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Abstract 14 

The rebound of beaver populations across North America has resulted in new understanding of 15 

how their alteration of stream channels affects hydrology and biogeochemical cycling, but their 16 

increased impact on urban areas has not been well investigated. Urban beaver ponds have the 17 

potential to slow and retain runoff, reconnect surrounding floodplains, and reduce nutrients. 18 

Where management allows, beaver ponds may partially ameliorate water quality problems in 19 

urban streams and enhance the ecological function of the broader riparian zone. In this study we 20 

measured water chemistry in surface (over ten months) and hyporheic (over three months) 21 

waters, including nitrate, ammonium, and dissolved organic carbon (DOC), to assess the impact 22 

of urban beaver dams on water quality. Pond water is sourced from groundwater, with anoxic 23 
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conditions in the surface water at the top of the pond that become increasingly oxic moving 24 

longitudinally through the pond. Large diel dissolved oxygen swings in the pond indicate high 25 

sestonic productivity. There are distinct hyporheic geochemical signatures above and below the 26 

dam as well as across the dam indicating the dam is driving downwelling above the dam and 27 

upwelling below. Hyporheic ammonium concentrations and surface nitrate concentrations are 28 

high above the dam and decrease below the dam, showing that shifting oxic conditions drive 29 

nitrogen speciation. The d15N and d18O values of nitrate point to diffuse sewage leaks as the 30 

main source of nutrients to the pond instead of overland runoff. In addition, surface waters have 31 

lower d15N and d18O of nitrate and DOC concentrations than groundwaters, indicating 32 

denitrification may drive the decrease in nitrate concentration. With increasing presence of 33 

beaver in urban streams, surface water-groundwater interactions through urban beaver dams have 34 

the potential to remediate urban sources of nutrients from ponds. 35 

 36 
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1. Introduction 40 

 Land cover change to impervious surfaces in urbanized environments changes the timing, 41 

quantity, and quality of water reaching streams and rivers (Kaushal and Belt, 2012; Leopold, 42 

1968; Walsh et al., 2005). Urban streams have flashier hydrographs (Smith and Smith, 2015), are 43 

deeply incised (Booth et al., 2016; Walsh et al., 2005), and have higher nutrient concentrations 44 

compared to forested streams (Stets et al., 2020). In addition, urbanization has decreased the 45 

density of ponded surface water in humid climates (Steele et al., 2014), and those ponds that 46 
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remain have decreased flow path complexity (as approximated by smaller perimeter to area 47 

ratios) and are less likely to be directly connected via surface flow paths with rivers and streams 48 

(Steele and Heffernan, 2014). Because of these changes, urban stream managers are faced with 49 

addressing both flooding and water quality issues.  50 

One current management approach to address these issues are attempts to retain and/or 51 

infiltrate stormwater within the landscape. While stormwater detention and retention basins, 52 

along with low impact development, are typically built off of the stream channel, some retention 53 

ponds (e.g., regional ponds, U.S. Environmental Protection Agency, 2005) may be built in-line  54 

with the prevailing channel (i.e., directly connected along the surface flowpath), thus 55 

dramatically expanding the wetted perimeter of the channel. Billions of dollars have been 56 

invested in green stormwater infrastructure implementation (Bernhardt et al., 2005; Prudencio 57 

and Null, 2018) with limited measured improvement in reducing stormflow and conflicting 58 

results in changes in water quality (Hopkins et al., 2022). Watershed-scale improvements should 59 

not be expected when only small percentages of impervious cover in a watershed are being 60 

captured (Bell et al., 2020). In contrast, the resurgence of beaver and beaver dams on the 61 

landscape, including in urban environments, has potential to create ponds and wetlands that 62 

function like engineered approaches to addressing urbanization, as they may retain water on the 63 

landscape, induce surface water-groundwater (SW-GW) interactions, and impact water quality 64 

