [EXC])
prior to restoring hydrology (Fig. 2). Our objectivewas to de-
termine whether restoration strategy (sediment removal)
andwetland hydroperiod influencedwater columndissolved
nutrient dynamics over time (Fig. 2). We hypothesized that
sediment removal would decrease dissolved N and P con-
centrations by removing nutrient enriched sediments. We
also hypothesized that longer wetland hydroperiod would
reduce dissolved N and P concentrations in the water col-
umn because longer water residence allowsmore time nutri-
ent assimilation and deposition, and denitrification.
METHODS
Study design and site description

We used a series of experimentally restored wetlands to
understand how alternative restoration strategies influence
water quality outcomes over time. We observed spring
dissolved nutrient concentrations over 4 consecutive y in
54 depressional prairie pothole wetlands with varying res-
toration strategy, hydroperiod, and time since restoration.
We assessed the effects of restoration strategy, hydroperiod,
time since restoration, and 2-way interactions between
these variables usingmixed effectsmodels with site as a ran-
dom intercept to account for repeatedmeasures. Study wet-
lands were located in the PPR of west central Minnesota
(Fig. 1). Wetlands were restored between 2009 and 2016
by theUnited States Fish andWildlife Service in partnership
with private landowners (see Appendix S1). Prior to restora-
tion, wetlands and surrounding uplands were drained by
subsurface tile or drainage ditches and were actively culti-
vated in row-crop agriculture. We noted additional land-
use history information whenever it was made available by
landowners (Table S1), including the presence of livestock.
Figure 2. Study design conceptual diagram. Drained and cultivated wetlands accumulate eroded sediment from the surrounding
landscape. Wetland restoration always included plugging surface drainage ditches and breaking subsurface tile drains to restore water
to the wetland. In ½ of the restored wetlands, sediment was excavated and returned to the surrounding landscape (excavated), while
in other wetlands sediment remained in the wetted portion of the basin (business as usual). Some wetlands had relatively permanent
pools of standing water and submerged macrophytes (semipermanent hydroperiod), while others dried out for a few weeks annually
(seasonal hydroperiod).
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Property owners often elected to enroll the surrounding up-
lands into the Conservation Reserve Program at the same
time as the restoration, but in some cases portions of the
watershed continued to be actively cultivated throughout
the study. The Conservation Reserve Program is a federally
funded land-retirement program designed to improve soil
and water health by restoring native vegetation on retired
agricultural land. Landowners are financially compensated
for enrolling land in the program for an extended period
of time (10–15 y), with the potential for re-enrollment at
the end of the contract (Stubbs 2014). Watersheds of ½ of
the sites (n 5 23) retained some contemporary agriculture;
among those watersheds, cultivation was usually a minor
component of overall land use (mean 5 24 ± 20% SD).
Three watersheds contained at least 50% cultivation, animal
confinement, or impervious surface cover. Among the most
heavily impacted watersheds, only 1 received runoff directly
from row-crop agriculture via a drainage ditch. All other
watersheds containing substantial contemporary agricul-
ture maintained a minimum grassland buffer of no less than
24 m between cultivation and the wetland.

We surveyed 26 BAU and 28 EXC wetlands (n5 54) be-
tween 2016 and 2019 (Fig. 2). Study wetlands were small, av-
eraging 0.6 ha in area (range 5 0.06–2.3) and were often in
small watersheds averaging 11.4 ha (range5 0.3–91.9) with
a mean watershed to wetland area ratio of 30.7 (median 5
8.0). We characterized hydroperiod as seasonal (n 5 38;
15 BAU, 23 EXC) or semipermanent (n 5 16; 11 BAU,
5 EXC; Fig. 2) based on water retention throughout the grow-
ing season (Cowardin and Golet 1995) and the development
and persistence of distinct vegetative communities (Stewart
andKantrud 1971). Before formally assigning a hydroperiod,
we observed both variables during multiple visits over the
course of the growing season during each year. Prior to data
analysis, we examined differences in excavation depth be-
tween semipermanent wetlands (mean 5 48.8 ± 25.1 cm
SD) and seasonal wetlands (mean5 33.0 ± 26.9 cm SD) us-
ing analysis of variance (ANOVA, p 5 0.24). Preliminary,
descriptive statistics were performed using ANOVA in the
statistical software R (version 4.0.5; R Project for Statistical
Computing, Vienna, Austria). We defined wetland age fol-
lowing restoration as the difference between the sampling
year and the restoration year.

In autumn of 2018 we identified 8 reference wetlands
with no known history of drainage, though some wetlands
had constructed spillways to minimize flooding beyond a
specific elevation.We confirmed that wetlands had not been
drained by inspecting digitally archived aerial imagery dat-
ing as far back as 1939 (University of Minnesota, Historical
Aerial Photographs; https://apps.lib.umn.edu/mhapo/). Ref-
erence wetlands ranged in size from 0.4 to 5.1 ha (mean 5
1.5 ± 1.5 SD) and were larger than restored wetlands (mean5
0.6 ± 0.4 ha SD). Watershed area was similar for reference
wetlands (mean 5 9.3 ± 7.3 ha SD) and restored wetlands
(mean 5 11.4 ± 21.5 ha SD) (p 5 0.78). Cultivated land use
in the watershed was higher in reference wetlands (n 5 6,
median5 68.5%,mean 47.9 ± 39.0% SD) than in the restored
wetlands (n 5 23, median 5 0%, mean 5 10.2 ± 17.6% SD;
p < 0.001). We compared results from restored wetlands
with results from reference wetlands as an indicator of devi-
ation from the natural state. However, we recognize thatmany
reference wetlands may have remained undrained over the
last century because of attributes that made them distinct
from wetlands that were drained, such as greater depth,
persistent upwelling of groundwater, or inaccessibility.

