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Abstract

Urban beaver and stormwater ponds provide hydrologic retention in the landscape while
collecting dissolved organic matter (DOM)-rich runoff that can promote primary productivity.
Our objective was to determine how the quantity, source, and bioavailability of DOM changed
across urban stormwater and beaver pond systems, then compare the two pond types to each
other. We measured dissolved organic carbon (DOC) and specific ultraviolet absorbance at 254
nm (SUV A»s4) from upstream, within, and downstream of seven ponds in Atlanta, GA, USA
biweekly from March to December 2021. Additionally, we completed 28-day laboratory
microcosm incubations of pond in- and out-flow during summer and autumn of 2021. We found
higher concentrations of DOC in the pond and outflows of stormwater ponds, whereas beaver

ponds did not cause any change. Effects of pond type (beaver vs. stormwater) were greater than

other controls on concentration, including flow and season. In contrast, SUV A»s4 showed a shift
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toward more aromatic carbon below both systems without a clear difference between pond types.
Beaver and stormwater pond outflows had similar ranges of DOM bioavailability in summer, but
during autumn bioavailability at both sites declined to near zero. Overall, we found that
stormwater ponds and beaver ponds had similar impacts on aromaticity and bioavailability,
however stormwater ponds increased the quantity of DOC while beaver ponds did not. This
suggests that in addition to increasing hydrologic residence times in urbanized systems, urban
beaver ponds may limit the export of bioavailable carbon and reduce microbial processing

downstream.

Key words: Dissolved organic carbon, urban, beaver pond, stormwater pond, SUVA2s4
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1. Introduction

As the population of urban areas around the United States increases, urban sprawl is
occurring at unprecedented rates, especially in the southeastern U.S. (Terando et al., 2014).
Metropolitan centers in the Piedmont ecoregion, such as Atlanta, GA, are projected to expand
165% by 2060 (Terando et al., 2014). As a result, more undeveloped or agricultural land will be
converted to impervious surfaces such as rooftops, concrete, and asphalt. This process hinders
infiltration and increases surface runoff (Leopold, 1968). These changes are well known to have
negative effects on the morphology, discharge, and ecological health of streams and rivers in
urban environments. Along with changes in flow regimes (Bhaskar et al., 2016, 2020; Ledford et
al., 2020; Leopold, 1968), replacing vegetated land with impervious surfaces and removing
riparian vegetation reduces allochthonous inputs to streams and rivers (Chen et al., 2017; Hosen
et al., 2014; Parr et al., 2015). This reduction has been described as a simplification or
homogenization of the dissolved organic matter (DOM) pool (Bhattacharya & Osburn, 2020;
Coble et al., 2019, 2022; Parr et al., 2015; Roebuck et al., 2020). Along with increases in other
nutrients, urban waterbodies show increased autochthonous organic matter concentrations,
enhanced eutrophication, and elevated greenhouse gas emissions compared to forested
waterbodies (Goeckner et al., 2022; Kalev & Toor, 2020; McEnroe et al., 2013). Green
stormwater infrastructure is one approach being used in urbanized areas to address high volumes
of stormflow (e.g., Zuniga-Teran et al., 2020), but there are conflicting reports on the impacts of
such practices on water quality, including carbon (Jefferson et al., 2017). Nonetheless, urban
beaver ponds have been widely overlooked as a potential nature-based approach to restoring
urban ecosystems by addressing water quality (Ledford et al., 2023) and quantity issues (Bailey

et al., 2018), despite their positive impacts on carbon cycling (Wohl et al., 2012).
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Cities are responsible for substantial changes to global biogeochemical cycles with major
implications for water quality, stream temperatures, air pollution, and waste production (Pouyat
et al., 2007). Urbanized streams in particular have caused alterations to the carbon cycle through
changes in stream DOM quality (Hosen et al., 2014), leading to changes in stream metabolism as
well as higher concentrations and fluxes of CO, and CHj4 to the atmosphere (Gu et al., 2022).
Bacteria and macroinvertebrates consume organic matter in the water column and sediment of
streams and rivers during respiration and release COz into the water, which then diffuses to the
atmosphere as water becomes supersaturated with CO, (Battin et al., 2008; Fischer & Pusch,
2001; Romeijn et al., 2019; Tank et al., 2010). A growing body of literature shows that this
metabolic activity in freshwater is a significant contributor to the global carbon cycle (Goeckner
et al., 2022; Romeijn et al., 2019; Williams et al., 2013). However, our understanding of the
drivers of carbon quality and processing in urban streams remains limited (Gu et al., 2022).

