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Keywords: Wetlands are increasingly being constructed to retain phosphorus, but indicators of performance are often unique
Cons_tmc_ted wetland to individual wetlands. In this quantitative literature synthesis, we highlight two major knowledge gaps and a
Monitoring source of bias in our current understanding of phosphorus retention by constructed and restored wetlands. We
I;Er(;gl;t;(r)r:;srnomtorlng performed a literature review to assess differences in wetland characteristics, phosphorus retention, and sam-
Retention pling frequency and duration to better understand how constructed and restored wetlands retain phosphorus. We

then examined a series of different sampling frequencies to determine how sampling approaches affect observed
trends using a case study at the Old Woman Creek National Estuarine Research Reserve where high-resolution
data on phosphorus concentrations was available. We found that, while differences among broad wetland
structural groupings exist, measured rates of phosphorus retention are highly variable. Additionally, we observed
that the wetlands sampled in the literature are most often newly constructed; 70% of the wetlands were
monitored for three or fewer years. Among twelve wetlands that were monitored for over ten years, resampling
techniques demonstrated that three-year time scales are unable to predict long-term trends for nutrient retention.
Similarly, we found that 70% of wetlands in the literature were sampled weekly or less frequently and did not
account for major flow events when estimating nutrient retention. Our case study analysis indicated that
excluding storm events lead to a significant underestimate of phosphorus retention. We further demonstrate that
when sampling is infrequent and misses storm events, the retention of water and phosphorus by wetlands causes
higher underestimates at the inflow than the outflow where phosphorus leaves wetlands more slowly than the
inflow. The greater underestimation of loads at outflows compared to inflows can lead to a wetland being
mislabeled as a source when it is a sink for phosphorus if storm events are not accounted for. Together this
synthesis highlights that our understanding of how constructed wetlands store phosphorus is limited by three
major factors: a lack of long-term monitoring, the drivers of high variability in phosphorus retention between
different wetland types, and potential bias from the difficulties of capturing storm events. Our analysis indicates
that most published works have been conducted at shorter time frames, or lower sampling frequencies than are
required for accurate estimates of phosphorus retention. This finding is of significance because substantial in-
vestments are made in restoring and constructing wetlands based on inadequately supported assumptions that
wetlands are highly effective at phosphorus retention. Ultimately, these results can inform improvements to post-
restoration assessment of wetland nutrient function, including decisions on where and when to monitor water
quality.
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1. Introduction

Excess phosphorus leads to eutrophication of aquatic habitats and
fuels harmful algal blooms (Anderson et al., 2002; Heisler et al., 2008;
Smith, 2003). A key challenge with managing phosphorus pollution is
that it often does not originate from easily identified and mitigated
“point” sources, but instead comes from “non-point” sources across wide
swaths of landscape (Carpenter et al., 1998). To address this issue, sci-
entists and land managers have proposed the creation and restoration of
wetlands for their ability to store nutrients and specifically respond to
the non-point source runoff of phosphorus (Vymazal, 2007; Weisner
et al., 2016). Wetlands have three major pathways through which they
may store phosphorus: sedimentation of suspended matter with phos-
phorus, sorption of phosphate to soil minerals, and uptake by vegetation
(Reddy et al., 1999). Wetlands have the potential to be a cost-effective
means of treating polluted waters, especially in the light of co-benefits
such as the provision of habitat, carbon sequestration, and biodiver-
sity (Aziz and Van Cappellen, 2021; Tomscha et al., 2021). However, an
understanding of how wetlands contribute to landscape-scale nutrient
retention requires a better understanding of the specific drivers of
wetland phosphorus retention (Weisner et al., 2016). While a wealth of
experimental evidence illustrates these storage mechanisms, demon-
strating and predicting rates of uptake at whole-ecosystem scales in the
field is not straightforward (Ury et al., 2023). Our current knowledge of
how wetland features and their landscape context drive phosphorus
cycling is not adequate to optimize wetland design and management for
phosphorus retention.

Multiple efforts to synthesize data on wetland phosphorus retention
have demonstrated that wetlands are generally phosphorus sinks and
that higher retention of phosphorus is associated with higher phos-
phorus loading and higher flow rates (Golden et al., 2019; Land et al.,
2016; Shen et al., 2023; Ury et al., 2023). A variety of wetland classi-
fication schemes are used (Gerbeaux et al., 2018), some with broad
groupings based on wetland connectivity (Leibowitz et al., 2023), some
that are highly granular considering multiple functional and structural
aspects of wetlands (Cowardin, 1979), and some that group wetlands
into broad categories, separating floodplain (low-lying areas next to
rivers that are inundated during high flows), flow-through (defined as
wetlands with a clear flow-path for water through the wetland), and
isolated wetlands (wetlands that receive water primarily from overland
flow), or constructed (man-made wetlands), restored (wetlands that
have been modified in an attempt to restore natural function), and
natural wetlands (wetlands that have not been modified; Tiner, 2015).
Existing categorization frameworks, however, are less indicative of
biogeochemical function than habitat type and offer limited insights into
the diversity of structures found in novel restored and constructed
wetlands.

Despite limitations of current formal classification schemes, certain
prominent structural features, mostly relating to a wetland’s hydrologic
connection to its landscape, can be used to generalize conclusions about
nutrient removal function across multiple systems described in the
literature. For example, syntheses of data from river floodplains,
demonstrate their value for nutrient retention, especially depressional
wetlands within floodplains (Gordon et al., 2020; Walton et al., 2020).
Nutrient retention by small and isolated wetlands have also been shown
to support landscape-scale phosphorus transport and processing (Cheng
and Basu, 2017; Marton et al., 2015). Research using mesocosms (small
scale experimental wetlands) has provided unique insights into the
mechanics of phosphorus retention, but mesocosms have been shown to
have higher rates of retention than non-mesocosm wetlands (Ury et al.,
2023). These syntheses have reaffirmed the potential value of wetlands
for phosphorus mitigation, but also highlight that reliance on mesocosm
studies overestimates wetland phosphorus retention capacities (Ury
et al., 2023).