Sample collection and chemical analysis
We processed 888 water samples collected between 2016

and 2019. In 2016, we collected surface water samples be-
tween June29andAugust 4. From2017 to2019,wecollected
annual surface water samples between May and July, sam-
pling each site at least once/y, though some wetlands were
opportunistically sampled more than once/y. We collected
samples during daylight h between 07:00 and 19:00.On each
sampling date, we collected samples from 3 points evenly
spaced along a longitudinal transect that intercepted shallow
and deep-water habitats within each wetland. We filtered
water in the field with pre-ashed 25-mm glass fiber filters
(0.7-lmpore size;Whatman,Maidstone, United Kingdom)
and stored samples frozen in acid washed 60-mL high-
density polyethylene bottles. We dried filters at 607C for
48 h and stored them in individual containers until particu-
late N and P analysis.

Wemeasured dissolved inorganic nutrients at the St Croix
Watershed Research Station and Science Museum of Minne-
sota in St Croix, Minnesota, USA, on a SmartChem 170 dis-
crete analyzer (AMS Alliance, Westborough, Massachusetts)
with the following methods; NH4-N (5 lg/L detection limit)
by the phenol hypochlorite method (APHA 1998), NO3-N
(10 lg/L detection limit) by the cadmium reduction method
(APHA 1992a), and soluble reactive P (SRP; 3 lg/L detec-
tion limit) by the ascorbic acid method (Murphy and Riley
1962). When sample concentrations fell below the method
detection limit and >0 we assigned a concentration of ½
themethod detection limit (Smith 1991).Wemeasured total
dissolved N (TDN) and dissolved organic C (DOC) using
combustion-infrared and combustion-chemiluminescence
methods on a ShimadzuTOC-Lanalyzer equippedwith a chem-
iluminescence detector (TNM-L unit; Shimadzu, Kyoto, Ja-
pan) (APHA 2005, ASTM 2008).Wemeasured total dissolved
P (TDP) from water samples and particulate P from preserved
water filters using persulfate digestion followed by the ascorbic
acidmethod for colorimetric analysis (Murphy and Riley 1962,
APHA 1992b). From 2017 to 2018, wemeasured particulate N
from filters using a Costech ECS 4010 CHNSO Analyzer
(Costech Analytical Technologies Inc, Valencia, California).

We calculated dissolved inorganic N (DIN) as the sum
of NH4-N and NO3-N. We calculated dissolved organic

https://apps.lib.umn.edu/mhapo/
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N (DON) and dissolved organic P (DOP) as the difference
between the total dissolved and the inorganic fractions.
Total N and total P were calculated as the sum of the total
dissolved and particulate nutrient pools. We also calculated
the molar DOC∶DON ratios and molar N∶P ratios for the
dissolved inorganic, dissolved organic, total dissolved, par-
ticulate, and total nutrient pools.
Assessing effects of restoration, hydroperiod,
and time on N and P

We used linear mixed-effects models to assess if water
column nutrient availability was associated with restoration
treatment (BAU and EXC), hydroperiod (seasonal and semi-
permanent), and age since restoration (1–9 y). We also in-
cluded fixed effects to account for the interactions between
treatment and hydroperiod, treatment and wetland age, and
hydroperiod and wetland age. To control for repeated mea-
surements at each wetland and inherent interannual variabil-
ity, our models included wetland-specific site identifiers and
sampling year (e.g., 2016, 2017, 2018, 2019) as random effects.

Prior to analysis, we identified and truncated outliers to
the 99th percentile, using the OutlierDetection package (ver-
sion 0.15; Tiwari and Kashikar 2019) in R because it selects
outliers based on consensus across multiple algorithms. We
limited outlier detection to dissolved N species because of
noise from transientN pulses following storm events, partic-
ularly at discrete inlets from agricultural drainage ditches.
To assess the influence of elevated NO3-N concentrations
in a wetland receiving water from an agricultural drainage
ditch (site FF.080; Table S1) on overall model results, we re-
peated DIN and NO3-N analyses after removing samples
taken near the wetland inlet, where NO3-N was highest and
reported these results. Whenever appropriate, we log trans-
formed response variables to meet model assumptions of ho-
mogeneous residual error (Tables 1, 2). We included a qua-
dratic term for wetland age when nonlinear relationships
were visually apparent and improved model fit (ANOVA,
critical P a 5 0.05). We performed all statistical analysis in
R using the lme4 (version 1.1-31; Bates et al. 2020) and
lmerTest (version 3.1-3; Kuznetsova et al. 2020) packages
with an a of 0.05. We evaluated interactions between fixed
effects with Tukey’s honestly significant difference post
hoc test using the emmeans package (version 1.8.2; Lenth
et al. 2020) in R.
RESULTS
Major nutrient pools