Green stormwater infrastructure, specifically stormwater management ponds, collect
nutrient-rich runoff from the surrounding urban landscape, becoming hotspots for increased
primary production, algal blooms, and microbial respiration (Goeckner et al., 2022; Lusk &
Toor, 2016). This microbially-derived material has a low aromaticity and molecular weight,
making it comparatively bioavailable (Lennon & Pfaff, 2005; McKnight et al., 2001). Research
has shown that as the concentration of biodegradable DOM increases, so does in-stream
greenhouse gas production (Bodmer et al., 2016; Romeijn et al., 2019). Urban stormwater basins
tend to exacerbate this issue because photosynthesis occurs readily in ponds and lakes due to
their large surface area being exposed to direct sunlight. As a result, retention ponds can support

increased microbial metabolism (Goeckner et al., 2022; Lusk & Toor, 2016).
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Beaver dams and beaver dam analogs (BDAs) have been suggested as a more natural and
less expensive way of providing similar benefits to urban areas as stormwater management
ponds (Bailey et al., 2018). BDAs are human-made structures, typically either partially or fully
spanning a stream width, meant to mimic the geomorphic and hydrologic impacts of beaver
dams to restore stream reaches (Pollock et al., 2014). However, little research has been
conducted to evaluate the effect of beaver activity on hydrologic retention or water quality in
urban environments. Like stormwater ponds, beaver ponds have been shown to reduce stream
velocity and increase water and nutrient retention (Majerova et al., 2015; Puttock et al., 2017;
Westbrook et al., 2020). But unlike human-made basins, beaver dams often cause flooding that
inundates nearby soil and reconnects a stream with its floodplain (Gorczyca et al., 2018; Green
& Westbrook, 2009; Pollock et al., 2007; Westbrook et al., 2006), which has been shown to
increase particulate organic carbon storage and increase downstream export of dissolved organic
carbon (DOC; Btgdzki et al., 2011; Cazzolla Gatti et al., 2018; Correll et al., 2000; Law et al.,
2016; Naiman et al., 1994; Puttock et al., 2017). Beaver ponds increase lateral hydrologic
connectivity (Westbrook et al., 2006) and inundate riparian soils, a source of allochthonous
organic matter (Catalan et al., 2017). They also cause the deposition of fine sediment and organic
matter, forming beaver wetlands (Wohl et al., 2012). In urban areas, the introduction of this less-
bioavailable organic matter could diversify the DOM pool which may impact metabolic activity
within beaver ponds and downstream in a way stormwater ponds do not (Lennon & Pfaff, 2005).

Given that beaver populations in developed areas are growing (Bailey et al., 2018;
Ledford et al., 2023), urban environmental policies can and should incorporate them in multiple-
benefit catchment management strategies that embrace natural flood management objectives

(Puttock et al., 2021). Beaver dams and beaver dam analogs have the potential to counteract
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urban-driven hydrologic issues by altering flow regimes, and therefore could be used as natural
flood management options (Puttock et al., 2021). However, we need a better understanding of the
impact urban beaver ponds have on the carbon cycle to fully assess their potential impact across
entire landscapes.

In this study, we look at how beaver and stormwater ponds impact the quantity (assessed
through DOC concentration), quality (assessed through SUV A»s4), and bioavailability (assessed
through dark bottle incubations) of carbon in urban streams throughout Atlanta, GA. We
hypothesize that (1) DOC concentrations increase in both beaver and stormwater ponds, and thus
also in their outflows. We also hypothesize that, unlike stormwater ponds, beaver ponds are sites
for the addition of allochthonous, more aromatic organic matter to urban fluvial systems, as has
been seen in forested environments (Naiman et al., 1994) and thus (2) SUV A»s4 increases within
and below urban beaver ponds relative to stormwater ponds and (3) DOC in stormwater pond
outflow is more bioavailable because it is dominated by organic matter from autochthonous
sources while beaver pond outflow, with more allochthonous sources, shows less DOC
bioavailability. Finally, we hypothesize that (4) seasonal and hydrological impacts on carbon
quantity and source driven by changes in flow, leaf litter input, and light availability outweigh

differences between site types.

2. Materials and Methods

2.1 Study Sites
Seven streams in the greater Atlanta, GA, area were sampled for this study, across Fulton,
DeKalb, and Gwinnett counties (Figure 1). Three sites were classified as stormwater ponds and

four sites were classified as beaver ponds, although one of those sites was fitted with beaver dam
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analogs and did not have current beaver activity. Two of the stormwater ponds were known to
have beaver living in them, but beavers were not actively damming or building canals at either
site. Surface watersheds contributing to each site ranged from 18 to 68 percent impervious
surface cover from the 2019 National Landcover Dataset (NLCD) coverage (Table 1, Dewitz,
2021) and 0.2 to 10.8 km? in surface area (as determined by StreamStats; U.S. Geological
Survey, 2019). Storm sewersheds could not be calculated as stormwater pipe locations are not
available for the City of Atlanta. Each pond was sampled weekly or biweekly from March to
December 2021 for DOC and SUV A»s4 analysis (Table S1). In addition, samples were collected

from each site except one stormwater site (Graves) for two laboratory incubations.
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159
Site Name Latitude | Longitude | Type Watershed Average watershed
area (km?) ISC (%)
Murphy Candler | 33.90930 | -84.32554 | Stormwater | 6.3 32
Path 400 33.84062 | -84.35964 | Stormwater | 1.4 56
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Graves Park 33.89575 | -84.22512 | Stormwater | 0.2 18
Tanyard Creek 33.80622 | -84.40073 | Beaver 10.8 68
Blue Heron 33.86458 | -84.37847 | Beaver/BDA | 3.3 42
Candler Park 33.77022 | -84.33713 | Beaver 0.5 21
Shoal Creek 33.76676 | -84.27549 | Beaver 0.6 30

Table 1. Sites sampled for this study. Latitude and longitude are reported for the outlet of each
pond. Pond type is the grouping of the pond for analyses. Watershed area was determined by
StreamStats (U.S. Geological Survey, 2019) and is the contributing area to the outlet point of the
pond. Average impervious surface cover (ISC) for each watershed is the from the 2019 NLCD

(Dewitz, 2021).

