Coastal stormwater wet pond sediment nitrogen dynamics
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HIGHLIGHTS

Coastal stormwater ponds are com-
mon, but their nitrogen dynamics are
understudied.

Considerable net nitrogen fixation was
observed in wet pond sediments during
summer.

Net N fluxes were negatively correlated
with pond age after NO3 -enrichment.
Stratification and its effects likely
promoted net nitrogen fixation in
sediments.

Wet pond mixing and excavation could
increase denitrification during summer.
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1. Introduction
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ABSTRACT

Wet ponds are a common type of stormwater control measure (SCM) in coastal areas of the southeastern US, but
their internal nitrogen dynamics have not been extensively studied. Using flow-through intact sediment core in-
cubations, net sediment N fluxes before and after a nitrate addition from five wet ponds spanning a range of ages
(3.25-10 years old) were quantified through membrane inlet mass spectrometry during early summer. Multiple
locations within a single wet pond (6.16 years old) were also sampled during ambient conditions in late summer
to determine the combined effects of depth, vegetation, and flow path position on net N fluxes at the sediment-
water interface. All pond sediments had considerable rates of net nitrogen fixation during ambient conditions,
and net N, fluxes during nitrate-enriched conditions were significantly correlated with pond age. Following a ni-
trate addition to simulate storm conditions, younger pond sediments shifted towards net denitrification, but
older ponds exhibited even higher rates of net nitrogen fixation. The pond forebay had significantly higher
rates of net nitrogen fixation compared to the main basin, and rates throughout the pond were an order of mag-
nitude higher than the early summer experiment. These results identify less than optimal nitrogen processing in
this common SCM, however, data presented here suggest that water column mixing and pond sediment excava-
tion could improve the capacity of wet ponds to enhance water quality by permanently removing nitrogen.

urban area nearly doubling by 2060 (Terando et al., 2014). With the ex-
pansion of urban area and the resulting increase in impervious surface

The coastal plain of the southeastern United States is expected to un-
dergo a steep increase in urbanization over the next 50 years, with
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area comes the need to manage stormwater to protect coastal water
quality, human health, and the ecosystem services provided by coastal
systems. Specifically, elevated concentrations of nitrogen in stormwater
have been demonstrated to have negative impacts on coastal waters
where nitrogen is typically the limiting nutrient for phytoplankton
growth (Howarth and Marino, 2006). Coastal stormwater has
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immediate impacts on sensitive and valuable receiving waters (Sanger
et al., 2013), so effective stormwater management must recognize and
reduce these impacts.

Stormwater ponds are the most common type of stormwater control
measure (SCM) in the US (Collins et al., 2010), and make up the major-
ity (~60%) of SCMs in coastal NC counties (NCDEQ, 2017). Wet ponds,
one of the two types of stormwater ponds (i.e., wet ponds and dry
ponds), receive water from landscapes and retain a permanent pool of
water (Collins et al., 2010). Their main purposes are to extend the
storm hydrograph, reduce peak flows downstream, and reduce total
suspended solid loads (Hancock et al,, 2010; NCDEQ, 2017), but current
policy in North Carolina also assumes that they remove nitrogen and
other pollutants (NCDEQ, 2017). In the literature, wet ponds are widely
considered to be a less effective means of reducing nitrogen loads in
stormwater relative to other SCMs (Collins et al., 2010), and wet
ponds have been shown to have negative impacts on water quality, in-
cluding increasing concentrations of phytoplankton (DeLorenzo et al.,
2012; Gold et al., 2017; Lewitus et al., 2008; Song et al., 2015) and harm-
ful bacteria (DeLorenzo et al., 2012). Their ability to protect streams
from erosion and remove nutrients is highly variable and lower than
other types of SCMs (Collins et al., 2010; Hancock et al., 2010; Houle
et al., 2013; Koch et al., 2014; Tillinghast et al.,, 2011).