Dissolved nutrients dominated water column N and P
pools, but the particulate nutrient fraction represented
22% of total N and 35% of total P in the water column. Par-
ticulate N and P concentrations did not vary substantially
between wetlands with different restoration strategies or
hydroperiods (Table 1, Figs S1A, B, 4A–D), though the rel-
ative contribution of the particulate fraction to total N and
P did change substantially between treatments and hydro-
periods. In EXC wetlands with semipermanent hydro-
period, particulate N contributed much less to total N
(15%) compared with other EXC (23%) or BAU (22%) sites
(p 5 0.001; Tables 1, 3). Conversely, particulate P repre-
sented a larger proportion of total P in semipermanently
flooded wetlands (43%; Figs S1A, B, 4A–D) than in sea-
sonal wetlands (31%; p 5 0.026; Tables 1, 3). Dissolved
N and P contributed most to the nutrient fraction, so we
focused on dissolved rather than particulate pools.
Dominant forms of dissolved N
TDN was primarily in the organic form, with 96.4% of

TDN as DON (Figs 3A, B, 4A–D). The contribution of
DON to TDN decreased over time in all semipermanently
floodedwetlands (p< 0.001; Table 2), but organicN still rep-
resented >90% of the TDN pool (Fig. 4A–D). As wetlands
aged, TDN and DON concentrations increased by an aver-
age 6.0 and 8.6 lg L21 y21, respectively (p 5 0.034 and
0.013, respectively; Tables 2, 4, Fig. 5A–F), but the rate of in-
crease was lower in semipermanently flooded wetlands than
in seasonal wetlands (p 5 0.022 and < 0.001; slopes 5
20.018 and 20.027 for TDN and DON, respectively).
DOC concentrations followed similar patterns to DON (Ta-
bles 2, 4, Fig. S2).
DIN dynamics
Inorganic N, particularly NO3-N, was scarce. We re-

corded only 6 samples with NO3-N concentrations ≥200 lg/
L and 62 samples with NH4-N concentrations ≥100 lg/L
(n 5 888). Temporal trends in DIN concentration were
difficult to interpret because the concentrations were so
low, but we were able to detect a handful of patterns. DIN
dynamics were largely driven by the interaction between
hydroperiod and wetland age (p < 0.001; Table 2, Fig. 5A),
with DIN concentrations decreasing as seasonally flooded
wetlands aged and increasing in semipermanently flooded
wetlands (Table 2, Fig. 5A). The relatively small DIN pool
was primarily composed of NH4-N, which made up >76%
of DIN, while NO3-N contributed <24% to DIN (Figs 3A,
B, 4A–B).

NO3-N concentrations were 23% higher in semiperma-
nent sites compared with seasonal wetlands (p5 0.039; Ta-
bles 2, 4), but the trend was driven by BAU wetlands with
semipermanent hydroperiod (Fig. 3A). One site (FF.080; Ta-
ble S1) with particularly high NO3-N concentrations drove
elevated NO3-N concentrations in semipermanent BAU
wetlands. This site received water from a drainage ditch ser-
vicing an adjacent agricultural field. As one of the older
wetlands included in the study, it also contributed to age-
related increases in NO3-N concentrations. Results of the
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DINmodel did not change in response to removing elevated
NO3-N samples, but there was substantially less variation in
means after removing samples taken near the wetland inlet
at FF.080. Further investigation into NO3-N dynamics
across the longitudinal transect of this wetland showed pat-
terns consistent with N removal and assimilation as water
moved through a wetland (Fig. S3).

Dominant forms of dissolved P
In contrast to dissolved N, the dominant form of P var-

ied between wetlands with seasonal and semipermanent
hydroperiod. TDP was primarily comprised of the inor-
ganic form in seasonal wetlands (52% SRP), while DOP
was dominant in semipermanent wetlands (76% DOP;
Figs 3C, 4A–D). In BAU wetlands, the contribution of SRP
to TDP was initially high and subsequently decreased for
the first 4 to 5 y following restoration before increasing be-
tween y 6 and 10 (Table 2, Fig. 4A–D), following the trends
in overall SRP concentration over the same time frame
(Fig. 5D). In EXC wetlands, the contribution of SRP to TDP
was initially low (<50%) but increased over time to ~75%
of TDP (Fig. 4D), following the pattern of SRP in the water
column (Fig. 5D). After initially increasing, the contribution
of DOP to the TDP pool decreased over time (Table 2,
Fig. 4C). The contribution of SRP andDOP to the TDP pool
was driven by temporal patterns in SRP availability (p <
0.001; Fig. 5D) as DOP concentrations did not change over
time (p 5 0.587; Fig. 5E).