Attempts to use wetlands to mitigate excess phosphorus loads have
had mixed success (Li et al., 2011; Steinman et al., 2018; Widney et al.,

Ecological Indicators 169 (2024) 112969

2018). At times, wetlands can be a source, rather than a sink, of phos-
phorus to downstream systems, often due to legacy stores of phosphorus
(Ardon et al., 2010; Kinsman-Costello et al., 2014; Sharpley et al., 2013).
Additionally, long-term data on constructed wetlands indicates that
phosphorus retention is varied, with some wetlands declining rapidly in
their ability to retain phosphorus and others maintaining their retention
ability for decades (Kadlec, 2009; Steinman and Ogdahl, 2011). To
improve use of wetlands for nutrient removal and retention, more in-
formation is needed on how their construction, management, and
location within the landscape can maximize their role in nutrient miti-
gation (Djodjic et al., 2020; Schmadel et al., 2019; Stammel et al., 2018).

During construction, the placement of a wetland on the landscape
determines the nature and magnitude of phosphorus inputs (Li et al.,
2023). Flow to a wetland is a major factor in determining how much
phosphorus a wetland can retain (Powers et al., 2013). High volumes of
water entering a wetland can lead to high phosphorus retention, even
when water retention is the primary goal of construction (Powers et al.,
2013; Robotham et al., 2023). Despite the importance of wetland loca-
tion, wetland placement is often determined by land availability as
opposed to optimal nutrient load source treatment, so understanding if
and how different wetland characteristics that affect their ability to
retain phosphorus can be manipulated regardless of their position on the
landscape is critical for the development of successful wetland projects
(Locke and Grove, 2016; Turner et al., 2016). Here we define wetland
characteristics as the structural and hydrologic attributes of a wetland,
including vegetation status, hydrologic regime, water source, former
land use, and wetland size.

Wetland physical structure influences hydrologic regimes, leading to
the drainage, holding, or delivery of water to or from the system
(Braskerud et al., 2000; Mitsch, 1992). After the physical characteristics,
one of the most studied and significant aspects of wetland construction is
substrate composition, which can be altered by the addition, removal, or
movement of sediment and can modify the ability of sediment to bind
phosphorus (Dell’Osbel et al., 2020). This is especially important where
there is a significant amount of groundwater flow through the wetland;
if there is sorption capacity in the sediment, phosphorus typically is
stored there as water leaves through sub-surface upwelling or down-
welling flow paths (Ackerman et al., 2015). Many wetlands are con-
structed with settling basins to encourage sedimentation and
phosphorus storage in the accumulated sediment. However, as sedi-
ments build up wetlands may need to be dredged to maintain their
ability to store water and phosphorus (Lindstrom and White, 2011; Yan
et al., 1998).

Methods used to monitor nutrient loads have been widely studied in
rivers and catchments, where data are abundant (Aulenbach et al., 2016;
Birgand et al., 2010; Johnes, 2007; Kamrath et al., 2023; Kelly et al.,
2018), but there has been limited study of the impact of sampling regime
on estimates of nutrient loading in wetlands. Routine monitoring of a
variety of rivers has allowed for the development of techniques to esti-
mate phosphorus loading based on flow-concentration relationships;
extensive evaluation of sampling regimes from high-resolution,
distributed monitoring across many stream, river, and other catch-
ment systems affirms that load estimates are most accurate when flow
and concentration are measured over the full range of hydrologic con-
ditions (Aulenbach, 2013; Aulenbach and Hooper, 2006). These
methods are certainly relevant to wetlands as well but are limited in
their use by the amount of data available for many wetlands. To better
estimate phosphorus loading in wetlands we need to understand what
techniques are currently being used, and potential biases in those
techniques to develop wetland specific tools to deal with those biases.

Three critical pieces are missing from previous syntheses of net
ecosystem phosphorus removal rates by wetlands: differences in reten-
tion caused by features of wetland construction, long-term (i.e., > 10
years) monitoring of phosphorus retention, and how differences in
monitoring methods affect estimates of phosphorus retention. To
address these gaps, we present a quantitative literature synthesis with
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the goal of addressing three main questions: 1. What attributes are most
measured in wetlands, and does data collected to measure phosphorus
retention performance vary by wetland structure? 2. How frequently
and for how long have wetlands in the literature been monitored and
how does that affect estimates of phosphorus retention? 3. Are temporal
trends of wetland phosphorus retention within the confines of typical
study lengths able to predict the future trajectory of wetland phosphorus
retention? To evaluate wetland attribute information and monitoring
methods, we conducted a quantitative literature review. To assess the
implications of sampling regime on P load estimates, we resampled high-
frequency data from a single wetland case study. Finally, we analyzed a
subset of wetlands from our quantitative review with annual data on
phosphorus retention for long-term trends. We aim to identify gaps in
our understanding of structural wetland features, monitoring methods,
and long-term trajectories in restored and constructed wetlands.

2. Methods
2.1. Literature review

We conducted a systematic search of peer-reviewed publications
focused on phosphorus retention by constructed or restored freshwater
wetlands that contained at least one year of data estimating annual total
phosphorus and/or phosphate (PO3") retention. We excluded all meso-
cosm studies, which were defined following Ury et al. (2023) as studies
conducted in tubs, tanks, or other semi-isolated structures. While there
are differences between constructed, restored, and natural wetlands, we
aim to capture the differences between different wetlands by charac-
terizing the different attributes that differentiate wetlands as opposed to
their construction history. We included a variety of wetland types,
including flow-through, riparian, and managed wetlands but excluded
studies that were focused on streams, vegetated buffer zones, or bio-
reactors. Streams and vegetated buffer zones both play an important role
in phosphorus retention across the landscape but function differently
than wetlands, which have periods with standing water (Uusi-Kamppa
et al., 2000).

We performed an initial search using Web of Science and then sup-
plemented the list with the first 300 results from Google Scholar; we
then included all manuscripts used by Ury et al. (2023) that had not
appeared in our Web of Science or Google Scholar searches. For both
Web of Science and Google Scholar searches we followed the approach
of Ury et al. (2023) for keywords and searched with the following terms:
(wetland * OR pond OR mire * OR marsh OR fen OR ‘wet meadow’ OR
riparian OR ‘floodplain’ OR reed) AND (phosph * ) AND (retention OR trap
* OR uptake OR sedimentation OR remov * OR settling OR accretion OR
precipitat * OR * sorption). Our combined search yielded 4,170 unique
results ranging from 1997 to 2023. We performed an initial screening of
titles for papers that were relevant to wetlands which narrowed our
results to 975 studies, and then a second screening for papers with at
least one year of data on phosphorus retention, measured as a load of
phosphorus. The second screening narrowed our results down to 207
manuscripts. For 48 studies, we calculated loads based on the reported
flow and concentrations at wetland inlets and outlets.