Denitrification, the microbially-mediated transformation of nitrate
into inert N, gas through the oxidation of organic matter (Seitzinger
et al., 2006), is thought to be an important nitrogen removal process
in SCMs (Bettez and Groffman, 2012; Collins et al., 2010; Groffman
etal., 2009, 2004; Zhu et al., 2004). Nitrogen fixation, the transformation
of N, gas into bioavailable nitrogen (Howarth et al.,, 1988), can be an im-
portant part of the sediment nitrogen cycle in low-nutrient water bod-
ies (Newell et al., 2016a; Scott et al., 2008) or water bodies that are
nitrogen limited due to large amounts of phosphorus relative to nitro-
gen (Howarth et al., 1988). Previous SCM studies in coastal areas have
used methods that do not directly measure these processes or have
used acetylene assays, which significantly alter the microbial communi-
ty (Fulweiler et al., 2015). Most SCM studies have calculated concentra-
tion or load changes between the inflow and outflow of SCMs, but very
few studies have gone beyond this approach to directly quantify the
processes of denitrification and nitrogen fixation within SCMs
(e.g., Scott et al., 2008). No studies, to our knowledge, have directly
measured net N, gas flux in coastal wet ponds or other coastal SCMs
using intact core incubations, but this methodology is important to bet-
ter understand their impacts on water quality and inform management
decisions (Collins et al.,, 2010), especially in nitrogen-sensitive coastal
areas.

Pond and SCM maintenance is believed to be necessary to maintain
pollutant removal over time. As they age, ponds fill in with sediments
and vegetation, thus decreasing sediment and phosphorus retention in
the pond (Hunt and Lord, 2006; Merriman and Hunt, 2014; Senderup
et al., 2016). Because of in-filling, routine pond excavation is recom-
mended to maintain water storage volume and suspended sediment
and phosphorus removal (Duan et al., 2016; Merriman et al., 2016;
Merriman and Hunt, 2014). While removal of suspended sediments
and phosphorus are important for maintaining good water quality and
reducing peak flows in some areas, these established practices of wet
pond management may not adequately address the removal of nitrogen
or the effects of the unique topography, soil type, and hydrology of
coastal areas. Additionally, no studies have investigated the variation
in nitrogen removal processes inside coastal wet ponds between pond
areas with different vegetation, water level (e.g. fringing marsh, shallow
water, deep water), and flow path position. Vegetation can increase per-
manent nitrogen removal by oxygenating soils (Kreiling et al., 2011),
thereby fueling coupled nitrification-denitrification in nutrient and
organic-rich sediments, but this process remains unstudied in coastal
wet ponds. SCM management could be improved by better understand-
ing nitrogen processing in wet ponds to help maximize nitrogen remov-
al and minimize maintenance costs.

This study directly measured summer net N, fluxes from the sedi-
ments of five coastal wet ponds of different ages during ambient and
nitrate-enriched conditions, which simulated nutrient concentrations
during baseflow and stormflow, respectively. Net N, fluxes from sedi-
ments in different locations within a single wet pond were measured
to determine the effects of depth, vegetation cover, and flow path posi-
tion on nitrogen cycling.

The objectives of this study were to:

* Quantify rates of net sediment N, flux from coastal stormwater wet
ponds spanning a range of ages during ambient and nitrate-enriched
conditions.

* Quantify rates of net sediment N, flux in different areas of a coastal
stormwater wet pond.

2. Methods
2.1. Site description

All data were collected on United States Marine Corps Base Camp Le-
jeune (MCBCL) in Jacksonville, North Carolina, USA between June 2016
and August 2016. ESRI ArcMap was used to select five stormwater wet
ponds spanning a range of ages from 3.25 to 10 years (as of June
2016) with similar land use and soil types (Fig. 1). All ponds sampled
are located in Tarawa Terrace, an on-base residential neighborhood. A
mid-aged pond (6.16 years old, Fig. 2) was selected for more intensive
study, comparing measurements from the forebay and main basin and
different locations within each basin (Fig. 2).

2.2. Pond age core flux experiment

2.2.1. Pond conditions

Pond ages as of June 2016 were determined from a base-wide SCM
shapefile provided by Environmental Management at MCBCL and
were rounded to the nearest month. To calculate the percent cover of
vegetation for each sample pond, aerial Google Earth imagery from No-
vember 2015 was used to manually delineate marsh vegetation, floating
vegetation, and open water area. In late June 2016, sediment cores col-
lected from the deep main basin of each pond were analyzed for percent
organic matter by loss-on-ignition. On the same date, surface water
samples (depth = 0.1 m) from each pond were collected between
11:00 AM and 3:00 PM and analyzed for nutrient concentrations
(NOx -N, NHZ, PO3 ™, total nitrogen, and organic nitrogen) using a
Lachat nutrient auto-analyzer, total suspended solids concentrations
by weighing particulates on a glass fiber filter after filtering a known
amount of water (Clesceri et al., 1998), and chlorophyll-a concentra-
tions by analyzing sonicated filters from water samples with a Turner
Designs Trilogy fluorometer (Welschmeyer, 1994).