Dissolved P dynamics
Restoration treatment and hydroperiod were both reli-

able predictors of dissolved P availability (Table 2), but hydro-
period had a larger effect (Fig. 5D, F). Concentrations of TDP
and SRP were 3.6 and 8� higher in seasonal than in semiper-
manentwetlands, respectively (p5 0.001;Tables 2, 4, Figs 3C,
4A–D). As predicted, sediment removal resulted in lower
TDP and SRP concentrations (Table 4), particularly in
EXC wetlands. Immediately following restoration, season-
allyfloodedwetlands had fairly highTDP (mean5 344lg/L)
and SRP (mean5 263 lg/L) concentrations, particularly in
wetlands restored with the BAU strategy.

Temporal patterns in dissolved P availability were pri-
marily driven by seasonally flooded wetlands (Fig. 5D, F),
which had 3.5� more TDP than semipermanent wetlands
(p < 0.001; Table 2). In general, TDP availability increased
as wetlands aged (p < 0.001; Table 2), a trend that was driven
by SRP dynamics (p < 0.001; Table 2, Fig. 5D2F). In BAU
wetlands, TDP and SRP concentrations initially decreased
and then rebounded to levels observed shortly after resto-
ration (Fig. 5D, F). In EXC wetlands, TDP and SRP concen-
trations were initially low and remained low for 6 to 7 y be-
fore rapidly increasing, resulting in faster accumulation of
Table 1. Model coefficients indicating the effect of restoration treatment, hydroperiod, wetland age, and variable interactions on par-
ticulate and total nutrient concentrations and molar ratios. Treatment and hydroperiod model coefficients are shown as the deviation
of excavated (EXC) wetlands from business as usual (BAU) and the deviation of semipermanent from seasonal wetlands, respectively.
Wetland age refers to the effect of time since restoration. Goodness of model fit for fixed effects and for fixed and random effects (full
model) are shown. Random effects included random intercepts for each wetland. P-values are indicated by superscripts following
model coefficients. All responses were log transformed except particulate N∶P.

Response variable

Main effects Interaction terms

R2 (fixed
effects)

R2 (full
model)Treatment Hydroperiod Age Age2

Treatment �
hydroperiod

Treatment �
age

Hydroperiod �
age

Particulate C
(mg/L)

0.020 0.031 0.009 2 20.257a 20.001 20.008 0.06 0.12

Particulate N
(lg/L)

0.187 0.334 0.049 2 20.555a 20.013 20.040 0.09 0.21

Particulate P
(lg/L)

0.084 0.164 0.033 2 20.454a 0.005 20.023 0.12 0.31

Total organic C
(mg/L)

20.252a 20.101 20.057a 0.004a 0.022 0.026 20.027 0.35 0.78

Total N (lg/L) 20.140 20.121 20.007 2 20.117 0.017 20.0006 0.16 0.53

Total P (lg/L) 20.497 20.310 20.223a 0.026a 20.151 0.072a 0.005 0.38 0.79

Particulate
N : total N

0.025 0.034 0.003 2 20.050a 20.001 20.003 0.06 0.18

Particulate
P : total P

0.224 0.298 0.141a 20.017a 20.263 20.004 0.0004 0.27 0.54

Particulate N∶P 22.596 23.716 20.419 2 20.778 0.401 0.596 0.002 0.16
a p ≤ 0.05.
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dissolved P at EXC (slopes5 82.2 and 79.4 for TDP and SRP,
respectively) than BAU wetlands (p 5 0.002 and < 0.001;
slopes5 37.8 and31.9 forTDPandSRP, respectively;Table 2).
Molar ratios
Dissolved nutrient molar ratios changed dramatically over

time, with the direction of change moderated by hydroperiod
and sometimes by restoration treatment (Table 2, Fig. 6A–F).
Dissolved C∶N molar ratios were controlled by restoration
treatment, hydroperiod, and time, whereas C∶P ratios were
primarily influenced by hydroperiod and time (Tables 2, 4).
Molar DOC∶DON ratios were lower in EXC sites (mean5
20.2 ± 3.4 SD) than BAU sites (mean 5 19.4 ± 3.3 SD; p 5
0.003; Tables 2, 4, Fig. 6A). Log-transformed DOC∶DIN
ratios increased over time in seasonal wetlands (slope 5
0.044) and decreased over time in semipermanent wetlands
(slope 5 20.13; p < 0.001; Table 2, Fig. 6B), a pattern that
was driven by DIN availability (Fig. 5A). Molar DOC∶DOP
ratios were lower and less variable at wetlands with seasonal
(mean 5 944.7 ± 1230.7 SD) than semipermanent hydro-
period (mean 5 1233.6 ± 2123.9 SD; p 5 0.042; Tables 2,
4, Fig. 6C). Initially following restoration, DOC∶DOP ra-
tios increased, but began to fall ~5 y after restoration. A
similar pattern was observed for DOC∶SRP molar ratios,
where a sharp decline in DOC∶SRP coincided with increas-
ing SRP concentrations (Table 2, Figs 5D, 6D). Organic and
inorganic N∶P molar ratios also increased following restora-
tion and then decreased around 5 y following restoration
(Table 2, Fig. 6E, F). Inorganic N∶Pmolar ratios were higher
Table 2. Model coefficients indicating the effect of restoration treatment, hydroperiod, wetland age, and variable interactions on par-
ticulate and total nutrient concentrations and molar ratios. Treatment and hydroperiod model coefficients are shown as the deviation
of excavated wetlands from business as usual (BAU) and the deviation of semipermanent from seasonal wetlands, respectively. Wetland
age refers to the effect of time since restoration. DIN 5 dissolved inorganic N, DOC 5 dissolved organic C, DON 5 dissolved organic N,
DOP 5 dissolved organic P, SRP 5 soluble reactive P, TDN 5 total dissolved N, TDP 5 total dissolved P. Goodness of model fit for fixed
effects and for fixed and random effects (full model) are shown. Random effects included random intercepts for each wetland. Fixed effect
p-values are indicated by superscripts following model coefficients. Response variables that were log-transformed to meet model assump-
tions are indicated with the superscript b.