2.2 Sample Collection

In situ water quality measurements (temperature, specific conductivity, dissolved oxygen,
and pH) and grab samples were collected weekly (March 5 to August 27, 2021) then biweekly
(September 10 to December 10, 2021) from the upstream (“In”), tributary (“Trib”, if applicable),
pond, and downstream (“Out”) sections of all seven sites except one beaver pond where
sampling started May 13, 2021 (Table S1). Water samples were collected from the surface of
each location using a plastic half gallon container attached to a rope. A 125 mL acid-washed
HDPE bottle was rinsed with sample water, then filled and stored on ice in a cooler until it
reached the lab. Each sample was then passed through a 0.45 pm mixed cellulose ester (MCE)

filter using a syringe and refrigerated in a 60 mL acid-washed HDPE bottle until analysis.

2.3 Sample Analysis
DOC concentrations were measured as non-purgeable organic carbon (NPOC) via high-

temperature catalytic oxidation using a Shimadzu TOC Analyzer with an attached total nitrogen
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(TN) module. RICCA Organic Carbon Standard and Ammonia Nitrogen Standard were used to
produce standard curves for each run, and QC vials were analyzed after every 10-12 samples. A
Genesys 10S UV/Visible spectrophotometer with a 10 mm quartz cuvette was used to measure
the absorbance of each sample at 254 nm. SUV Azs4 (Eq. 1) was then calculated with the

absorbance and DOC concentration (Weishaar et al., 2003):

absorbance at 254 nm
Eq. 1 SUVA,g, = POthiength(m) / poc (22

No calibration is needed for absorbance measurements, but a blank was run after every three

samples to monitor for drift in the equipment. Nitrate concentrations (used to estimate C:N and

reported in the SI) were measured on a ThermoScientific Aquion Ion Chromatograph, calibrated

using five independently created standards.

In addition to (bi)weekly sample collection and analysis, two bioassay incubations were
conducted to compare the bioavailability of DOM in beaver ponds to that of stormwater ponds,
one in summer and one in fall. Grab samples were collected from the upstream (“In”), tributary
(if applicable and lumped with “In” for analysis), and downstream (“Out”) section of six sites
(all except Graves Park) using the same protocols described above between July 27 — August 26,
2021 (summer) and October 24 — November 10, 2021 (fall). Sample water was used to rinse and
fill a 1 L acid-washed HDPE bottle for each location. Twenty mL of each sample was set aside
for use as a microbial inoculum. The remaining sample volume was used to produce eighteen
replicates of each sample. Each replicate contained 19 mL of sample water passed through a 0.2
um MCE filter and 1 mL of unfiltered inoculum from the same sample location. Three replicates
were immediately (t = 0 days) acidified with 0.2 mL (3 drops) of approximately 60% HCI,
passed through a 0.2 um MCE filter, and analyzed to determine an initial DOC concentration.

The remaining fifteen replicates were incubated in acid-washed 40 mL amber bottles at room

10
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temperature without light. All vials were capped and stored on a shaker table throughout the
incubation process to simulate streamflow (McDowell et al., 2006). Three of the replicates were
acidified, re-filtered, and analyzed after 3, 5, 7, 14, and 28 days. DOC concentrations were
measured on a Shimadzu TOC Analyzer via the same protocols described above. The decrease in
DOC through time was fitted as a first-order rate decay following Parr et al. (2015):

Eq 2. [DOC], = [DOC]oe**
Where /DOC]; is the concentration at time ¢, /DOC], is the original concentration, £ is the decay
rate, and ¢ is time. Bioavailable DOC (BDOC) was calculated as the percent loss in DOC from

day 0 to 28.

2.4 Statistical Analysis

The UK Institute of Hydrology’s method for graphical-analytical hydrograph separation
(Wesselink & Gustard, 1992) was performed on depth data collected using HOBO water level
data loggers to determine which samples were collected during baseflow. Rating curves could
not be created for every site, so depth had to substitute for discharge (Brown et al., 2009).
Quarter-hourly depth data was divided into non-overlapping bins of 5 measurements. The time of
the minimum for each bin was recorded, then baseflow times were identified as minimum depths
less than that of the neighboring bins. Linear interpolation was then used to compute depths
between each successive baseflow measurement (Koskelo et al., 2012). If the maximum stream
depth on a sample date exceeded the baseflow depth, we classified the samples collected that day
as stormflow.