(Bailey et al., 2018). 65 

 Many extensive summaries of the impacts beaver have on hydrology and 66 

biogeochemistry exist (Brazier et al., 2020; Larsen et al., 2021), but there has been minimal work 67 

to understand the role of beaver in urban environments (Bailey et al., 2018). Beaver engineer 68 

their landscape by building dams to ease access to food and as protection from predators (Larsen 69 
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et al., 2021). In non-urban locations where beaver have reestablished, there is clear flow 70 

attenuation due to damming compared to pre-beaver conditions (Puttock et al., 2021, 2017). This 71 

flow attenuation extends beyond surface water discharge, with measured increases in 72 

groundwater recharge via surface water infiltration during flood events above and below beaver 73 

dams (Westbrook et al., 2006). Locations with higher beaver population densities have more 74 

surface water storage (Johnson-Bice et al., 2022). This retention of water by beaver on the 75 

landscape helps protect parts of the landscape from increasing drought- and climate change-76 

driven wildfires (Fairfax and Whittle, 2020). The hydraulic jumps created by in-stream beaver 77 

dams create more heterogeneous SW-GW interactions including inducing downwelling into the 78 

hyporheic zone (Briggs et al., 2013; Lautz et al., 2010). Reduced water velocities allow for 79 

sediment aggradation above beaver dams (Pollock et al., 2007) and decreased downstream export 80 

of sediment (Puttock et al., 2017).  81 

The role of beaver in restoring montane river systems to their more natural “river beads” 82 

morphologies (Wohl et al., 2018) is well established (Burchsted et al., 2010; Gorczyca et al., 83 

2018; Pollock et al., 2014), but understanding the role of beaver in urban environments is only 84 

just starting. Many of the ecosystem services of beaver ponds and wetlands in montane systems 85 

would be beneficial in urban areas. Sediment aggradation results in deposition of organic matter 86 

above the dam, increasing nutrient cycling within the pond (Brazier et al., 2020). Some studies 87 

find that nitrogen and phosphorus are retained through beaver dam complexes (Puttock et al., 88 

2017) while others have shifts in nutrient retention related to flow regime (Wegener et al., 2017). 89 

Dissolved organic carbon (DOC) is typically exported from beaver ponds because of increased 90 

productivity in the pond and increased hydrologic connectivity (Brazier et al., 2020; Puttock et 91 

al., 2017). Beaver dams have also been shown to be hypoxic, with downstream impacts on 92 
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temperature and dissolved oxygen that may not be beneficial for the stream ecosystem 93 

(Stevenson et al., 2022). The potential role of beaver dams in modifying discharge regime and 94 

water quality is additionally complicated in areas where human-beaver conflicts arise (Auster et 95 

al., 2022; Bailey et al., 2018).  96 

 With increased reports of beaver in urban environments (Figure 1) and the known 97 

benefits beaver provide in landscapes less impacted by anthropogenic activities, expanded 98 

understanding of their role in urban systems is needed. With that in mind, we had three 99 

objectives to this work: (1) to evaluate spatial variation in hyporheic geochemistry above and 100 

below an urban beaver dam to assess how SW-GW interactions are driving geochemical change, 101 

(2) to evaluate longitudinal variation in surface-water geochemistry within the beaver pond and 102 

in the outflow below across antecedent moisture conditions, and (3) to use multiple tracers to 103 

identify sources and cycling of nitrogen in the system. We hypothesized that (1) hyporheic 104 

exchange through the beaver pond results in distinct geochemical signatures above and below the 105 

dam, (2) reactive ion concentrations will change systematically along longitudinal pond profiles 106 

due to enhanced in-pond processing, whereas conservative ion concentrations will exhibit no 107 

regular spatial pattern, since they are primarily controlled by spatially heterogeneous 108 

groundwater discharges to the pond, (3) nitrogen enters urban beaver ponds through diffuse 109 

waste sources, most likely groundwater sourced, and (4) warm temperatures, high hydrologic 110 

retention, and direct light lead to high productivity ponds with high rates of nitrogen cycling and 111 