Response variable

Main effects Interaction terms

R2 (fixed
effects)

R2 (full
model)Treatment Hydroperiod Age Age2

Treatment �
hydroperiod

Treatment �
age

Hydroperiod �
age

NO3-N (lg/L)b 0.051 20.234a 20.017 2 20.081 20.009 0.045a 0.03 0.13

NH4-N (lg/L)b 20.489a 20.886a 20.079a 2 20.086 0.069a 0.148a 0.08 0.39

DIN (lg/L)b 20.375a 20.801a 20.067a 2 20.102 0.053a 0.138a 0.09 0.39

DON (lg/L)b 20.099 20.031 20.008 2 0.003 0.002 20.027a 0.16 0.53

TDN (lg/L)b 20.099 20.070 20.014a 2 20.012 0.002 20.018a 0.19 0.70

SRP (lg/L)b 21.481a 21.647a 20.517a 0.035a 0.473 0.155a 0.083a 0.27 0.73

DOP (lg/L)b 0.031 20.031 20.037 2 20.226 0.001 20.001 0.03 0.24

TDP (lg/L)b 20.783a 20.943a 20.321a 0.022a 0.200 0.073a 0.038 0.28 0.76

DOC (mg/L)b 20.170a 20.056 20.030a 0.002a 0.069 0.005 20.040a 0.35 0.85

DON∶TDN 20.001 0.041a 0.002 2 0.020 20.0001 20.010a 0.05 0.14

DIN∶TDN 0.001 20.041a 20.002 2 20.020 0.0001a 0.010a 0.05 0.14

DOP∶TDP 0.423a 0.513a 0.173a 20.014a 20.171 20.040a 20.029 0.22 0.60

SRP∶TDP 20.423a 20.513a 20.173a 0.014a 0.171 0.040a 0.029 0.22 0.60

DOC∶TDN 22.456a 20.432 0.346a 2 2.453 0.052 20.621a 0.23 0.53

DOC∶DONb 20.078a 20.029 0.005 2 0.057 0.005 20.011a 0.22 0.50

DOC∶DINb 0.198 0.727a 0.067a 2 0.147 20.046a 20.170a 0.16 0.42

DOC∶TDP 271.110 268.574 143.593 213.544a 427.394 44.174 77.891 0.13 0.44

DOC∶DOPb 0.133 0.312a 0.117a 20.009a 0.105 20.017 20.046a 0.05 0.31

DOC∶SRPb 1.243a 1.630a 0.551a 20.038a 20.392 20.144a 20.126a 0.22 0.68

TDN∶TDP 23.160 211.366 5.174 20.581 24.875 2.429 6.470a 0.15 0.40

DON∶DOPb 0.203 0.325a 0.099a 20.008a 0.061 20.021 20.035 0.07 0.29

DIN∶SRPb 0.893a 0.646 0.489a 20.041a 20.578 20.073a 0.090a 0.32 0.68
a p ≤ 0.05.
b Log transformed.
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Figure 4. Contribution of dissolved inorganic and organic nutrient fractions to the total dissolved nutrient pool over time in re-
stored (BAU p business as usual, circles; EXC 5 excavated, triangles) and reference (REF 5 squares) basins. Total dissolved N
(TDN) species shown for dissolved organic N (DON; A) and dissolved inorganic N (DIN; B), and total dissolved P (TDP) species
shown for dissolved organic P (DOP; C) and soluble reactive P (SRP; D). Seasonally inundated basins shown in the left panel and
semipermanent basins in the right panel. Trend lines are shown for temporal relationships with p ≤ 0.05. Solid lines represent wetland
age interaction with hydroperiod. Broken lines represent wetland age interaction with restoration treatment. Each point represents a
mean across multiple sites with SE. Note difference in y-axis scale among panels.
Figure 3. Dissolved inorganic N (DIN; A) as the sum of NH4-N (bottom) and NO3-N (top), and the contribution of dissolved or-
ganic (bottom, dark gray) and dissolved inorganic (top, light gray) nutrient fractions to total dissolved N (TDN; B) and total dissolved
P (TDP; C). Nutrient fractions are shown stacked atop each other. Error bars represent the SE about the mean.
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in EXCwetlands, where sediment was removed (mean5 6.9 ±
17.2 SD), than in BAU restorations (mean 5 5.9 ± 9.2 SD;
p5 0.015; Table 2), but this trend was driven by differences
in wetlands with seasonal hydroperiod rather than semiper-
manent wetlands (Table 4). Organic N∶P ratios were ~50%
higher in semipermanently flooded wetlands than seasonal
wetlands, regardless of restoration strategy (p 5 0.016; Ta-
bles 2, 4).