We used data from the USA National Phenology Network (https://www.usanpn.org) to

determine which samples were collected when deciduous leaves were out and which samples

11
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were collected when deciduous leaves had died and fallen off trees (USA National Phenology
Network, 2023). The cutoff-days determined from this dataset for 2021 were May 1 (leaf on) and
October 20 (leaf off). Samples between these dates were assigned as leaf-on dates, whereas
samples collected both before and after these dates were assigned as leaf-off.

Data analysis was conducted in R, version 4.2.1 (R Core Team, 2022). Comparisons of
DOC and SUV A;s4 in baseflow samples were used to measure differences between sample
locations at the same site (e.g., in, pond, and out at beaver sites) and across sites at the same
sample location (e.g., in at beaver sites to in at stormwater sites) using a two-sided Wilcoxon
rank-sum text because of unequal sample sizes. In addition, stormflow was compared to
baseflow and leaf-on compared to leaf-off using the same test. Both flow and seasonal
comparisons were done with pond and outflow sample locations grouped to remove any potential
impacts of differences from upstream contributing areas on inflow concentrations and try to
isolate the impact of the ponds themselves while keeping as large a sample size as possible.
Lastly, individual sample locations within a site (e.g., in, trib, pond, and out across a beaver
pond) and sample locations across sites (e.g., all inflows to individual stormwater ponds) were
assessed with a pairwise comparison for the entire sampling period using a Dunn’s all-pairs test
in R with the PMCMRplus package. A Bonferroni p-value adjustment was used to minimize
Type I errors in our comparisons. P-values < 0.05 were treated as significant differences for all

statistical analyses.

3. Results

3.1 DOC and SUVA;s4 Within and Between Sites

12
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Inflow DOC concentrations during baseflow at stormwater sites are different from pond

and outflow concentrations (p = 2.1e-9 for inflow to pond and p = 7.3e-9 for inflow to outflow),

but beaver sites do not show a statistically significant difference across sampling locations

(Figure 2a). The change in DOC across stormwater sites is driven by elevated concentrations

within the stormwater ponds that then reached the outflow (Figure 2a). This change is observed

across the whole sampling period (Figure 3a-c). The increase in DOC along the sampling
gradient is observed at two of the three individual stormwater ponds and outlets (Murphy

Candler and Path 400; Figure S1 and Table S1), matching the pattern seen when sites were

combined. For beaver sites, only Shoal Creek shows a significant difference between the inflow

and pond or outlet concentrations, due to a clear decline in DOC along the gradient (Figure S2

and Table S1), whereas the other three sites do not show such change.
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Figure 2. Density plots of DOC (a) and SUV Ass4 (b) concentrations for inflows, ponds, and

outflows of all beaver and stormwater ponds at baseflow conditions. Values shown correspond to

p-values calculated using two-sided Wilcoxon rank-sum tests. Vertical black lines indicate

quantile locations (25%, 50, and 75™).
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Figure 3. DOC and SUV A»s4 concentrations for each baseflow sample through time at the

inflow, pond, and outflow of urban beaver and stormwater ponds. The line is a loess smoothed

line.

A similar pattern in DOC concentration increases is seen when evaluating the same

sampling location across site types (e.g., beaver inflow compared to stormwater inflow). Among
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stormwater sites, inflow DOC concentrations are higher at Graves than the other two sites (p =
0.0004 compared to Murphy Candler and p = 0.009 compared to 400; Figure S3 and Table S1)
but there were no significant differences in DOC among stormwater sites at the pond or outlet.
Inflow DOC concentrations for beaver ponds are similar with the exception of Candler and Shoal
(p = 2.8e-4) and Candler and Tanyard (p = 0.049; Figure S4 and Table S1). There are no
statistical differences in inflow DOC concentrations between site types, indicating differences in
impervious surface cover across the contributing watersheds does not seem to be driving these
differences in inflow concentration. Furthermore, the full range of DOC concentrations observed
is covered by the two sites with the most similar impervious surface covers. Candler (21% ISC)
has the lowest inflow DOC while Graves (18% ISC) has the highest inflow DOC. Pond and
outflow DOC concentrations differ between beaver and stormwater ponds (p = 1.9¢-12 for pond
and p = 1.2e-9 for outflow; Figure 2a). There are also no significant differences in pond DOC
concentrations across the sampling locations in beaver sites, but Shoal had lower DOC at the
outlet than Blue Heron (p = 9.1e-4) and Tanyard (p = 0.005). Overall, the patterns observed
when comparing lumped DOC concentration patterns (Figure 2a) are seemingly driven by the
patterns observed within and between individual sites (Figures S1-S4) and are not driven by
individual outlier sites.