2.2.2. Gas and nutrient fluxes from the sediment-water interface

To measure net sediment N, fluxes in ponds of different ages, three
replicate sediment cores (6.4 cm diameter x 30 cm) were collected
using an extended sediment corer deployed from a canoe in the middle
of the deep main basins of five different wet ponds in Tarawa Terrace in
late June 2016 (Fig. 1). Sediment core tubes contained approximately
17 cm of sediment with site-specific water filling the rest of the core
tube (~400 ml) (Smyth et al., 2013). Sediment cores with overlying
site water were transported immediately to the UNC Institute of Marine
Sciences in Morehead City, North Carolina (NC), and allowed to equili-
brate for 24 h in site-specific pond water at in situ water temperature.
Sediment core tubes were capped, excluding air bubbles, and connected
to a flow-through system after the 24-hour equilibration period (Eyre
et al.,, 2002). The flow-through system was located in a climate con-
trolled chamber set to the in situ water temperature at the time of sam-
pling. The flow-through system moved aerated, site-specific pond water
into the top of the overlying water of sediment cores and out through a
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Fig. 1. The five stormwater wet ponds sampled, located on Marine Corps Base Camp Lejeune near Jacksonville, North Carolina, USA.

tube approximately 2 cm above the sediment surface at a rate of
1 ml/min, resulting in an 11 cm difference between inflow and outflow
points. Water samples from each core outflow were analyzed for N,:Ar
with a membrane inlet mass spectrometer (MIMS, described by Smyth
et al,, 2013), and net N, fluxes were calculated for each core by differ-
ence from dissolved gases in inflow water samples pumped through
lines that bypassed cores (Piehler and Smyth, 2011). Standards of de-
ionized water were used to determine gas concentrations and to correct
for instrument drift. Following the initial incubation, nitrate was added
to the feed waters, raising them to a concentration of 30 M NO3 -N that
was similar to nitrate concentrations measured in ponds during storm
events (Piehler Lab unpublished data). The incubation equilibrated for
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Fig. 2. Intensively sampled pond with vegetation types, location of sediment cores, and
inset of study site. Cores from the forebay (left transect) and main pond (right transect)
were compared.

12 h before sampling was reinitiated for analysis of net N, fluxes.
Water samples from the nitrate-amended feed waters were collected
for analysis of nitrate concentrations at the same time as water samples
were collected and analyzed for nitrate-enriched net N, fluxes.

The same gas flux methodology was used to measure sediment oxy-
gen demand (SOD) (0,:Ar), the flux of oxygen into the sediment. SOD
was divided by the dissolved oxygen concentration of the water sample
from each core to calculate normalized SOD, or the flux of oxygen into
the sediment, normalized by dissolved oxygen available in the water
column. This measurement was used to correct for variability in oxygen
concentrations among ponds.

Sediment nutrient fluxes were measured using the same flow-
through system methodology. Concentrations of NOy -N (NOy, detec-
tion limit = 0.05 uM), NHZ (NH,, detection limit = 0.24 uM), PO3 ~
(PO4, detection limit = 0.02 pM), and organic nitrogen (ON, detection
limit = 0.75 uM) were measured using a Lachat Quick-Chem 8000 Nu-
trient Auto-Analyzer.

Flow-through intact core experiments are a robust way to directly
measure processes occurring at the sediment-water interface, but as
with many forms of environmental sample analysis, there may be ex-
perimental effects that could alter the value of measured variables com-
pared to actual values in situ. This method of analysis has been used
extensively to measure net sediment N, fluxes and sediment oxygen
demand in marine, estuarine, and freshwater ecosystems (Piehler and
Smyth, 2011; Poe et al., 2003; Scott et al., 2008; Smyth et al,, 2013).