Particulate N∶P molar ratios were smaller (~14.3 ±
11.6 SD; Table 3) in contrast to the molar ratios of DOC∶
TDN (mean 5 19.1 ± 3.5 SD; p < 0.01, repeated measures
ANOVA) and TDN∶TDP (mean 5 33.1 ± 46.0 SD; p <
0.01, repeated measures ANOVA). The relative availability
of more bioavailable DIN∶SRP averaged 6.4 (13.8 SD), sug-
gesting lower relative availability of inorganic N to P com-
pared to organic N and P. In general, total N∶P ratios were
enriched in P (mean 5 23.1 ± 19.0 SD), slowly increasing
until 5 y following restoration (p 5 0.01), at which point
values decreased (p < 0.001), regardless of restoration strat-
egy or hydroperiod.

DISCUSSION
We studied 54 restored wetlands over a 4-y period to

identify how water quality responds to sediment removal
and hydroperiod over time (Fig. 2). Water quality was pri-
marily influenced by hydroperiod. Accumulated sediment
excavation decreased dissolved inorganic P concentrations
immediately following restoration, but the effect lasted
only 6 y, and increases in Pwere primarily driven by dynamics
in seasonal wetlands. As wetlands aged, dissolved nutrient
concentrations increased, primarily from rising inorganic P
and organic N, with relatively larger increases in P compared
to N. Rising DOC∶DON and falling DIN∶SRP suggest that
both seasonal and semipermanent wetlands grew increas-
ingly N limited over time. Differences in N and P cycling ap-
pear to have driven strongerN-limited conditions in seasonal
compared with semipermanent wetlands. Below, we explore
possible mechanisms underlying these patterns and their im-
plications for wetland management.

Dissolved P dynamics in seasonal
and semipermanent wetlands

Hydroperiod emerged as the most important character-
istic controlling available P as wetlands aged, though exca-
vation removed substantial amounts of P-enriched sedi-
ment and initially reduced dissolved P concentrations. SRP
concentrations were higher and more dynamic in seasonal
wetlands, suggesting that hydroperiod shapes the environ-
mental conditions involved in P cycling within wetlands. In
contrast, DOP and particulate P concentrations were similar
Figure 5. Dissolved nutrient concentrations over time in restored (BAU 5 business as usual, circles; EXC 5 excavated, triangles)
and reference (REF 5 squares) basins. Seasonally inundated basins shown on the left side of each panel and semipermanent basins on
the right side. Dissolved inorganic N (DIN; A), dissolved organic N (DON; B), and total dissolved N (TDN; C), soluble reactive P
(SRP; D), dissolved organic P (DOP; E), and total dissolved P (TDP; F). Seasonally inundated basins shown in the left panel and semi-
permanent basins in the right panel. Trend lines are shown for temporal relationships with p ≤ 0.05. Solid lines represent temporal
interaction with hydroperiod. Broken lines represent temporal interaction with restoration treatment. Each point represents a mean
across multiple sites with SE. Note difference in y-axis scale among panels.
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in both seasonal and semipermanent wetlands. Higher dis-
solved P mobilization in seasonal wetlands could arise from
multiple mechanisms. First, regular periods of water draw-
down in seasonal wetlands can promote decomposition of
detritus and subsequent nutrient mineralization (Olila et al.
1997, Freeman et al. 2004). Second, continuous dense stands
of emergent macrophytes throughout restored seasonal wet-
lands may limit gas exchange across the air–water interface,
resulting in hypoxic conditions that promote internal loading
of P in the presence of standing water (Rose and Crumpton
1996).

Annual fluctuations between wet and dry conditions
throughout the growing season are a defining feature of
PPR seasonal wetlands and may have meaningful impacts
on dissolved nutrient availability when standing water is
present. Semipermanent wetlands rarely experience com-
plete water loss that exposes sediment to air, whereas sea-
sonal wetlands are smaller and water levels are more vul-
nerable to annual variability in precipitation (Wetzel 1990,
Downing et al. 2006, van der Kamp and Hayashi 2009). In
seasonal wetlands, periods of drawdown stimulate aerobic
decomposition and nutrient mineralization from decom-
posing plant litter (LaBaugh et al. 1987, Reddy et al. 1999).
Mineralized nutrients can move into the water column
upon rewetting, resulting in higher dissolved nutrient content
in seasonal wetlands compared with their semipermanent
counterparts. In a post hoc analysis, we found amodest neg-
ative relationship between water-column depth at the point
Figure 6. Dissolved nutrient molar ratios across time in restored (BAU 5 business as usual, circles; EXC 5 excavated, triangles)
and reference (REF, squares) wetlands. Seasonal wetlands shown on the left side of each panel and semipermanent basins on the right
side. Dissolved organic C (DOC) to dissolved organic N (DON) ratios (A), DON to dissolved inorganic N (DIN) ratios (B), DOC to
dissolved organic P (DOP) ratios (C), DOC to soluble reactive P (SRP) ratios (D), DON to DOP ratios (E), and DIN to SRP ratios (F).
Seasonally inundated basins shown in the left panel and semipermanent basins in the right panel. Trend lines are shown for temporal
relationships with p ≤ 0.05. Solid lines represent temporal interaction with hydroperiod. Broken lines represent temporal interaction
with restoration treatment. Dotted lines represent overall temporal trend without associated variable interactions.
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of collection and dissolved P concentration (Table S2, Fig. 7A–
D, Appendix S1). However, water-column depth only ex-
plained 1% of variation in this simplemodel while site identity,
included as a random effect to account for repeated measure-
ments over multiple dates, accounted for 68% of variability
in TDP concentrations (Table S2). This suggests that while
wet–dry cycling contributes somewhat to mobilization of
dissolved P, it is unlikely the most important control.