limited permanent removal of nitrogen. 112 



 6 

 113 
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Figure 1. Summary of some known beaver locations in metropolitan Atlanta. Data are sourced 114 

from the Atlanta Department of Watershed management ("DWM”, 2016-2021, pers. comm.), 115 

iNaturalist (2018-present), and authors’ knowledge (“GSU” and “Other”). iNaturalist results 116 

include both research-grade observations, which are reported in the GBIF (GBIF.org, 2023), and 117 

regular reports from users to represent the range of beaver occupancy in the metropolitan Atlanta 118 

region. 119 

 120 

2. Methods 121 

2.1. Site Description 122 

The former location of the beaver dam and pond at the Tapestry community garden is in 123 

the southeastern quadrant of the City of Atlanta, GA, USA (Figure 2c) in the upper-most 124 

headwaters of the Altamaha-Oconee-Ocmulgee watershed, approximately 3 km away from the 125 

subcontinental divide. Aerial imagery analysis through Google Earth Pro indicates the pond was 126 

established between May 2014 and August 2015 and was abandoned in early 2021, soon after 127 

which the dam washed out. Atlanta receives an average of 130 cm of precipitation per year, 128 

almost all of which falls as rain (Konrad and Fuhrmann, 2013). The area is in the Piedmont 129 

physiographic region, with highly fractured and heterogeneous igneous and metamorphic 130 

bedrock that is primarily felsic overlain by weathered regolith with a base of saprolite (Harned 131 

and Daniel, 1989; Higgins et al., 2003). Piedmont soils have high clay content (Markewich et al., 132 

1990), and urbanization has resulted in soils with simpler profiles, however, often with high 133 

disturbance and the addition of fill during construction (Herrmann et al., 2018).  134 
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 135 

Figure 2 (a) Locations of the beaver dam with 14 piezometers and three surface water sampling 136 

sites indicated. (b) Larger view shows all six surface water sampling sites and the approximate 137 

location of the whole pond. Pond flows from top to bottom of image. (c) Location of the site 138 

within the state of Georgia, with the 10 counties of metropolitan Atlanta identified. (d) Photo 139 

taken from below the beaver dam (covered in vegetation), looking upstream with the 140 
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downstream piezometers on the left and the upstream piezometers on the right. The large-141 

diameter pipe that followed the eastern edge of the pond is visible in the foreground. Aerial 142 

imagery in panels a and b is from 2019 (Fulton County GIS, 2023). 143 

 144 

The pond had a beaver dam of approximately 16 m length and 1.5 m height (Fig 2a), 145 

creating an approximately 2,500-m2 upstream ponded reach by flooding a main stem and a 146 

tributary (Fig 2b), with the pond size varying depending on antecedent moisture conditions. At 147 

baseflow, we estimated average depth of the pond within about 20 m distance of the dam to be 148 

0.56 m. The pond was fed by groundwater discharge and stormwater runoff from a 0.34 km2 149 

water and sewershed (City of Atlanta, pers. comm.), with no perennial surface inflow. The 150 

upstream section of the existing channel is piped from approximately 0.5 km above the former 151 

beaver pond to below the next culvert, where the two discharges (pond outflow and piped 152 

stream) combined to form Intrenchment Creek. The dam mostly consisted of some wood on the 153 

downstream side held together with soil and mud on the upstream side, creating a low porosity 154 

barrier that would become completely covered in vegetation during the summer (Fig. 2d). During 155 

baseflow, some water would flow over the dam on the eastern side when the pond level was 156 

high, but it was not uncommon for the only flow to be diffuse flow through the dam instead of 157 

over the dam. Approximately 35 m below the former pond is a road culvert outfitted with a 158 

bottom drain that frequently clogged. During storms, this road crossing kept water velocity from 159 

getting high enough to blow out the dam and the whole lower section below the dam would be 160 

ponded because of the faulty drain (Fig. S1). The contributing area is urbanized, mostly 161 

consisting of single-family homes on lots typically under 0.4 acres, estimated to be 48% 162 

impervious and 98% developed in 2011. An 8-foot diameter concrete pipe is the eastern 163 
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boundary for the pond (Fig 2d), although it is unclear if the pipe carries a buried stream, 164 

stormwater, and/or separated sewage. 165 

 166 

2.2. Sampling 167 

Samples of surface and hyporheic waters were collected approximately weekly from June 168 