For each wetland, we extracted information about both the structure
and the monitoring methods used if they were available, and we clas-
sified wetland vegetation, flow regime, water source, prior land use,
phosphorus sampling frequency, gap-filling methods, age of wetland,
and length of monitoring. Individual wetland characteristics were then
used for grouping analyses and study monitoring characteristics were
used to understand monitoring trends. A subset of wetlands with phos-
phorus retention data for ten or more years was used to analyze long-
term trajectories of wetland phosphorus retention.

2.1.1. Wetland structure
There was a limited amount of available information about each
wetland in the literature so we used the Cowardin classification system,
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an ecologically based framework developed to provide a consistent
classification system across US wetlands (Cowardin, 1979; Cowardin
and Golet, 1995) to classify each wetland system as riverine, lacustrine,
or palustrine. Wetlands may meet or partially meet the criteria for
classification into multiple system types, so we developed a set of de-
cision rules for these borderline cases. We classified any wetlands within
channel floodplains as riverine, whereas wetlands that were periodically
flooded but not within a regular floodplain as palustrine. Similarly, we
classified studies as lacustrine only if the retention of phosphorus was
measured for the entirety of a lake that contained many coastal wet-
lands; studies focused on estimating retention at a single wetland on the
shore of a lake were considered as palustrine. For wetland class (i.e.,
emergent, aquatic bed, etc.), modifiers (i.e., beavers, wastewater, etc.),
water chemistry (i.e., acidic, basic, neutral), soil (i.e., organic, inor-
ganic), and water regime (i.e., seasonally flooded, intermittently
exposed, etc.) we followed Cowardin classification standards
(Cowardin, 1979). We additionally recorded the source of water, the
previous land use, and the watershed area when reported, as well as the
surface area and water depth of the wetland. We classified the water
regime as artificial when actively managed, most commonly when water
was pumped in or managed using a water-level control structure.

2.1.2. Wetland monitoring

We extracted information on the methods and extent of monitoring
for each wetland. First, we classified whether estimates of phosphorus
retention were based on sediment or water measurements. Then, the
frequency of both nutrient and flow sampling was recorded. Finally, we
noted whether surface water was sampled during storm events and how
studies accounted for gaps between surface water concentration data
points. We identified four common methods of gap-filling and grouped
any techniques used only in a single manuscript as “other.” The four
main methods were 1. Assuming constant, where concentrations were
assumed to be constant until a new measurement is taken, 2. Flow-
weighted means, where the mean annual concentration was calculated
using weekly or monthly concentrations adjusted based on discharge
and then the annual mean concentration is used as the concentration for
each day of discharge, 3. Linear interpolation, where a linear model was
created to fill in gaps between data points, and 4. Event sampling, where
concentrations are assumed to be constant except during events, when
samples are taken. Studies where a load was not calculated (where we
calculated loads based on concentration and flow data) were not
included in identifying a gap-filling method.

2.1.3. Long-term trajectory analysis

To estimate the amount of data needed to identify long-term trends,
we used the broken window algorithm developed by Bahlai et al. (2021),
which splits time series into all possible sequential subsets of at least
three years and constructs linear regressions of each subset for a variable
of interest: in our case, phosphorus retention. We then calculated the
stability time as the window length at which all regression slopes were
within the standard deviation of the slope of the full dataset (Fig. S1,
Bahlai et al., 2021). We applied the broken window algorithm to the
twelve wetlands from six manuscripts that contained an annual mea-
surement of phosphorus retention for ten or more years.

2.1.4. Cluster analysis

We performed a grouping analysis to avoid any bias in our grouping
based on any specific method. To identify the major wetland groupings
that emerged from the recorded attributes, we calculated Gower’s dis-
tances based on seven wetland features: Cowardin wetland system,
Cowardin wetland class, wetland water regime, water source, previous
land use, whether the water regime was artificial or not, and the surface
area of the wetland. After calculating Gower’s distances, we performed
k-means clustering with two to ten clusters and selected the number of
clusters that maximized the silhouette width. The silhouette width is a
metric of how similar objects are to their clusters as compared to other
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clusters. The calculations of Gower’s distances and the cluster analysis
were performed using version 2.1.6 of the cluster package in R (Maechler
et al. 2023). We compared differences between groups with analysis of
variance and Tukey HSD post-hoc tests. To visualize the cluster data, we
used the t-distributed stochastic neighborhood embedding (tSNE)
method from version 0.17 of the Rtsne package (Krijthe, 2014) to reduce
the dimensionality of our wetland data and plot points in a two-
dimensional space that preserves the differences between our individ-
ual wetlands. tSNE plots arrange data so that points with large differ-
ences in high dimensional space are far apart, and points that are similar
in high dimensional space are close together in the two-dimensional
plot.

2.2. Wetland case study: Old woman creek

We resampled high-frequency, long-term data from the Old Woman
Creek (Ohio, USA) wetland to illustrate how changes to sampling fre-
quency, gap-filling, and storm sampling affect estimates of phosphorus
retention. The Old Woman Creek National Estuarine Research Reserve is
a coastal wetland estuary that drains into southwestern Lake Erie. Old
Woman Creek is a fourth order stream with a 69 km? watershed domi-
nated by row crop agriculture. The wetland is a natural estuary, but it
receives high nutrient loading from its agriculture dominated water-
shed. The wetland is a mix of emergent vegetation and aquatic bed, and
a majority of the site is permanently flooded. The final 2 km of stream
flows through a 0.6 km? wetland complex before flowing into Lake Erie,
although outflow is controlled by a barrier sand beach. Generally, the
barrier beach is closed during the summer and open throughout winter,
although its status varies from day to day and year to year.

Previous efforts have estimated phosphorus budgets for Old Woman
Creek (Mitsch and Reeder, 1992; Krieger, 2003), and quantifying the
wetland’s capacity for processing nutrients remains an important line of
inquiry. Previous nutrient budgets have relied on inlet water flow
measured by the United States Geological Survey (USGS; gage
04199155). However, the installation of an Acoustic Doppler Current
Profiler at the stream’s outlet in 2020 has improved the accuracy of
current estimates of phosphorus loading into Lake Erie. Water flow,
which is measured at fifteen-minute intervals at the inlet of Old Woman
Creek, is available throughout the study period from the USGS gage,
while water flow at the outlet is intermittently available beginning in
May of 2020 and full-time beginning in 2023.