The restored seasonal wetlands in our study were usu-
ally colonized by dense stands of emergent macrophytes
throughout the entire wetted area, whereas semiperma-
nent wetlands had an open pool colonized by floating
and submerged vegetation surrounded by an emergent
macrophyte ring (Winikoff et al. 2020). Seasonal wetlands
were often quickly colonized by Typha� glauca (hybrid cat-
tail) and Phragmites australis ssp australis (common reed)
(Winikoff et al. 2020), with substantial stands of Phalaris
arundinacea (reed canary grass) that often expanded well
into the emergent macrophyte zone immediately following
restoration and retreated over time (personal observation).
Previous studies in prairie pothole wetlands have shown
that within emergent macrophyte zones, the water column
exists in a nearly permanent state of hypoxia (≤3mgoxygen/
L; Rose and Crumpton 1996). Emergent macrophyte stems
and stalks can limit water-column dissolved oxygen by in-
tercepting incident photosynthetically active radiation and
decreasing in situ oxygen production (Morris and Barker
1977, Larkin et al. 2012) and decreasing wind velocity and
shear forces that promote gas exchange across the air–water
interface (Liss and Slater 1974). The combination of shading
and sheltering within the emergent macrophyte zone can
result in persistent hypoxia throughout the growing season
(Rose and Crumpton 1996) leading to mobilization of sedi-
mentary P (Patrick andKhalid 1974, Carlton andWetzel 1987).
In contrast, submerged aquatic vegetation in semipermanent
wetlands can stabilize sediment P by delivering oxygen to the
benthos and by physically protecting sediments from resus-
pension by wind and wave action, while allowing for air–water
gas exchange (Søndergaard et al. 1992, Jeppesen et al. 1997).

To test whether differences in dissolved P concentration
may be moderated by the physical and chemical effects of
the emergent macrophyte community, we performed a post
hoc analysis of emergent macrophyte cover and dissolved
P concentration (Appendix S1). We found a positive rela-
tionship between both SRP and TDP concentrations and
cumulative % cover of 3 aggressive invasive species com-
mon to the region: hybrid cattail, common reed, and reed
canary grass (Table S2, Fig. 7B, D). Invasive emergent mac-
rophyte cover and the interaction between cover and hydro-
period explained 55 and 48% of variability in SRP and TDP
concentrations, respectively (Table S2). When considered
alone, emergent macrophyte cover explained 21 and 20%
Figure 7. Soluble reactive P (SRP; A, B) and total dissolved P (TDP; C, D) concentrations across water column depth (A, C) and in-
vasive emergent macrophyte cover (B, D) in wetlands with seasonal and semipermanent hydroperiod. Note difference in y-axis scale
among panels.
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of variability in SRP and TDP, respectively, suggesting that
emergent macrophytes may alter the physical and chemical
conditions that lead to P mobilization. Taken together, our
post hoc analyses provide some evidence that the effect of
hydroperiod on dissolved P is mediated through wet–dry
cycling that promotes mineralization of organic sediment
P and the physical effects of the emergent macrophyte
community that promote P mobilization. Future research
should evaluate differences in sediment P mobility by per-
forming fractionation studies in restored seasonal and semi-
permanent wetlands with varying densities of emergent
macrophytes.

Hydroperiod influences the expression of legacy P
The presence of high levels of dissolved P may be indic-

ative of legacy P accumulated from past agricultural activ-
ities, although we only observed these legacy effects in envi-
ronmental settings that promoted Pmobilization, regardless
of sediment excavation. Semipermanent wetlands, which
tended to be slightly deeper and maintained more open wa-
ter area over the study period, had low SRP and total P even
several years after restoration, irrespective of restoration
method. In contrast, shallower wetlands with seasonal hydro-
period had extremely high concentrations of SRP even when
P-rich agricultural sediment had been excavated. For exam-
ple, we found 16 seasonal wetlands with SRP concentrations
>278lg/L, whichwas in excess of total P concentrations found
in 75% of shallow Danish lakes of similar size (Søndergaard
et al. 2005). The legacy of past disturbance and fertilization
can augment P runoff for decades or even centuries (e.g.,
Jeppesen et al. 2005,McCrackin et al. 2018). Recent evidence
suggests that legacy P may also contaminate groundwater
supplies (Domagalski and Johnson 2011), which complicates
our understanding of effective mitigation efforts by slowly
increasing surface water P far away from the point of distur-
bance. These spatial and temporal asynchronies make it dif-
ficult to identify how legacy P remediation efforts influence
contemporary water quality at the landscape scale.