16, 2019 to August 13, 2019 (Table 1). Additional surface water samples were collected weekly 169 

from September 5, 2019 to March 12, 2020, stopping at the start of the COVID-19 pandemic 170 

(Figure 3 and Table 1). Surface water samples were collected longitudinally from six sites, 171 

although SW1 dried up periodically (Figure 2b). Hyporheic samples were collected from six 172 

piezometers above the dam, three piezometers in the dam, and five piezometers below the dam 173 

(Figure 2a). Piezometers were made of either 3.8 or 5.1 cm inner diameter PVC and had 10 cm 174 

screened lengths, installed so the bottom of the screen was located 15 to 25 cm below the 175 

sediment-water interface. Before sampling, piezometers were purged using a drill-powered pump 176 

until empty and samples were collected after they re-filled. All samples were measured in situ 177 

using a YSI ProDSS sonde that was calibrated in the lab before each use and measured 178 

temperature, pH, specific conductance, and dissolved oxygen (DO). 60 mL samples were 179 

collected in HDPE bottles and transported to the lab where they were filtered with 0.45 µm MCE 180 

filters and stored frozen. 181 

Sampling Type Dates Analyses Locations relative to 

dam 

Hyporheic grab 

samples 

June 16-August 13, 

2019 (9 sample dates) 

In situ (temperature, 

pH, specific 

conductance, DO); 

6 piezometers above 

the dam (USP1-6), 3 

piezometers in the 
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major anions and 

cations; DOC; a 

subset with high NO3- 

were analyzed for 

d15N and d18O 

top of the dam 

(USP10-12) and 5 

piezometers below 

the dam (DSP1-5) 

Surface water grab 

samples 

June 16, 2019-March 

12, 2020 (34 sample 

dates) 

In situ (temperature, 

pH, specific 

conductance, DO); 

major anions and 

cations; DOC; a 

subset with high NO3- 

were analyzed for 

d15N and d18O 

5 longitudinal sites in 

pond above dam 

(SW1-5, from top of 

pond to bottom), 1 

site in stream below 

dam (SW6) 

Surface water loggers June 15- August 23, 

2019 at 10-minute 

interval 

Dissolved oxygen 

and specific 

conductance 

One site in pond 

above dam (attached 

to USP2) 

Table 1. Summary of sampling types, time frames, analyses, and locations relative to the beaver 182 

dam. 183 
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 184 

Figure 3. Daily hyetograph in mm, averaged from daily precipitation totals two nearest USGS 185 

stations (02203700 and 02203655) for the monitoring period. Dates of sample collection, types 186 

of samples collected, and attributed antecedent moisture conditions are indicated. Note that 15-187 

minute precipitation data were used to classify antecedent moisture, so a date that is indicated as 188 

‘baseflow’ but has precipitation on this figure had rain fall during the day after sampling. 189 

 190 

A PME dissolved oxygen logger and Onset Hobo conductivity logger were installed to 191 

measure dissolved oxygen and specific conductance in the pond at 10-minute intervals alongside 192 

USP2 (Figure 2a). Loggers were installed from June 15, 2019 to August 23, 2019. The DO 193 

logger probe was cleaned weekly during hyporheic water sampling.  194 

Antecedent moisture conditions for each sampling event were determined by averaging 195 

conditions between the two closest USGS gaging stations that also record precipitation. Gage 196 