Starting in 2015, whole water samples were collected with ISCO
5800 refrigerated autosamplers at both the inlet and outlet of the
wetland for total phosphorus analysis. From 2015 to 2019, daily water
samples at both the inlet and outlet sites were taken at 04:00, 12:00, and
20:00. During baseflow, a single sample was analyzed for each day, and
during storm events three samples were analyzed at both inlet and
outlet. An analysis of 2015-2018 nutrient concentrations showed
reduced temporal variability at the outlet compared to the inlet. During
baseflow, concentrations remained stable over the course of a week,
and, during stormflow, concentrations varied from day to day, but not
throughout the course of a single day (Johnson, 2018). Therefore,
beginning in 2019, sampling frequency at the outlet was reduced to once
per week during baseflow, and once per day during stormflow. At the
inlet, the original sampling frequency of once per day during baseflow
and three times per day (04:00, 12:00, 20:00) during stormflow has
continued since 2015.

All water samples were measured for total phosphorus by the Old
Woman Creek Reserve’s analytical lab. Analysis started with a persulfate
digestion on a hot plate before samples were analyzed with an ascorbic
acid reduction following Standard Methods 4500-P) (Baird et al., 2017).

2.2.1. Resampling methods

For our resampling analysis, we focused on sampling frequency
scenarios for phosphorus concentrations that reflect the common sam-
pling schemes and gap-filling observed in our literature review. We used
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all available daily measurements of flow across all analyses because
continuous flow data are more likely to be available via USGS gages or
other sensors. The only variable that changed across our “simulations”
was phosphorus concentrations. We considered the estimate based on all
available daily concentration data as the best possible estimate of “true”
phosphorus loading. We created functions in R to resample phosphorus
concentrations from the full dataset at weekly and monthly frequencies.
For each variation, we wrote a function to select a random day of the
week or month to use as the monthly value using a combination of base
R, dplyr, tidyr, and tidyverse packages (R Core Team, 2024; Wickham
et al., 2023, 2019; Wickham and Wickham, 2017). We tested gap-filling
using four different methods: constant, flow-weighted means, event
sampling, and linear interpolation. Constant refers to an assumption that
concentrations remain constant between sampling points. Event refers
to an assumption that concentrations remain constant between sampling
points, except during storm events. The flow-weighted approach cal-
culates flow-weighted mean concentrations to calculate the mean con-
centration over time. The linear interpolation approach computes a
linear model between points and fills in gaps using the linear model. For
the constant method, we applied the monthly concentration to all days
of that month. For flow-weighted means, we calculated the flow-
weighted average concentration for the year from the weekly or
monthly sampling, and then applied that single value to every day in the
dataset. We calculated the flow-weighted average concentration as the
sum of the weekly or monthly concentrations multiplied by the percent
of annual flow that each week or month accounted for. For linear
interpolation, we gap-filled between monthly concentrations using the
approx function in R.

We additionally resampled scenarios at monthly sampling frequency
with the addition of storm samples. We defined storms as days with a
discharge at the USGS stream gage of > 25 cubic feet per second and
large storms as days with a discharge at the inlet of > 100 cubic feet per
second. We selected 25 cubic feet per second because observed baseflow
during the monitoring period was never greater than this threshold,
making it easy to attribute elevated flow to storm events, and discharge
has been observed to exceed 25 cubic feet per second in every season. An
individual storm at 25 cubic feet per second was on average 1 % of the
annual inflow to the wetland. We selected 100 cubic feet per second to
limit analyses to only the largest storms and keep the number of yearly
storms below 30. An individual storm at 100 cubic feet per second was
on average 4 % of the annual inflow to the wetland. We resampled the
data record by randomly selecting between one and ten storm events, for
both all storms and only large storms. We then applied the average
stormflow concentration to all unsampled storms or large storm events,
respectively.

2.2.2. Uncertainty analysis

When comparing our resampling methods, we assumed that our
daily data with increased sampling frequency during storm events is the
best possible estimate of the “true” load as this sampling frequency is
realistically closest to continuous measurements of phosphorus con-
centrations (Aulenbach et al., 2016; Birgand et al., 2010; Kamrath et al.,
2023; Walling and Webb, 1981). For each resampling method, we
replicated the selection process one thousand times and then compared
them to our assumed “true” loading data.

We calculated the relative uncertainty of each year of sampling
replicate as e (%) = (estimated load — true load) / true load) * 100. We
then calculated the bias for each year of each sampling method as the
median e, and the imprecision as: imprecision = €90 — e10. Where €90 is
the 90th percentile of e, and el0 is the 10th percentile of e (Appling
et al., 2015; Birgand et al., 2010; Kamrath et al., 2023).
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3. Results
3.1. Wetland types

Our literature analysis included 415 constructed or restored wet-
lands (from 207 studies) with phosphorus budgets across all continents
except Antarctica, with a bias for the United States and Northern Europe
(Fig. 1). In our grouping analysis, silhouette width reached an initial
peak at four clusters and then continued to increase after six clusters
(Fig. 2). This pattern highlights the high diversity in different types of
wetlands (based on Cowardin wetland system, Cowardin wetland class,
wetland water regime, water source, previous land use, water regime,
and surface area) as, after being grouped into four clusters, individual
wetlands became increasingly similar to smaller distinct groups. The
four groups identified were primarily split by inflowing water source
and land use setting: wastewater treatment (characterized by waste-
water as a water source), agricultural runoff (characterized by agricul-
tural land use), stream/river water (characterized by streams or rivers as
a water source), and floodplain wetlands (characterized as part of
riverine systems) as the major groups (Table S1). The group we classified
as floodplains were intermittently flooded, compared to wetlands
receiving stream water which had standing water for longer periods.
Wastewater treatment wetlands retained the most phosphorus (ANOVA,
F(3,309) = 4.66, P < 0.001; Table 1), specifically retaining more phos-
phorus than wetlands treating agricultural runoff (Tukey HSD, P <
0.001) or wetlands treating stream water (Tukey HSD, P < 0.05).
Similarly, wastewater treatment wetlands received the most phosphorus
loading (ANOVA, F(3,297) = 7.94, P < 0.001; Table 1), with more loading
than wetlands treating agricultural runoff (Tukey HSD, P < 0.001),
wetlands treating stream water (Tukey HSD, P < 0.001), or floodplain
wetlands (Tukey HSD, P < 0.05). For all wetland types, the variability in
both phosphorus retention and phosphorus loading was extremely high,
with phosphorus retention ranging from —140 to 1500 g/m?/year for an
average of 51 + 164 g/m?/year. Phosphorus retention in wastewater
treatment wetlands was 100 + 201 g/m?/year (average + standard
deviation), in wetlands treating agricultural runoff was 15 + 37 g/m?/
year, in wetlands treating stream water was 35 + 137 g/m?/year, and in
floodplains was 69 + 301 g/m?/year. In all wetland categories the
standard deviation was greater than double the average phosphorus
retention.