2.3. Within-pond core flux experiment

2.3.1. Pond depth profiles

Temperature, dissolved oxygen, and turbidity were measured from
surface and bottom water from both the forebay and main basin of a
mid-aged pond (Fig. 2) using a YSI 6600EDS-S water quality sonde.
Measurements were taken concurrent with pond sediment core extrac-
tion in August 2016. Relative thermal resistance to mixing (RTRM) was
calculated using temperature measurements from the top and bottom



of the water column to determine if the ponds were stratified at the
time of sampling (Eq. (1), Wetzel, 2001):

(Pzz—le)
— 1
¢ (P4—ps) M
where ¢ = RTRM (dimensionless), p indicates water density (kg/m?) at
the bottom of the pond (z2), the top of the pond (z1), at 4 °C, and 5 °C.
Water density was calculated from temperature measurements using
an equation derived from reference table values from Hornberger
etal. (1998) (Eq. (2)):

p = —0.006t> + 0.0383t + 999.92 (2)
where p = density (kg/m>) and t = temperature (°C). Consistent with
previous studies in stormwater ponds and shallow water bodies, a
RTRM >50 indicated pond stratification, and a RTRM <50 indicated
mixed conditions (Chimney et al., 2006; Song et al., 2013).

2.3.2. Gas fluxes from the sediment-water interface

The flow-through core incubation method described above for mea-
suring net sediment N, and O, fluxes, excluding the nitrate addition,
was repeated later in the summer (early August 2016) on cores from a
mid-aged wet pond (6.16 years old, Fig. 2). Three replicate cores from
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six sites within the pond were extracted and analyzed to examine rela-
tionships between net N fluxes and depth and vegetation type (marsh,
shallow with floating vegetation, and deep) within the pond's forebay
and main basin. For this experiment, SOD was not normalized by dis-
solved oxygen concentration because all samples were collected from
the same pond.

3. Results
3.1. Pond age core flux experiment

3.1.1. Pond conditions

All ponds were fringed with marsh vegetation, mainly cattails
(Typha spp.). Floating vegetation in each pond consisted of alligator
weed (Alternanthera philoxeroides), which was established at the per-
manent pond surface and reached into the open water. The percentage
of the pond surface covered by vegetation exhibited a positive relation-
ship with pond age (Fig. 3a, p < 0.2, 1? = 0.5). Sediment organic matter
increased with pond age, but the relationship was not significant (Fig.
3b, p<0.22, 12 = 0.45). Total nitrogen concentrations exhibited a strong
and significant (o« = 0.05) negative correlation with pond age (Fig. 3c,
p<0.02, r? = 0.91), and dissolved inorganic nitrogen:dissolved inorgan-
ic phosphorus (DIN:DIP) ratios decreased with age (Fig. 3d, p<0.12,12 =
0.61). All ponds had a DIN:DIP ratio < 5, indicating that they were
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Fig. 3. a) Pond vegetation cover as a function of age b) Mean pond sediment organic matter as a function of pond age c) Mean concentrations of total nitrogen (TN) as a function of pond age

d) Pond DIN:DIP ratio as a function of pond age. Error bars indicate standard error for 3b.



nitrogen-limited, assuming that nitrogen limitation consists of a DIN:DIP
< 16 (Redfield, 1958, 1934).

3.1.2. Gas and nutrient fluxes from the sediment-water interface

Net sediment N, fluxes during ambient conditions exhibited a weak
negative relationship with age (Fig. 4, p < 0.65, 1> = 0.08). During NO3-
enriched conditions, net N, fluxes showed a strong and significant (o« =
0.05) negative relationship with pond age (Fig. 4, p < 0.05, 1> = 0.85).
During ambient conditions, NO, concentrations were below detection
limit. In the NOs-enriched conditions, the net N, flux of younger pond
sediment cores (sediments) increased while the net N, flux of older
pond sediments decreased relative to ambient conditions. There were
slight decreases in dissolved oxygen concentrations of the overlying
sediment core water (<1 mg/l) between ambient and NOs-enriched
net N, flux measurements.

Due to the experimental set up, the amount of NOs in the inflow of
each pond's cores during NOs-enriched conditions varied based on the
amount of NOy taken up over the 12-hour period between nutrient en-
richment and sampling (Fig. 5). Pond sediments that had higher rates of
NO, removal in their inflow water had net N, fluxes that became more
negative between ambient and NOs-enriched conditions (Fig. 5, p <
0.001, r> = 0.99). Older pond sediments generally had increasingly neg-
ative net N, fluxes after NO3 enrichment compared to younger pond
sediments (Fig. 5).