02203700 is 5.2 km southeast from the site, and gage 02203655 is 5.4 km south. Antecedent 197 

precipitation over 48 hours prior to sampling ranged from 0 to 6.5 cm. 15-minute precipitation 198 

data were used to group samples into three categories: (1) dry or baseflow, with no rain at either 199 
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gage within 48 hours of initiation of sampling; (2) intermediate, with rain 24 to 48 hours before 200 

initiation of sampling but no rain within 24 hours; and (3) wet, where it rained within 24 hours of 201 

initiation of sampling. The only outlier was February 5, 2020, where neither gage recorded rain 202 

but the field notes indicated it had been raining at the site. 203 

 204 

2.3. Laboratory Analyses 205 

All samples were analyzed by ion chromatography for major anions (Cl-, NO2-, Br-, NO3-, 206 

and SO42-) and cations (Na+, NH4+, K+, Mg2+, Ca2+) on ThermoScientific Aquions. Each run was 207 

calibrated with 5 in-house independently created standards for both cations and anions, along 208 

with running external U.S. Geological Survey standards for calibration verification. Samples that 209 

were outside of calibration range were diluted and re-run. Phosphate in samples was measured 210 

but was routinely below the detection limit and is not used in analysis. Nitrite, bromide, and 211 

ammonium had some measures that were below the detection limit. They were replaced with a 212 

minimum detection limit estimated as the standard deviation of the same standard which was 213 

rerun at least three times during each analysis.  DOC was measured as non-purgeable organic 214 

carbon on a Shimadzu Total Organic Carbon analyzer calibrated using in-house standards. 215 

A subset of forty-four of the summer 2019 samples were analyzed for d15N and d18O of 216 

nitrate at the University of Pittsburgh Regional Stable Isotope Laboratory on an Isoprime 217 

Continuous Flow Mass Spectrometer following the denitrifier method (Sigman et al., 2001). This 218 

subset was determined by first selecting any groundwater samples with enough nitrate mass to 219 

analyze (eight samples), with the remaining consisting of surface water samples from the 220 

summer. Only downstream hyporheic waters had enough nitrate to analyze, from four of the nine 221 

sample dates. Surface water samples from the eight of the nine dates were analyzed, focusing on 222 
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sites from the main pond to below the dam (SW3-6) although SW2 was also analyzed from five 223 

dates. These samples were filtered with 0.2 µm MCE filters and frozen until subsequent analysis. 224 

Samples with more than 2% nitrite of the total oxidized nitrogen (NO2 + NO3) had the nitrite 225 

removed through sulfamic acid reduction (Granger and Sigman, 2009) prior to isotopic analysis. 226 

A denitrifying bacteria strain (Pseudomonas aurofaciens) converted NO3- into N2O gas that was 227 

then introduced into the isotope ratio mass spectrometer. Samples were corrected using 228 

international reference standards USGS-32, USGS-34, USGS-35, and IAEA-N3; these standards 229 

were also used to correct for linearity and instrument drift. All samples were run in duplicate, 230 

and precision is ± 0.25 ‰ for d15N and ± 0.5 ‰ for d18O. 231 

 232 

2.4.Statistical Analyses 233 

All statistical analyses were completed in R version 4.0.2 (R Core Team, 2022). Datasets 234 

frequently had a non-normal distribution as tested both with a probability plot correlation 235 

coefficient and Shapiro-Wilk normality test, so non-parametric statistical approaches were used. 236 

Comparison of upstream to downstream groundwater geochemistry was done with the one-sided 237 

Wilcoxon rank-sum test using wilcox.test(). Because of ties, an exact p-value was not calculated 238 

and estimated p-values under 0.05 were interpreted as a change in concentration through the 239 

beaver dam. The sample estimate of difference in location was used to calculate a percent 240 

difference between up- and downstream-sites. A principle component analysis (PCA) of the ion 241 

chemistry of groundwater samples was completed using prcomp(). Unit variables were all scaled 242 

to have the same variance before analysis. Lastly, a Kruskal Wallis test was used to compare 243 

surface water sites at each antecedent moisture condition using kruskal.test(). A p-value below 244 