3.2. Wetland sampling frequency

We found that 138 of the 207 studies constructed hydrologic bud-
gets, and among those studies 59 did not report the frequency of hy-
drologic sampling. Of the remaining 78 studies, 64 had continuous
measurements of flow, 10 actively pumped water in at a consistent rate,
1 substituted precipitation for flow, and 2 measured flow weekly. The
majority of studies reported constructed hydrologic budgets with high
frequency data, however, the frequency at which phosphorus

50°N +

0° .-

Latitude

50°S

60°W 0°  60°E
Longitude

Fig. 1. Locations of the 415 wetlands included in the literature synthesis; all
have reported phosphorus retention for at least one year.
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concentrations were sampled varied far more widely between studies.
Across the 207 included studies, 138 used water samples to measure
phosphorus retention and 22 used measures of sediment accretion to
measure phosphorus retention. Of the 138 that used water samples, the
most common phosphorus sampling frequency was weekly (34 studies)
followed by monthly (31 studies). Daily data was collected in 22 studies
and was predominately collected using an autosampler. Unknown
phosphorus concentrations between sampling points were estimated by
assuming that concentrations were constant for 57 % of the studies
(Fig. 3). The most common alternate methods of gap-filling were flow-
weighted means and linear interpolation, which combined only
accounted for 11 % of the studies that used water samples. Similarly,
event samples were collected in only 9 % of the studies using water
samples.

3.3. Wetland sampling duration

We found a distinct paucity of long-term monitoring of wetlands for
net phosphorus budgets. Of wetlands with phosphorus retention data
reported in the literature, 70 % were sampled for three or fewer years
(Fig. 4a). The majority (51 %) of data available were from wetlands two
or fewer years old (Fig. 4b).

Of the 33 wetlands that monitored phosphorus retention for ten or
more years, 12 had data available on annual averages of phosphorus
retention. Of the remaining 21 wetlands, 13 measured phosphorus
retention using sediment data, and eight reported an average across the
period monitored. Of the 12 sites with long-term data, six were expan-
sive Everglades stormwater treatment wetlands treating agricultural
runoff, four were small Northern European wastewater treatment wet-
lands treating sewage, one was a Northern European peat extraction
wetland, and one was a shallow lake in Michigan used to treat waste-
water (Table 1). Out of the 12 sites, four had information about
dredging, and, of those four, one was dredged and three were not.
Notably, long-term data is available for a wider variety of wastewater
treatment wetlands, while long-term data on wetlands treating agri-
cultural drainage only include Everglades stormwater treatment areas.
All 12 wetlands were still retaining phosphorus at the end of the sam-
pling period with a range of 4 to 1135 g P/m?/year and a range of 10 %
to 99 % retention of incoming phosphorus in the last year of sampling
(Table S1). Eight of the wetlands were monitored monthly, two
bimonthly, one biweekly, and one seasonally, and none of them
accounted for storm sampling (Table S1).

Three of the twelve sites had statistically significant increases in
phosphorus retention over time, two had statistically significant de-
creases in retention over time, and seven were stable over the sampling
period. The sites were sampled for an average (+SD) of 15 + 5 years and
had an average (£+SD) stability time of 9 + 3 years (Table 1). We looked
specifically at the accuracy of sampling for long-term trends after five
years of monitoring because we found that data on phosphorus retention
of wetlands sharply drops off after five years (Fig. 4). The five-year
windows created with the broken window algorithm were direction-
ally incorrect (ex. Positive trends were instead negative over longer time
scales) on average 45 + 37 % of the time (Table 1).

It is important to note that the stability time is relative to the total
number of years monitored. We found a strong relationship between the
stability time and the number of years monitored (Fig. 5). The trajectory
of this trend past twenty years is largely driven by a single point, but it
suggests that, for long-term data, you can predict phosphorus retention
trajectories for 1.6 + 0.1 (slope + standard error) years in the future for
every year you monitor after at least five years of monitoring. When the
furthest timepoint at thirty years is removed, slope changes to 1.5 + 0.4
(slope + standard error). This additionally highlights the need for data
on wetlands monitored for longer than twenty years.
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Fig. 2. Boxplots illustrating the log phosphorus retention and a t-distributed Stochastic Neighbor Embedding (tSNE) plot for 4 clusters (the number of groups where
the silhouette width peaks before becoming increasingly granular). Dissimilarity between wetlands was calculated using Gower’s distance, and tSNE plots were
constructed to visualize similarities. tSNE plots visualize high dimensional data in two dimensions using machine learning to position points with large differences in
high dimensional space far apart in the two-dimensional plot, and points that are similar in high dimensional space are close together in the two-dimensional plot.
Boxplots represent the interquartile range of log phosphorus retention for all wetlands within a cluster, the solid lines are the median, error bars represent the 95%
confidence interval, and jittered points represent the actual datapoints. Groups were delineated by k-means clustering to 4 clusters based on the peak in silhouette
width, before clusters become increasingly granular. Clusters were named based on the attributes that were dominant in each cluster (see Table S1). The star in both

plots represents Old Woman Creek which we use as a case study.

Table 1

Broken window statistics for sites with > 10 years of data on phosphorus
retention. Stability time indicates the length of sampling it takes to have all
estimates of the long-term slope within the standard deviation of the full-time
series.