Normalized SOD had a significant (o« = 0.05) positive relationship
with age (Fig. 6, Ambient: p < 0.01, r> = 0.98; NO3: p < 0.02, 1> =
0.92), indicating an increase in microbial activity as ponds age. Net N,
flux and normalized SOD had a weak negative relationship that was
not statistically significant (Ambient: p < 0.65, r> = 0.09; NOs: p <
0.15, 12 = 0.6).

During the flow-through core incubation with ambient site water, all
but one pond had positive NH,4 fluxes from the sediments, all pond sed-
iments had extremely small NOy fluxes, all but one pond had positive
ON fluxes, and all but one pond had positive PO, fluxes (Fig. 7). During
the NOs-enriched phase of the flow-through incubation, the sediments
had large negative fluxes of NO, and all pond sediments had positive
PO, fluxes (Fig. 7). The eight-year-old pond sediments exhibited
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enrichment and sampling.

aberrant fluxes, most notably a smaller negative flux of NOy compared
to the other ponds (Fig. 7).

3.2. Within-pond core flux experiment

3.2.1. Pond depth profiles

During sampling, the main basin had a relative thermal resistance to
mixing (RTRM) of 60.82, indicating stratified conditions (Table 1). The
forebay was mixed with a RTRM of 26.93 (Table 1). Both the main
basin and forebay had higher dissolved oxygen concentrations in the
top part of the water column and higher turbidity in the bottom of the
water column (Table 1).

Ambient

Nitrate-enriched

201

Zh—l)

Average Net N, flux (pmol N m

-404 =008
p<0.65 p<0.05
4 6 8 10 4 6 8 10
Age (Years)

Fig. 4. Net sediment N fluxes as a function of pond age for both ambient and NOs-enriched conditions. Error bars indicate standard error between replicate cores.
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3.2.2. Gas fluxes from the sediment-water interface

In the six-year-old pond sediments, net N, fluxes were significantly
lower (a¢ = 0.05) in the forebay than the main basin based on a two
sample t-test (p < 0.001). There were no significant differences in net
N, fluxes between zones within the forebay, but the shallow and deep
sediments from the main basin had significantly lower (o« = 0.05)
rates of net nitrogen fixation than all other areas sampled (Fig. 8, p <
0.05) based on a Tukey HSD post hoc test. Comparing the deep main
basin sediment net N, fluxes to the same site from almost a month ear-
lier during the pond age core flux experiment, the magnitude of net ni-
trogen fixation increased five-fold from a net N, flux of —11.96 to
—60.72 umol N m~2h™ . Net N, flux and SOD showed a strong and sig-
nificant (o« = 0.05) negative relationship (Fig. 9, p < 0.01, r? = 0.88).

4. Discussion
4.1. Wet pond chemical and physical conditions

This study examined multiple ponds during summer under condi-
tions of high temperatures and pond stratification that are likely specific
to this season. Stormwater ponds and other shallow water bodies expe-
rience long periods of thermal stratification between late spring and
early fall (Song et al., 2013; Wilhelm and Adrian, 2008) (Table 1). The
decomposition of sediment organic matter combined with frequent
summer stratification likely fueled the drawdown of dissolved oxygen
in the bottom water by microbial activity (Fig. 6) and created extended
hypoxic conditions at the sediment-water interface (Diaz and
Rosenberg, 2008). These hypoxic conditions likely promoted the release
of sediment-sorbed phosphorus, a phenomenon observed in this study
(Fig. 7) that has been documented elsewhere (Duan et al., 2016; Song
et al., 2013; Wilhelm and Adrian, 2008). Phosphorus accumulates in
stormwater pond sediments and bottom water due to loading from
the watershed and the remineralization of organic matter within
ponds (Song et al., 2015), and this accumulation of phosphorus can con-
tribute to nitrogen limitation by decreasing the ratio of nitrogen to
phosphorus if fluxes of nitrogen from the sediments do not greatly

exceed phosphorus fluxes from the sediments. Ammonium is also re-
leased from anoxic sediments, and four out of the five sampled ponds
had average fluxes of both ammonium and phosphorus out of the sedi-
ments during ambient nitrate conditions. These four ponds had average
ratios of ammonium fluxes to phosphate fluxes ranging from 2.30-
11.77, indicating fluxes that result in nitrogen limitation (i.e. NH4:PO4
< 16). Nitrate fluxes out of the sediments during ambient conditions
were negligible, so they were excluded from this calculation.