0.05 indicates that the median of at least one site differs from the others. A pairwise Wilcoxon 245 
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rank-sum test with a Bonferroni adjustment was done to identify which sites differed using 246 

pairwise.wilcox.test(). This could only be done on the baseflow samples (n = 21 dates) as the 247 

intermediate (n = 5) and wet (n = 8) samples had too few samples to test. All tests are in the stats 248 

package in base R. 249 

 250 

3. Results 251 

3.1.Groundwater Geochemistry 252 

 Groundwater geochemistry is highly variable across the small spatial area monitored 253 

(Figure 4, S2, and Table S1), and sites vary in temporal stability, consistent with H1. Specific 254 

conductance, ammonium, calcium, magnesium, and potassium all follow similar spatial patterns 255 

with the highest concentrations in the 5 eastern-side upstream piezometers (USP1, USP2, UPS3, 256 

USP4 and USP10). DOC has minimal spatial variability across the thirteen piezometers. Sulfate, 257 

nitrate, and nitrite have higher concentrations in the two most western upstream piezometers 258 

(USP6 and USP12). After aggregating and comparing data from piezometers located upstream of 259 

the dam versus those located downstream, we found statistically significant (p < 0.05) reductions 260 

in concentrations of ammonium, magnesium, and potassium (Figure 5), which is generally 261 

consistent with observed spatial trends.  Although spatial trends in chloride, sodium, and 262 

bromide are not visually apparent (Figure 4 and S2), this aggregated comparison does reveal 263 

lower concentrations of these ions below the dam compared to above (Figure 5). pH, DO, 264 

sulfate, and nitrate all increase below the dam (Figure 5), and there is no statistical difference in 265 

DOC or nitrite across the dam (Table S2). Nitrate doubles in concentration in groundwater below 266 

the dam, with the highest percent change, while ammonium decreases by 80%.  267 
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 268 

Figure 4. Boxplot of geochemistry of groundwater for (a) specific conductance, (b) ammonium, 269 

(c) chloride, (d) DOC, (e) sulfate, and (f) nitrate. Each solute is grouped as piezometers upstream 270 

of the dam (USP1-6), piezometers in the top of the dam (USP10-12), and piezometers below the 271 

dam (DSP1-5). Figure S2 shows the remaining ions. 272 
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 273 

Figure 5. Wilcoxon rank-sum comparison of upstream piezometer geochemistry to downstream. 274 

The percent change is the sample estimate from the Wilcoxon rank-sum test divided by the 275 

median upstream concentration, where positive changes indicate concentration was higher in 276 

groundwater below the dam, while negative changes indicate concentration was lower below the 277 

dam. * indicates 0.05 > p > 0.01; ** indicates 0.01 > p > 0.001, *** indicates p < 0.001. Exact 278 

values reported in Table S2. 279 

 280 

 PCA indicates that 84.6% of the variability in the groundwater geochemistry can be 281 

explained by the first three components (Table 2). PC1 explains 53% of the variation and has 282 

strong negative loadings for ammonium, potassium, magnesium, and calcium. PC2 explains 22% 283 

of the variation, with strong negative loadings for sodium, chloride, and sulfate, while PC3 284 

explains 9% with a strong positive loading for DOC and bromide. 285 
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 PC1 PC2 PC3 
Cl- -0.21 -0.54 -0.02 
Br- -0.24 -0.24 0.56 
NO3- 0.21 -0.34 0.19 
SO42- 0.30 -0.41 0.14 
Na+ -0.27 -0.50 -0.04 
NH4+ -0.39 0.13 -0.04 
K+ -0.41 0.05 -0.10 
Mg2+ -0.42 -0.04 -0.14 
Ca2+ -0.42 0.03 -0.10 
DOC -0.16 0.31 0.77 
Percent variability 
explained 