N dynamics in restored wetlands
Despite lowDIN concentrations, DONwas fairly high for

shallow lentic systems with small surface areas (Detenbeck
et al. 2002, Jeppesen et al. 2005). Limited availability of
DIN with concomitant increases in DON are indicative of
N removal and recycling (Mitsch et al. 2005, Vymazal and
Březinová 2018). Small lentic systems are particularly effec-
tiveN sinks (Müller et al. 2021), permanently removing up to
100% of N inflow (Harrison et al. 2009). Wetlands and shal-
low lakes are also efficient N traps, removing inorganic N
from the water column via assimilation and recycling (Wet-
zel 1990). In flow-through wetlands, macrophytes and asso-
ciated epiphytes can be responsible for capturing up to 100%
of inorganic N flowing into a wetland and may hold up to
86% of all N within the wetland (van Donk et al. 1993,
Romero et al. 1999). Since assimilated N often re-enters the
dissolved nutrient pool as DON following plant senescence
or decomposition (Wetzel 1990), watersheds with abundant
wetland cover tend to export a larger proportion of TDN
as DON (Pellerin et al. 2004, Fasching et al. 2019). Evidence
suggests that labile forms of organic N, such as amino acids
and proteins, are biologically available tomicrobes and pri-
mary producers (Johnson and Tank 2009, Mackay et al.
2020). In primarily closed systems with very little surficial
connectivity between wetlands, it is reasonable to expect
DONconcentrations to increase over time asmore bioavail-
able forms of organic N are mineralized and reassimilated
while less bioavailable forms grow more concentrated.

Biogeochemical drivers of shifting
nutrient stoichiometry

We found evidence that all wetland types experienced in-
creasing N limitation over time. Long-term patterns of de-
creasing DIN with concurrent increases in DON and SRP,
combined with steadily decreasing inorganic N∶P molar ra-
tios, are consistent with inorganic N limitation. Furthermore,
using the framework proposed by Stutter et al. (2018) wherein
dissolved C∶N ratios between 11 and 100 indicate net N se-
questration by aquatic microbial communities (i.e., limita-
tion), DOC∶DONmolar ratios in this study were consistently
suggestive of N limitation (Table 4). As wetlands aged,
DOC∶DON ratios increased, a pattern that is consistent with
either the utilization of DON at a faster rate than DOC or the
favorable production of DOC over DON in systems that reg-
ularly cycle through wet and dry periods, a pattern known as
the Birch effect (Birch 1964, Steinman et al. 2012). In our
study, both DOC and DON concentrations increased over
time (Figs 5B, S2), but the rate of DOC increase was lower
at semipermanent wetlands compared with seasonal sites
(Fig. S2).Meanwhile, DOC∶DON ratios increased at a sim-
ilar pace in both seasonal and semipermanent wetlands
(Fig. 6A–F). Taken together, these data suggest that DON
may have been utilized at a faster rate than DOC, at least
in semipermanent basins, indicating some degree of N lim-
itation. Since DON is often considered less labile than DIN,
steadily increasing DOC∶DONmolar ratios also suggest high
inorganic N demand, which could reflect either N assimila-
tionor removal.Taken together, ourdata suggest that restored
agricultural wetlands may be more limited by N availability
than by C or P, and this limitation likely increases over time.

Broader implications
Healthy wetlands provide essential ecosystem services

and are remarkably robust to physical and chemical distur-
bance, but decades of wetland consolidation (McCauley
et al. 2015, Van Meter and Basu 2015), cultivation, and nu-
trient enrichment (Van Meter et al. 2016, McCrackin et al.
2018) have left the remaining wetlands under considerable
strain to maintain historical ecosystem services. Our study
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shows that by restoring conditions conducive to micro-
bially mediated N removal and deposition, wetlands can
recover from a history of N amendments. Unfortunately,
wetland recovery from long-term P enrichment remains
a significant challenge. Restoration practitioners may need
to consider either an active management approach or novel
restoration strategies to restore high-quality seasonal wet-
land habitat. Active management practices designed to re-
move or control the remineralization of P warrant investi-
gation with respect to their efficacy, impacts on plant and
animal communities, and the cost of widespread implemen-
tation. A handful of ideas that continue to resurface include
chemically capping sediments using alum treatments and
Phoslock (Steinman et al. 2004, Copetti et al. 2016) andphys-
ically removing P by harvesting invasive species biomass
(Lishawa et al. 2015) or maintaining grazing livestock in re-
stored wetlands (Biró et al. 2019, 2020). Numerous studies
have shown that sediment dredging can be an effective P
management tool when there are sufficient time and funds
to perform preliminary adsorption studies that can inform
project design (Oldenborg and Steinman 2019) or when
used in combination with chemical treatment (Lürling and
Faassen 2012). In our study, land managers involved in the
restoration had neither the time nor resources to perform
detailed preliminary studies and post hoc chemical treat-
ments.Wetlands have somewhat predictable patterns of nu-
trient availability in the years following restoration and the
effects of sediment excavation on water quality are more
pronounced in shallow wetlands that experience periodic
drawdown than in wetlands with fairly stable hydrology.
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