4.2. Sediment/water nitrogen and oxygen dynamics

4.2.1. Influence of wet pond age

The amount of organic matter in stormwater pond sediments in-
creased with pond age in this study, a finding consistent with previous
work (Fig. 3b, Moore and Hunt, 2012). This was likely caused by sedi-
ment loading from the watershed, increased vegetation in the ponds
as they age, as well as phytoplankton production and subsequent depo-
sition of phytoplankton material on the sediments (Fig. 3a). Under con-
ditions of summer stratification (Song et al., 2013) (Table 1), summer
nitrogen limitation in wet ponds increased as a function of pond age
likely due to increased organic matter accumulation in the sediments,
fueling respiration, promoting anoxic conditions, and promoting phos-
phorus release. This explanation assumes that phosphate fluxes out of
the sediments proportionally exceed ammonium fluxes to create nitro-
gen limitation at the sediment-water interface, and this was supported
by observed fluxes. This interpretation was further supported by an ob-
served increase in normalized SOD with pond age (Fig. 6), indicating
that older ponds had more microbial activity (e.g., SOD is a proxy for or-
ganic matter oxidation by microbial community (Eyre et al., 2013)) that
would create more anoxic and nitrogen-limited conditions. Because re-
gressions between pond age and vegetation cover, TN, and DIN:DIP uti-
lized single measurements, further study of these metrics would be
beneficial.

Nitrogen limitation likely explained the pattern of net nitrogen fixa-
tion observed during ambient conditions in sediments from ponds
spanning different ages. Net N, fluxes shifted differentially based on
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Fig. 7. Mean nutrient fluxes from the sediment surface measured during the flow-through core incubation under both ambient and NOs-enriched conditions. Error bars indicate standard

error between replicate cores.

age in response to nitrate enrichment (Fig. 4). Net nitrogen fixation in
aquatic sediments has been measured in low nitrate or low inorganic ni-
trogen conditions (Fulweiler et al., 2013; Howarth et al., 1988; Newell
et al,, 2016a, 2016b; Scott et al., 2008), but net sediment nitrogen fixa-
tion has not been measured before in stormwater wet ponds. Studies
have measured denitrification or hypothesized that denitrification is
an important removal mechanism for nitrogen in wet ponds (Bettez
and Groffman, 2012; Collins et al., 2010; Groffman et al., 2009, 2004;
Zhu et al., 2004), but results from this study suggest that this may not
be the case during the summer in coastal wet ponds.

Benthic heterotrophic nitrogen-fixers are less sensitive to levels
of inorganic nitrogen than nitrogen-fixers found in the water column
(Knapp, 2012), and they can fix substantial amounts of nitrogen at

Table 1
Depth profile measurements from the top and bottom water of the single pond.

RTRM Condition Depth Temperature DO DO  Turbidity,
(m)  (°C) (mg/l) (%) (NTU)
Main basin  60.82 Stratified 0.463 28.09 3.61 46.1 39
2.385 2592 0.71 88 227
Forebay 26.93 Mixed 0591 27.26 212 267 33
1.841 2629 054 67 82

higher levels of inorganic nitrogen in dark, anoxic waters (Farnelid
et al.,, 2013; Foster and Fulweiler, 2014; Knapp, 2012; Newell et al.,
2016b). One explanation for this phenomenon is that extremely
low oxygen concentrations and high carbon availability, the condi-
tions found in this study, may reduce the bacterial community's sen-
sitivity to inorganic nitrogen (McGlathery et al., 1998) and allow a
select group of nitrogen-fixing benthic heterotrophs to dominate
(Newell et al., 2016b). This could explain the increase in net nitrogen
fixation between ambient conditions (0 pM NOy) and nitrate-
enriched conditions in older pond sediments (10-20 uM NOy) that
would have been expected to shift towards net denitrification due
to the availability of nitrate (Scott et al., 2008). In addition, the de-
crease in oxygen concentration in the cores' overlying water (caused
by an increase in SOD) could explain the increased net nitrogen fixation
between ambient and nitrate-enriched conditions (Fig. 9 - within-pond
relationship).