Years Stability Proportion Long- Reference
Monitored Time Wrong After 5 Term
(Years) Years Slope
12 8 0.83 -0.19 (Pietro and
Ivanoff, 2015)
12 7 0.83 -0.16 (Pietro and
Ivanoff, 2015)
12 7 0.25 -0.01 (Pietro and
Ivanoff, 2015)
12 8 0.12 —0.08 (Vymazal 2011)
13 7 0.11 -0.02 (Ronkanen and
Klgve, 2009)
14 9 0.8 0.13 (Jozwiakowski
et al. 2018)
15 9 0.18 —-0.02 (Ronkanen and
Klgve, 2009)
16 9 0.1 0.03 (Pietro and
Ivanoff, 2015)
16 8 0.16 -0.03 (Pietro and
Ivanoff, 2015)
16 10 0.16 —0.02 (Pietro and
Ivanoff, 2015)
18 10 1 0.1 (Krzeminska
et al., 2023)
30 18 0.83 0.05 (Kadlec, 2009)

3.4. Case study: Old woman creek

Phosphorus sampling frequencies at weekly and monthly intervals
both lead to a significant negative bias in annual retention estimates for
wetlands (Fig. 6). Weekly sampling was on average 40 % negatively
biased compared to daily values, while monthly sampling was nearly 60
% negatively biased. At Old Woman Creek the annual calculation of
phosphorus loading using weekly sampling was on average 2,500 1bs
(1,100 kg) less than values calculated with daily sampling and on
average 3,000 lbs (1,350 kg) less than daily sampling when using
monthly sampling. The inclusion of storm event sampling reduced

negative bias but also increased imprecision compared to monthly and
weekly sampling (Fig. S2). Preferential sampling of large storms was
both better at improving bias than small storms and less imprecise than
small storms (Fig. S2). There was no significant difference in bias based
on the number of storms sampled (Fig. S2); however, sampling more
storms led to less imprecise data (Fig. S2). Calculating phosphorus
loading with flow-weighted means or linear interpolation did not
improve bias or imprecision of estimates (Fig. S2). Sampling storm
events significantly improved bias estimates and prioritizing large storm
events improved bias estimates even further (Fig. 6). Total phosphorus
concentrations at the inlet and outlet of Old Woman Creek averaged
0.11 (median 0.08) and 0.13 (median 0.10) mg/L between 2015 and
2023, respectively; however, the variation in phosphorus concentration
at the inlet was double the variation at the outlet throughout the data
record (Table 2). Between 2015 and 2023, we found a significant posi-
tive relationship between discharge and P concentration at both the inlet
(R2 =0.26, t = 33.3, P < 0.001) and the outlet (R2 = 0.08, t = 10.72, P
< 0.001) of the wetland.

We additionally found that there was a significant difference in bias
between wetland inlets and outlets when both are sampled monthly
(Tukey HSD, P < 0.05; Fig. 6) and weekly (Tukey HSD, P < 0.05; Fig. 4).
Imprecision was lower at the outlet than the inlet, but not significantly
when sampled either monthly (Tukey HSD, P = 0.23; Fig. 6) or weekly
(Tukey HSD, P = 0.93; Fig. 6). The difference in bias between inlets and
outlets caused negative average estimates of wetland phosphorus
retention when sampling frequency was decreased from daily to
monthly for multiple years studied (Fig. S3). This shifted estimates of the
wetland from a sink of phosphorus to a source, based only on changing
phosphorus sampling frequency from daily to monthly sampling (Fig. 7).

4. Discussion
4.1. Trends in wetland phosphorus retention

Measurements of phosphorus retention by constructed and restored
wetlands in the literature are focused on a highly variable but non-
representative subset of wetland types, are likely biased, and do not
indicate long-term trajectories. Our synthesis underscores that wetlands
are highly diverse and that broad categories based on traditional
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Fig. 4. Histograms highlighting a) the number of years monitored and b) the age of the wetlands studied across the 201 studies used.

structural features are insufficient to explain variability in P function.
Research to date has established the basic mechanisms by which plant
uptake, sediment storage, and soil phosphate sorption can retain phos-
phorus within wetlands (Reddy et al., 2022). However, mechanistic
understanding of soil- and patch-scale processes are challenging to scale
up to whole-system predictions. Wetlands are spatially heterogeneous,
have multiple complex features, often have managed hydrology, and
particularly in the case of novel constructed and restored ecosystems are
designed for a variety of purposes (Hamback et al., 2023). Our synthesis
reveals the dearth of whole-ecosystem wetland P budgets that integrate
net effect of heterogenous processes. Of the few whole-system P budgets
in restored and constructed wetlands, the diversity in the kinds of
wetland systems represented is inadequate and few have been moni-
tored for long enough and at an appropriate frequency. The acquisition
of accurate data that are representative of a wide range of wetland types
is increasingly important to quantify the efficacy of wetlands created to
retain nutrients (Djodjic et al., 2020; Ury et al., 2023) and informs costly
investments in wetlands to mitigate nutrient pollution. Investment in
wetland construction is increasing, presenting an opportunity to better

understand how artificial ecosystems function and contribute to the
retention of phosphorus (Clifford and Heffernan, 2018).

While we found similar trends to past analysis, that wetlands with
higher phosphorus loading also have higher retention (specifically
wastewater treatment wetlands), phosphorus retention was highly var-
iable within wastewater treatment wetlands (Ury et al., 2023). Water
source plays an important role in phosphorus loading and retention,
however the unexplained variability between wetlands with the same
water sources highlights the impact of other wetland features such as
flow regime and vegetation, which contribute to the increasingly smaller
clusters in our analysis. These smaller clusters combined with the high
variability within broad clusters indicate that current literature esti-
mates are insufficient for assessing the drivers of phosphorus retention
in constructed wetlands. There are many factors that we know to be
consequential for wetland P retention based on mechanistic studies that
were not adequately reported across our synthesized studies to be
included in our analysis-including vegetation, pH, and sediment
composition.

Wetland vegetation can take up and store phosphorus and transform
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when the time series was long enough to predict the result of the full dataset).

inorganic phosphorus to more stable organic forms (White et al., 2004;
Kiedrzynska et al., 2008). While we show that there are distinct groups
of wetlands categorized by vegetation, there is a huge variety of vege-
tation species compositions present in wetlands that we were unable to
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account for in this synthesis, because details on vegetation composition
were either not reported or inconsistently reported throughout the
literature. This data gap highlights the need for more study on how
vegetation composition affects phosphorus retention in constructed
wetlands. Similarly, variability in the flow regime of constructed wet-
lands has been shown to have large effects on their ability to retain
phosphorus (White et al., 2004; Zhang et al., 2011). As we show with our
grouping analysis, our ability to draw conclusions about how variable
flow affects phosphorus retention is complicated because groups defined
by flow variability also have major confounding factors (such as water
source, and vegetation patterns). Furthermore, we show that the existing
literature data may be biased as a consequence of changing flow patterns
(storm events), which may have a bigger effect on certain flow regimes
compared to others.