In contrast to DOC, both site types show a difference in SUV Azs4 from inflow to outflow
(p = 0.003 for beaver ponds and p = 0.002 for stormwater ponds; Figure 2b). These changes
seem to be driven by SUV A»s4 changes from inflow to pond (p = 0.07 for beaver and 0.049 for
stormwater) rather than pond to outflow. However, despite the site summary statistics showing a
small change in SUV Azs4, the only individual site with a significant difference in SUV Axsg is the

beaver-created Candler Pond (p = 0.004 for inflow to outflow; Figures S5 and S6 and Table S1).
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There is no clear seasonal pattern driving the slight increases in SUV Azs4 in the outflow of both
pond types (Figure 3d-f), and the magnitude of difference is smaller than the changes in DOC.
For sample locations within each pond site, there is no difference for stormwater inflow or
outflow, although the Graves pond does have lower SUV Axs4 than the Murphy Candler pond (p
=0.019; Figure S7). There are no differences in SUVA»ss4 among beaver inflow or pond
locations, but Candler does have higher values than Tanyard in outflow samples (p = 4e-4;

Figure S8).

3.2 Seasonal Incubations

Seasonal incubations of water collected from the inflow and outflow of beaver and
stormwater ponds do not show clear spatial patterns in DOC uptake or BDOC, although there are
seasonal differences (Figure 4). There is no pattern between inflow and outflow uptake rates of
beaver or stormwater ponds in summer. Beaver pond inflow uptake ranges from 0.003 to 0.013
day!, while outflow ranges from 0 to 0.013 day™! (p = 0.9). Stormwater ponds have a smaller
range (0.001 to 0.005 day! inflow and 0.007 to 0.009 day!' outflow) that still is not a significant
change (p = 0.2). Similarly, there are no differences in inflow or outflow uptake between pond
types (p = 0.25 for inflow and p = 0.53 for outflow). BDOC does not change from inflow to
outflow of beaver ponds (p = 0.71), with an average of 19.9% + 8.3% of inflow DOC and 15.6%
+ 13.9% of outflow. Stormwater ponds have 2.3% + 0.6% BDOC in inflow and 11.3% + 1.8% in
outflow, but it is not statistically different (p = 0.14), most likely due to a small number of
samples. Inflow BDOC is higher in beaver ponds compared to stormwater ponds (p = 0.03), but

there is no difference in outflow (p = 0.8). In autumn, there is no measured uptake at ten of the
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twelve sample locations, but there is a single location from each site type that does show removal

at inflow and outflow, and rates are comparable to those measured in summer (Figure 4).
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Figure 4. DOC decay rates for inflow and outflows of urban beaver and stormwater ponds in
summer (a) and autumn (b). Tributaries are considered inflows. Rates identified as ‘zero’ did not

show decay during the incubation period.

3.3 Temporal Factors

In addition to analysis of baseflow patterns across and between site types, we assess if
antecedent moisture conditions, in this case defined as stormflow vs. baseflow, drive differences
in DOC source and quantity. We compare pond and outflow samples to remove any potential
upstream land use impacts on inflow concentrations. At each flow condition, stormwater sites
have higher DOC concentrations in ponds and outflow than beaver sites (Figure 5a). Within-site
differences at different flow conditions are less significant, with no difference in DOC in

stormwater systems and a small increase in DOC in beaver ponds during storms. However, the
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lumped within-site differences in DOC concentration between baseflow and stormflow at beaver
sites are not seen at individual sites, which do not show an impact of flow (Figure S9). Changes
in organic matter source show a different pattern. Beaver and stormwater ponds do not differ in
SUV A»s4 at baseflow, but carbon is more aromatic in stormwater ponds compared to beaver
during stormflow conditions (Figure 5b). Within pond type, there is no measured impact of flow
condition on beaver site SUV A»s4, but stormwater ponds do show higher SUV A»s4 in stormflow.
Individual site flow comparisons, however, only indicate one stormwater site where SUV A»s4 is
significantly higher during stormflow conditions (Graves; Figure S10). Overall, this contrast
points to the potential for differences between beaver and stormwater sites in DOC quantity to
outweigh differences driven by antecedent moisture conditions, while DOM source changes are

driven by increases in aromaticity in stormwater ponds during stormflow conditions.

Beaver Stormwater
<2.2¢-16 a
Base \0.004
1.3e-9 0.87
Storm
0 10 20 30 40 50 0 10 20 30 40 50
DOC (mg/L) DOC (mg/L)
Beaver Stormwater
0.78 b
Base —_—
6.0e-4 0.009

Storm

00 25 50 75 100 00 25 50 75 100
SUVA SUVA
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Figure 5. DOC (a) and SUV A»s4 (b) density distributions for pond and out samples (combined) at
baseflow compared to stormflow. Values shown correspond to p-values calculated using two-

sided Wilcoxon rank-sum tests. Vertical black lines indicate quantile locations (25", 50, and

75t).