In situ, nitrate-rich stormwater flows into the pond and likely takes
time to mix with existing water before reaching the sediments. In the
summer, pond thermal stratification appears to keep nitrogen delivered
in stormwater separated from the sediment-water interface during
baseflow conditions (Table 1). If nitrogen from stormflow reaches the
sediment-water interface during the summer, results from this study
indicate that nitrate would be taken up by the sediments but not perma-
nently removed from the system through denitrification.
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4.2.2. Spatial variability within wet ponds

The net sediment N, fluxes from the forebay and main basin sedi-
ments of the stormwater pond were significantly different and were sig-
nificantly correlated with SOD (Fig. 9). This difference in both SOD and
net N, fluxes is possibly a result of the forebay's position upstream of
the main basin, which allows suspended materials to settle out, increas-
ing sediment organic matter (Zhu et al., 2004) and elevating SOD by in-
creasing respiration.

The values of net N, flux in both the forebay and main basin sedi-
ments were an order of magnitude larger than those observed earlier
in the summer (late June compared to early August). This large increase
in net nitrogen fixation and the presence of stratification in the main
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Fig. 9. Average net N, flux as a function of Average SOD in the within-pond core flux
experiment. Error bars indicate standard error between replicate cores.

pond later in the summer supports the idea that pond stratification
and associated water quality effects, which can persist through much
of the summer (Song et al., 2013), are the root causes of the net sedi-
ment nitrogen fixation seen in this study.

4.3. Implications and application to coastal wet pond management

The net nitrogen fixation measured in stormwater wet pond sedi-
ments illustrates that the common design of large, deep stormwater
wet ponds may not be the most effective solutions for improving the
quality of urban stormwater in coastal areas of the southeastern US, es-
pecially during the summer. Due to the negative effects on water quality
from wet ponds in coastal areas, the authors recommend using alterna-
tive kinds of SCMs to manage coastal stormwater. Using SCMs with
shallower water or no standing water at all could facilitate net denitrifi-
cation during the summer by reducing stratification and anoxic condi-
tions in the sediments and bottom water of SCMs. More work is
needed on seasonal nitrogen cycling within wet ponds and in alterna-
tive SCMs on the coast of the southeastern US. Future work should eval-
uate alternative SCMs such as stormwater wetlands and bioretention
cells that have the potential to control similar volumes of stormwater
and possibly produce higher quality water than wet ponds.

A direct solution to pond stratification and its negative effects on
water quality is to increase pond mixing to break up the thermocline
and reconnect the sediment-water interface with oxygenated water
and nitrogen from stormwater inflows. However, exposing sediments
to too much oxygenated water could reduce the pond sediments' car-
bon storage capability and reduce denitrification. A possible compro-
mise for carbon storage, nitrogen removal, and phosphorus removal is
to mix the pond periodically to create alternating low and high oxygen
conditions, or to design shallower ponds to discourage stratification.

Another management action that could improve pond function is
more frequent excavation. Frequent excavation is often associated
with greater water storage capacity, suspended sediment removal,
and phosphorus removal (Duan et al., 2016; Merriman et al., 2016;
Merriman and Hunt, 2014), and this study suggests that frequent exca-
vation could also reduce the amount of net nitrogen fixation during the
summer. Excavating organic-rich and phosphorus-rich sediments from



ponds, when tenable, could reduce anoxic conditions and phosphorus
buildup in bottom water during the summer, which could decrease
net nitrogen fixation during summer.

5. Conclusions

Stormwater wet ponds may not be the most effective solutions for
improving or maintaining water quality in coastal areas because they
did not appear to provide permanent nitrogen removal during the
summer. Rather, sediments from ponds of different ages underwent
net sediment nitrogen fixation and responded differentially to nitrate
enrichment. These pond functions were likely due to thermal stratifica-
tion, anoxic sediments, phosphorus release from the sediments, and ni-
trogen limitation. The authors recommend the use of alternative SCMs
with shallow water or no standing water instead of wet ponds in coastal
areas, increased pond circulation and aeration in existing coastal ponds
to decrease stratification and its effects, and frequent pond excavation
to reduce anoxic conditions, phosphorus release, and nitrogen limita-
tion in pond sediments.
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