4.2. Phosphorus sampling in published literature

A variety of literature using stream data highlights the potential
biases in estimating nutrient loading based on infrequent sampling for
solute concentrations and provides tools for improved loading estimates
(Appling et al., 2015; Aulenbach et al., 2016; Johnes, 2007). We found
in our literature synthesis that 72 % of studies that have calculated
nutrient loads into and out of wetlands did not account for potential
biases related to storm events due to infrequent phosphorus sampling,
which we show can lead to inaccurate estimates of phosphorus reten-
tion; the studies that accounted for bias related to storm events did so
through event sampling (9 %) and daily sampling of phosphorus con-
centrations (19 %). The issue of inaccurate estimates of phosphorus
loading is further exacerbated by the fact that wetland studies over
shorter time scales are likely not able to predict long-term changes to
wetlands. Yet, a majority of documented wetlands among our literature
set were sampled for less than three years, which, at low frequencies of
sampling, makes many of the methods used to calculate stream loading,
such as regression models, less effective (Aulenbach, 2013; Aulenbach
and Hooper, 2006). Rather than use ineffective models, we elected to
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Fig. 6. Bias and imprecision of estimates of phosphorus loading at Old Woman Creek across a range of resampling scenarios. Bias is calculated as the median error of
the 10,000 replicates. Imprecision is calculated as the 90th percentile of the error minus the 10th percentile of error. The standard deviation for both metrics is
calculated as the variability between the nine different years (2015-2023) in the dataset. Sampling scenarios for weekly (grey points) and monthly (black points) are
described in the methods.
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Table 2
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First, second, and third quartiles of total phosphorus (TP) concentrations (mg/L) at the inlet and outlet of Old Woman Creek wetland from 2015 to 2023. Between 2015
and 2019 at both the inlet and outlet, one and three samples per day were collected during baseflow and stormflow, respectively. Sampling frequency at the site
changed beginning in 2019, when sampling at the outlet was reduced to once per week during baseflow, and once per day during stormflow.

Year First Quartile (25 %) Second Quartile (50 %) Third Quartile (75 %) First Quartile (25 %) Second Quartile (50 %) Third Quartile (75 %)
inlet TP (mg/L) inlet TP (mg/L) inlet TP (mg/L) outlet TP (mg/L) outlet TP (mg/L) outlet TP (mg/L)
2015 0.04 0.06 0.08 0.07 0.10 0.15
2016 0.03 0.06 0.09 0.07 0.10 0.15
2017 0.04 0.06 0.10 0.09 0.12 0.15
2018 0.04 0.07 0.11 0.09 0.13 0.18
2019 0.05 0.08 0.14 0.08 0.11 0.15
2020 0.05 0.10 0.14 0.10 0.13 0.22
2021 0.09 0.12 0.18 0.10 0.19 0.27
2022 0.08 0.11 0.15 0.13 0.16 0.20
2023 0.07 0.10 0.15 0.13 0.17 0.26
2015-2023 0.05 0.08 0.13 0.08 0.12 0.17
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Fig. 7. Conceptual diagram illustrating that a mismatch in bias at the inlet and outlet of wetlands can lead to an inaccurate calculation of the phosphorus retention
status of wetlands, accompanied by resampled data from Old Woman Creek illustrating this happening in a real system. Bias estimates in the conceptual diagram
approximate the average biases we measured when converting from daily to monthly sampling. Resampling estimates from Old Woman Creek were resampled at a
monthly frequency from daily data. The boxplot represents the interquartile range of the 10,000 replicate resamples of the original daily data, the solid line is the
median, error bars represent the 95% confidence interval, and black points represent outliers. The green star indicates the true phosphorus retention value for the
year calculated using daily data. This pattern was evident in all years measured (Fig. S3). Discharge data was not resampled and was constant across all resampling
replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

use resampling to highlight where specific sources of bias come from, so
that researchers can identify and avoid biased data collection.

Our resampling case study indicates that phosphorus concentration
measurements during large storm events significantly improve the ac-
curacy of annual phosphorus retention estimates from infrequent sam-
pling, supporting past studies highlighting this same approach
(Aulenbach et al., 2016; Richards and Holloway, 1987; Zhu et al., 2012).
Furthermore, in Old Woman Creek we noted a mismatch in bias between
inlet and outlet loading, where the loading values at the outlet were
significantly less variable. This led to higher bias (in this case higher
underestimates) in calculated phosphorus retention at the inlet
compared to the outlet. The higher underestimate of P load at the inlet
than the outlet is likely caused by the retention of water, and thus
phosphorus by wetlands. Wetlands slow water flow, increase hydrologic
retention time, and often smooth out peaks of flow (Braskerud et al.,
2000; Ghosh and Gopal, 2010; Mitsch, 1992). The retention of water
also contributes to the retention of phosphorus, which likely explains the
lower variability in phosphorus concentrations at the outlet, where
nutrients are slowly released after being stored in the wetland (Persson
et al., 1999). Storm events that bring large loads of phosphorus during a
single day are unlikely to be captured at the inlet, but the release over
multiple days at the outlet is more likely to be captured. This slow
release of phosphorus is especially important for wetlands in which the
calculated percent phosphorus retention is lower than the difference in

bias between the load at the inlet and the outlet. Retention is calculated
as the difference between inlet and outlet loads, which means that with a
mismatch in bias, a wetland can appear to be a source of phosphorus
when it is actually a sink, where storms are more likely to be captured at
the outlet than the inlet (Fig. 7). This finding has fundamental impli-
cations for how sampling must be designed to ensure accurate estimates
of wetland function.