There are seasonal differences in DOC quantity, but not source, between the ponds and
outflows of sites when grouped as leaf-on and leaf-off (Figure 6). Once again, ponds and
outflows are grouped to remove any potential differences in input from upstream contributing
areas and to attempt to isolate the impact of the ponds themselves. Beaver and stormwater ponds
have significantly different DOC concentrations from each other within each seasonal time
period (Figure 6a). Beaver systems have lower DOC than stormwater sites during both times.
There are fewer significant or no differences at each site type between seasons. DOC is slightly
higher in beaver ponds during leaf-off compared to on, but there is no difference in stormwater
ponds. There are no differences in organic matter source across any comparison group (Figure
6b). The lack of seasonal differences is also seen at each individual site for both DOC quantity
(Figure S11) and source (Figure S12), with the exception of one beaver pond which has more

aromatic carbon during leaf-off than leaf-on.
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Figure 6. DOC and SUVA density distributions for pond, and out sites (combined) during
baseflow periods when leaves were on and off. Values shown correspond to p-values calculated
using two-sided Wilcoxon rank-sum tests where <2.2e-16 is the lower limit of p-value

calculations in the wilcox.test() function.

4. Discussion

4.1 DOC concentrations increase within and below stormwater ponds but not beaver ponds
Our first hypothesis, that beaver and stormwater ponds will both have higher DOC

concentrations in outflows, is rejected. During baseflow conditions, stormwater ponds and

outlets have higher DOC concentrations than their inflows, a pattern that is not seen in beaver

ponds (Figure 2a). DOC concentrations at baseflow in our urban stormwater ponds are on the
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higher end of what has been measured in other studies (median ranging from 4.7 to 5.9 mg/L,
Table S1), but not out of range (Williams et al., 2016). The increase in DOC concentrations
below urban stormwater ponds has been observed in other studies, driven by both high DOC
runoff and autochthonous sources within ponds (Kalev et al., 2021; Kalev & Toor, 2020;
Williams et al., 2013), although this control does not seem to be universal (Scarlett et al., 2018).
When looking at individual ponds, two of the three stormwater ponds show a pattern of increased
DOC concentrations in the outflow (Figure S1), and results from the outflows of all three ponds
are statistically similar (Figure S3). The one pond that does not show an increase in DOC
(Graves Pond) is the one pond that shows the potential for nitrogen limitation, with median
baseflow C:N ratios that are much higher than any other sites (228 in the inflow, 93.2 in the
pond, and 491 in the outflow; Table S1). Our study is an evaluation of the impact of stormwater
ponds on concentrations only. When evaluating mass exports, most studies find ponds retain
nutrients, including carbon, through hydrologic retention (i.e., reducing the volume of water) and
not biogeochemical processing (Jefferson et al., 2017), but without discharge, we are unable to
calculate mass flux.

We hypothesized that beaver ponds will have a similar effect on DOC to that of
stormwater ponds, showing an increase in DOC from inflow to outflow, but this is not observed.
Beaver ponds in non-urban areas more frequently show increases in DOC concentrations below
ponded sections (e.g., Puttock et al., 2017). However, in non-urban beaver ponds, the increase in
DOC is not driven by changes in in-pond processing, as has been seen in urban stormwater
ponds, but is instead attributed to the shift from lentic to lotic conditions increasing sediment
deposition (Btedzki et al., 2011; Puttock et al., 2017). Instead of our expected response, our

overall beaver pond data suggest, on average, no change in DOC concentration from inflow to
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outflow (Figure 2a). However, at two of the three beaver sites (Shoal Creek and Candler Park)
significant changes in DOC concentration are seen. DOC concentrations at the former decrease
from the inflow to pond and outflow. In the latter, DOC concentrations are high in a small
tributary and decrease in the pond and outflow. These contrasting effects of beaver ponds on
DOC concentrations are quite different from the effects of stormwater ponds, which, on average,
showed significant increases in DOC from inflow to outflow, suggesting that while the effects of

stormwater ponds on DOC are consistent, the effects of beaver ponds are more site-specific.

4.2 Carbon becomes more aromatic below both pond types

Our second hypothesis is that urban beaver ponds will show more allochthonous DOM
source in outflow than stormwater ponds, which is not observed. There are no differences in
SUV A»s4 between site types at the inflow, pond, or outflow (Figure 2b). Within sample locations
of a site type, however, there are changes in aromaticity. Urban streams have less aromatic DOM
than non-urbanized streams, as measured by SUV Asss, and our inflow ranges match those
reported in other urban streams (Hosen et al., 2014), pointing to DOC from microbial sources in
the inflows of our ponds. In addition, SUV A»s4 is consistent across all individual inflows (Figure
S7 and S8). This indicates that, despite having watersheds with 18-68% impervious surface
cover, baseflow inflow aromaticity is not impacted by differences in contributing impervious
surface cover. We observe a slight increase in aromaticity between the inflow and outflow of
both beaver and stormwater ponds (Figure 2b). The increase in outflow SUV A»s4 in our
stormwater ponds differs from what has been reported in other systems. Schroer et al. (2018)
found that terrestrial-source biomass accumulates in the sediment of stormwater detention ponds,