53% 22% 9% 

 286 

Table 2. Loadings for the first three components of the PCA, with the largest loadings in bold. 287 

 288 

 PCA results have similar spatial groupings to the boxplots. The eastern-side upstream 289 

piezometers, which have high specific conductance, ammonium, calcium, magnesium and 290 

potassium and low sulfate and nitrate, all plot with low PC1 scores while the western-side 291 

upstream and all downstream piezometers plot with higher PC1 scores (Figure 6). Individual 292 

samples have more variability in PC2 through time, with the downstream piezometers and 293 

USP12 showing ranges in PC2 from 3 to -4 across all samples. However, mean PC2 values for 294 

all sites except USP6 are similar to each other, clustering between -1 and 1. PC3 also has 295 

individual samples with high variability across time, but mean values at each piezometer show 296 

little variability from other sites.  297 

 298 
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 299 

Figure 6. Individual samples (smaller symbols) and site means (larger symbols), in principal 300 

component space for (a) PC1 vs. PC2 and (b) PC1 vs. PC3. 301 

 302 

 We define PC1 as representing an overall urban groundwater signature, dominated by 303 

calcium, magnesium, potassium, and ammonium concentrations (Table 2), where low values of 304 

PC1 indicate a piezometer location where groundwater dominates (horizontal flow) or 305 

groundwater may be upwelling to the surface. Higher values of PC1 are interpreted as 306 

piezometer locations where surface water is downwelling, as all four of those ions have lower 307 

concentrations in surface water (Table S3). All four ions have lower concentrations in 308 

groundwater below the dam and higher PC1 scores (Figure 5 and 6), indicating higher surface 309 

water contributions to these sites. 310 

 311 

3.2. Surface Water Geochemistry 312 

 At baseflow conditions, nine of the measured constituents (Table S3) have a difference in 313 

concentration along the pond, with the sites the furthest upstream in the pond (SW1) and below 314 
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the beaver dam (SW6) showing the most differences from other sites. Ammonium increases in 315 

concentration below the dam (Figure 7, Table S4), as SW6 has higher concentrations than SW2-316 

5, in agreement with H2. Nitrate, nitrite, and DO concentrations all increase longitudinally along 317 

the pond up to the dam before decreasing below the dam (Tables S5-7), also consistent with H2. 318 

Sulfate, magnesium, and sodium all have lower concentrations at SW1 than most other sites 319 

(Figure 7 and S3; Tables S8-10), which is contrary to H2. In contrast, potassium and DOC have 320 

higher concentrations at SW1 (potassium only) or SW 1 and 2 (DOC) that then plateau below 321 

that point (Tables S11-12). There is no statistically significant difference in concentration for 322 

specific conductance and bromide at baseflow.  323 
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 324 

Figure 7. Boxplots of surface water geochemistry samples across sampling sites for (a) specific 325 

conductance, (b) ammonium, (c) chloride, (d) DOC, (e) sulfate, and (f) nitrate. Sites flow from 326 

the top of the pond to the dam (SW1-5) while SW6 is below the dam. Results are separated by 327 

antecedent moisture conditions where Base=baseflow and Int=intermediate. Large-scale 328 

approximation to the Kruskal Wallis test p-values are reported, comparing sites across that 329 

moisture condition. Figure S3 shows the remaining ions and pairwise Wilcoxen rank sum results 330 

are reported in Tables S4-12. 331 

 332 

p=0.22 p=0.68 p=0.01

a

50

100

150

200

250

Base Int Wet

Sp
ec
ific
 C
on
du
ct
an
ce
 (μ
S/
cm

)