Our case study represents only a single wetland with a large capacity
to store water and highly storm-driven hydrology from an agricultural
watershed. It does however highlight how wetlands sampled infre-
quently and with high phosphorus concentrations during storm events
(that is effectively captured by the wetland) are likely to have similar
biases. While the mismatch in variability between inlets and outlets is
likely common across wetlands, the extent to which it affects estimates
of phosphorus retention likely depends on the relationship between
discharge and phosphorus concentrations, which could change with
smaller wetlands, wetlands with less agricultural influence, or wetlands
that are less driven by storm events. Broader studies suggest that the
positive relationship between discharge and concentration in our case
study is common, especially across catchments with anthropogenic
disturbances, but a broader analysis on the range in both discharge-
concentration relationships and differences in variability between the
inlet and outlet in constructed wetlands is needed to understand how
changing phosphorus sampling frequency affects estimates of retention
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by constructed wetlands (Ali et al., 2017; D’ Amario et al., 2021; Moatar
et al., 2017). However, our data highlights that a strong relationship is
not needed to bias estimates of phosphorus retention. This is because
storms represent a large portion of the water and phosphorus loading for
wetlands, so even a few events (if the events are likely to have higher
concentrations of phosphorus during storms) are enough to make large
changes to nutrient retention calculations.

When comparing our case study with what we learned in the liter-
ature review, our data suggests that measurements of phosphorus
retention in the literature may significantly underestimate the amount
of phosphorus being retained by wetlands. Less than 30 % of studies
from our literature review deliberately sample for surface water P con-
centrations during high flow events. Our case study is unlikely to
represent the full range of potential biases when measuring wetland
functionality; for instance, wetlands with negative discharge-
concentration relationships would in fact have the opposite pattern of
bias. An underestimate of phosphorus retention is most likely to be
observed in wetlands that have precipitation-driven inflows and a pos-
itive discharge-concentration relationship, as is common in wetlands
created in agricultural catchments (D’Amario et al., 2021).

4.3. Implications for monitoring and future research

While this review is focused on constructed and restored wetlands,
the effects of sampling on bias can also apply to natural wetlands. Pre-
vious meta-analyses have found that wetlands with precipitation-driven
inflows were most commonly sources of phosphorus, and mesocosms
were rarely sources of phosphorus (Ury et al., 2023); however, our data
suggests that those trends are likely influenced, if not caused, by biases
in available data. This is further supported by studies showing that
major rainfall events do not necessarily contribute to the release of
phosphorus from wetlands (Dunne et al., 2015; Jordan et al., 2003;
Tanner and Sukias, 2011). The variability in whether storm events
release phosphorus may be more related to the potential for drying and
rewetting of wetlands, which has been demonstrated to mobilize organic
and labile phosphorus from the sediment (Kinsman-Costello et al., 2016;
Kinsman-Costello et al., 2014). This can be further exacerbated by large
stores of phosphorus within wetland soils, either from buildup over time
or as a legacy of past land use (Nair et al., 2015; Sharpley et al., 2013;
Wiegman et al., 2022). Understanding how phosphorus stored in sedi-
ments affects the ability of wetlands to retain phosphorus is a critical
question for understanding the long-term function of wetlands.

Our synthesis shows that data on the long-term function of con-
structed/restored wetlands are limited, but that these wetlands have the
potential to retain phosphorus for multiple decades. We found that long-
term monitoring is needed to understand trajectories of wetlands and
that for every year of monitoring one can accurately predict approxi-
mately one to two years into the future. Of the wetlands with more than
ten years of data, only one was a phosphorus source, but this is likely
influenced by a kind of “survivorship bias,” in which monitoring is not
continued for wetlands that are not retaining phosphorus, even though
that data could be highly valuable to understand the effect of wetland
sediments on nutrient release by constructed wetlands (Montgomery
et al., 2021). None of the wetlands with estimates of long-term retention
(greater than 10 years) documented in the available literature included
event samples, which may further bias our understanding of the capacity
for wetlands to retain phosphorus long-term. Our analysis of long-term
data highlights the need for a greater variety in long-term wetland data,
with only four studied wetlands treating sewage, and of the seven
treating agricultural runoff, six were subsets of the Everglades Storm-
water Treatment Areas (C. Pietro and Ivanoff, 2015; Jozwiakowski et al.,
2018; Kadlec, 2009; Ronkanen and Klgve, 2009; Vymazal, 2011). Our
use of the broken window algorithm with these datasets highlights that
short-term trends, which we show are the majority of wetland studies,
are likely to create misleading wetland trajectories that are not repre-
sentative of long-term trends in wetland phosphorus retention (Bahlai
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et al., 2021).

To our knowledge this is the first paper to analyze the effects of study
time, and sampling frequency on the retention of phosphorus in con-
structed and restored wetlands. While we highlight the potential for bias
across wetlands, along with a relevant mechanism (the retention of
water by wetlands), the broader impacts of these sources of bias we have
indicated require further analysis. For example, how resampling affects
wetlands with different discharge-concentration relationships, and
different residence times of water, is needed to better predict how
different types of wetlands respond to different sampling frequencies.
Similarly, an analysis on a broader variety of wetlands of different sizes
and structures is needed to construct a predictive framework of what
wetland features affect phosphorus retention.

5. Conclusions

Among the present literature, we identified two major data gaps and
one major source of bias in our understanding of phosphorus retention
by constructed and restored wetlands. We show that, especially in
wetlands with precipitation-driven flow, there is likely a significant
underestimation of nutrient retention when storm events are not
accounted for, which is the case for most studies on wetland nutrient
retention. We additionally highlight that studied wetlands are highly
diverse and we are unable to explain variability in phosphorus retention
using broad groupings. As wetlands are constructed for nutrient reten-
tion purposes, data on which attributes of wetlands influence the
retention of nutrients is needed to improve nutrient mitigation efforts.
To facilitate future efforts to understand mechanisms of wetland phos-
phorus retention, we recommend that data on flow regime, land-use
history, water sources, water chemistry, sediment characteristics, and
both vegetation abundance and species composition are reported in
studies measuring wetland phosphorus retention, however further
analysis is needed to develop a comprehensive list of important site
metrics that influence phosphorus retention. Finally, we show that,
while data on the long-term success of constructed wetlands for phos-
phorus retention is limited, that there are multiple examples of long-
term nutrient storage in constructed wetlands and that short-term
measurements are inadequate to represent long-term trends. Based on
our findings, we recommend when monitoring constructed wetlands
that, despite the very real difficulties of doing so, event sampling is
considered and periods longer than the initial three years after con-
struction are sampled. Not doing so risks inaccurate assessment of
constructed wetlands and biases our understanding of phosphorus
retention across wetlands in the literature.
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