not algal-derived biomass. The authors hypothesize that the lack of algal biomass accumulation
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means that DOC leaving ponds should be dominated by an autochthonous signal, especially in
ponds where primary productivity is high. In addition, Romero Gonzalez-Quijano et al. (2022)
found that urban ponds and lakes have even higher proportions of autochthonous carbon than
urban streams. Nonetheless, we observe a shift towards more allochthonous DOM leaving our
stormwater ponds. Beaver ponds show the same pattern, following trends seen in non-urban sites
where the re-saturation of soils by beaver activity causes a more allochthonous signature
(Btedzki et al., 2011; Catalan et al., 2017; Naiman et al., 1994; Westbrook et al., 2006). The shift
towards more aromatic carbon seen in both beaver and stormwater ponds (Figure 2b) indicates
that it may not be the reconnection of floodplain soils which is driving this change. This increase
in aromaticity is also in contrast to additional work in other urban beaver ponds that measure
large diel dissolved oxygen swings (from anoxia to super-saturation) that suggest high pond
primary productivity (Ledford et al., 2023), which is not reflected in the SUV A»s4 signature in
this study.

Instead, we hypothesize two potential drivers of the increase in aromaticity below both
pond types. First, both ponds receive large volumes of runoff which could re-suspend pond
sediment during storms. If pond sediment is dominated by terrestrial sources (Schroer et al.,
2018), this could be the source of the more aromatic signal. This is supported by increases in
SUV A»s4 in stormwater ponds and outflows during wet conditions compared to baseflow (Figure
5b), although the same pattern is not seen in the beaver ponds. Another source could be beaver
themselves resuspending sediment. Two of our stormwater ponds (Murphy Candler and Path
400) were inhabited by beaver, and some of their behaviors (e.g., swimming in shallow waters
and building canals; Grudzinski et al., 2020) could result in re-suspension of pond sediment.

There has been no research, as far as we can find, on the potential for beaver activity to
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resuspend sediment or impacts on water quality. It would be expected, however, that such
activity would cause an increase in downstream suspended solid concentrations, which is not
seen at most beaver sites (Larsen et al., 2021; Maret et al., 1987), and it is unclear if such activity
could have a measurable impact, especially in large volume ponds. In addition, baseflow
comparisons of SUVAzs4 in the outflow of the two stormwater sites with beaver (Murphy
Candler and Path 400) did not differ from the one stormwater pond without beaver (Graves),
although Graves did have less aromatic pond carbon than Murphy Candler (Figure S7).
Similarly, only one of the four beaver ponds showed an increase in SUV Azs4 from inlet to outlet
(Candler, Figure S6), also pointing to hydrologic sourcing of more aromatic DOM in outflows

instead of biologically driven processes.

4.3 No difference in outflow DOM bioavailability between system types, but inflow differs
We hypothesize that an increase in autochthonous and less aromatic carbon in stormwater
pond outflows will increase the bioavailability of the organic matter pool compared to beaver
pond outflows, but there are not differences in uptake rates between the inflows and outflows of
the two site types or between the outflows of each site type in summer or autumn (Figure 4).
This could be in part due to the lack of differences in organic matter source between beaver and
stormwater ponds (Figure 2b). Across all sites, rates of decay observed match those seen in other
urban streams (Parr et al., 2015). Other studies show metabolic rates increase below urban
stormwater ponds and correlate to chlorophyll-a concentrations, pointing once again to the
importance of autochthonous sources for metabolism (McCabe et al., 2021) and increases in
bioavailability of other nutrients (Lusk & Toor, 2016). However, our stormwater ponds show a

slight increase in SUV A»s4 from inflow to outflow (Figure 2b), which does not indicate that the
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ponds are hot-spots for in-pond microbial productivity that would result in increased
bioavailability. Despite the similarity in OM bioavailability between pond types, the higher DOC
concentrations in stormwater ponds, indicates/suggests that stormwater ponds are larger sources
of greenhouse gas emissions than beaver ponds (Bodmer et al., 2016; Romeijn et al., 2019). High
allochthonous inputs of leaves in the fall combined with high autochthonous in-pond production
in winter could constitute two counteracting SUV A»s4 signals that would cancel each other out,
also explaining the lack of seasonal difference in SUV Azs4 (Figure 6b). In fact, other studies
show streams with higher SUV Azs4 have lower bioavailability, although also noting that more
urbanized streams have higher bioavailability (Coble et al., 2022). Conversely, incubations of
urban stormflow show SUV A»s4 increasing through time, thus decreasing in bioavailability (Fork
et al., 2020). Overall, the two pond types seem to both be homogenizing carbon, so that BDOC
in outflows is the same between pond types, despite statistically significant differences in BDOC
of inflow. BDOC was higher in beaver inflows than stormwater inflows, suggesting landscape,
such as impervious surface cover, and hydrologic drivers further up in the stormwater pond
watersheds differ from those at the beaver sites. The lack of difference in either uptake or BDOC
of outflows of both pond types is also interesting as the stormwater ponds and outflows both
have higher C:N ratios than most of the beaver ponds (range of 33.0 - 491 for stormwater ponds
and 3.0 - 38.4 for beaver ponds; Table S1), pointing to potential nitrogen limitation. However,
this is not true for the inflow concentrations, where we see significant differences in BDOC but

less difference in C:N (range of 2.0 - 148 for beaver ponds and 1.1 - 228 for stormwater ponds).

4.4. System type differences are larger than changes driven by flow or season
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Our final hypothesis states that seasonal and hydrological differences in DOC quantity
and source will be greater than differences observed between site types, which we also reject.
Instead, we find site types to be more different from each other under a given condition. Bell et
al. (2017) observed that DOC concentrations increase below stormwater ponds during high flow
events, and most urban streams also show flushing behavior of DOC during storms (Fork et al.,
2018; Hook & Yeakley, 2005; Kaushal & Belt, 2012; Pennino et al., 2016). We do not observe
any difference in DOC concentration at stormwater ponds and outflows when comparing storm
events to baseflow, whereas beaver ponds and outflows show flushing behavior (Figure 5a). The
increase at the beaver sites matches what is seen in non-urban settings (Puttock et al., 2017).
However, these differences between hydrologic conditions by site type are smaller than the
differences between site types during a single hydrologic condition, where stormwater ponds and
outflows always have higher DOC than beaver ponds and outflows (Figure 5a). During storm
events, stormwater ponds and outflows show a more aromatic signature than both stormwater
ponds and outflows at baseflow and beaver ponds and outflows during storm events (Figure 5b).
There may be re-suspension of allochthonous sediment from these ponds during storms (Schroer
et al., 2018) although it is unclear why this process would happen at stormwater sites but not
beaver sites. Another hypothesized mechanism may relate to the difference in inflows; there may
be more direct watershed delivery of particulate allochthonous inputs to stormwater ponds,
which may have only upstream pipes with lower particulate organic matter retention and less
labile carbon (Pennino et al., 2014), versus our beaver ponds which generally have more natural
stream channel inflows that could have higher upstream particulate organic matter retention
(Kaushal et al., 2014), even during storms. This difference in inflow quality and flushing is

supported by the low BDOC and uptake rates of stormwater pond inflows in summer (Figure 4a),
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although there is not a measurable difference in aromaticity during baseflow between inflows at
our beaver and stormwater sites (Figure 2b).

As with hydrologic conditions, we see minimal difference in DOC quantity or source
comparing leaf-on to leaf-off periods, with beaver ponds and outflows showing a slightly
significant response in DOC and stormwater ponds and outflows showing a change in SUV Azs4
(Figure 6). Other studies show limited residence times in urban watersheds and decreased
complexity of flowpaths that interact with soils decreases potential differences in DOC export
between seasons (Seybold et al., 2019), which is reflected in our findings which show a slight
decrease in DOC concentrations in beaver ponds and outflows when leaves are on, but no impact
on stormwater ponds and outflows (Figure 6a). There are no seasonal impacts on SUVAjs4
across any comparisons (Figure 6b). During each season, stormwater ponds and outflows have
higher DOC than beaver ponds and outflows matching the overall pattern observed across the
whole monitoring period (Figure 2a). Considering the high tree canopy coverage in Atlanta
(estimated at 46.5% in 2018; City of Atlanta Department of Planning and Community
Development & Giarrusso, 2018), however, and the impact of leaf litter on both DOC quantity
and source in other urban systems (Duan et al., 2014), the lack of seasonal differences in
concentration and source are surprising. In forested headwater catchments, seasonal changes in
aromaticity are frequently attributed to changes in water table interactions with soils (Lambert et
al., 2013) and associated mobilization of different pools of carbon (Hood et al., 2006) but there
has been little research on the potential changes in urban systems. Romero Gonzalez-Quijano et
al. (2022) measured more labile DOM in summer, and Arango et al. (2017) measured higher
quality DOM in spring, which matches our stormwater seasonality, but it is unclear why the

pattern is not observed in beaver sites. This may be due to a balance between substantial
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allochthonous inputs from leaf litter and a simultaneous increase in autotrophic production in the
ponds, especially possible considering the site location at the southern end of the temperate
climate zone. However, our dataset is unable to piece apart if this is a driver or there are other

processes at work.

5. Conclusions

With the increasing demand for urban stormwater management strategies, understanding
the potential of beavers to act as nature-based solutions to water issues is warranted. In this
study, we observe DOC and SUV Azs4 changes upstream, within, and downstream of urban
beaver and stormwater ponds in Atlanta, GA. We find that beaver ponds seem to have limited
impact on carbon quantity in contrast to stormwater ponds which have higher concentrations,
while both pond types show more aromatic DOC in the pond and outflow. We do not find
differences in bioavailability of DOC leaving beaver ponds compared to stormwater ponds
although both show changes across seasons. This indicates that beaver ponds may alleviate some
of the downstream water quality issues driven by stormwater ponds while also working to retain
water on the landscape. Leveraging this knowledge, beaver ponds may be able to be specifically
managed to address urban water quality issues, and their potential benefit to water quality may
be a tool that can be used when communicating about the benefits of beaver and navigating
human-beaver conflict. Overall, beaver populations are clearly growing in cities across the
United States; understanding their hydrologic and nutrient impacts on the landscape is key to
allow for the creation of management strategies that allow for co-existence instead of

eradication.
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