Site
SW1

SW2

SW3

SW4

SW5

SW6

p=1.5E-7 p=0.11 p=0.54

b

0.0

0.3

0.6

0.9

1.2

Base Int Wet

Am
m
on
iu
m
 (m

g 
N/
L)

p=0.47 p=0.96

p=0.50

c

0

5

10

Base Int Wet

Ch
lo
rid
e 
(m
g/
L)

p=4.9E-9 p=0.02 p=0.17
d

5

10

15

20

Base Int Wet
Di
ss
ol
ve
d 
O
rg
an
ic 
Ca

rb
on
 (m

g/
L)

p=7.6E-6 p=0.07

p=0.49

e

0

10

20

30

Base Int Wet

Su
lfa
te
 (m

g/
L)

p=7.2E-7 p=0.002 p=0.84
f

0

1

2

3

Base Int Wet

Ni
tra
te
 (m

g 
N/
L)



 22 

At intermediate and wet antecedent moisture conditions, the sites are more similar in 333 

concentration to each other than at baseflow (Figure 7 and S3). Nitrate, nitrite, and sulfate have 334 

similar patterns of lower concentrations at SW1 and 2 that then increase longitudinally along the 335 

pond. Nitrate and nitrite have the same pattern of decreasing below the dam during intermediate 336 

wetness as was seen during baseflow. DOC and potassium also have similar patterns, although 337 

with less, but still statistically significant, difference between sites. During wet conditions only 338 

specific conductance and magnesium change along the pond, although bromide and potassium 339 

are close to the statistical cut-off (p-values of 0.052 and 0.07 respectively). Nitrate has a distinct 340 

shift during wet conditions, as SW1 goes from having the smallest range in nitrate during 341 

baseflow to the largest, while other sites decrease in variability. During wet conditions, average 342 

conservative ion concentrations across all sites are lower than during dry conditions, and the shift 343 

towards homogeneous concentration across sites hints that overland runoff reaching this pond is 344 

not bringing large fluxes of ions. Shifts in the longitudinal pattern of conservative ion 345 

concentrations during wet conditions also indicate spatial variability in the volume of runoff 346 

reaching the pond, driven by tributaries and different drainage patterns reaching the stream, 347 

and/or variability in chemical composition of runoff. In contrast, more reactive ions either do not 348 

decrease in average concentration during wet conditions (potassium, nitrite, and ammonium) or 349 

show an increase in concentration at SW1 (nitrate and DOC). 350 

 351 

3.3. Surface and groundwater isotopes 352 

Analysis of d15N-NO3 and d18O-NO3 isotopes was limited by low concentrations to 353 

mostly surface water sites (Figure 8). Low nitrite concentrations in samples (Figure S3) mean 354 

these values reflect the isotopic signature of nitrate. d18O isotopes of nitrate range from 6.8 to 355 
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16.3‰ while d15N isotopes range from 5.1 to 14.2‰. These isotopes indicate that the most likely 356 

sources of nitrate in this system are soil or sewage waste (Kendall, 1998), as we had predicted 357 

with H3. Only one date (8/6/19) falls within the soil N category, and it was the only day during 358 

summer 2019 that was classified as wet (5.2 cm of rain within 24 hours of sample collection). 359 

SW and GW sites had similar ranges in d18O, although GW samples had a slightly smaller range, 360 

but within a single sampling date, GW samples tended to have heavier d15N values, indicating a 361 

potential denitrification signal in the groundwater. 362 

 363 

 364 
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Figure 8. Isotopic ratios of d15N and d18O of nitrate in surface and groundwater samples. Colors 365 

indicate sampling date while shape indicates the source of the water (surface or groundwater). 366 

Ranges of d15N sources from Kendall (1998). 367 

 368 

3.4. Logger data 369 

 Loggers in the pond above the beaver dam measured specific conductance and dissolved 370 

oxygen for three months during summer 2019 (Figure 9). Dissolved oxygen has large diel 371 

swings, routinely switching between complete or near anoxia to super-saturation (up to 200% 372 

saturation on one day) in a single day, supporting H4. Specific conductance in the pond was 373 

around 200 µS/cm at baseflow and showed smaller diel cycles of around 10 µS/cm. Large 374 

dilution events during storms decreased specific conductance to 50-100 µS/cm typically. Along 375 

with decreasing specific conductance, rain events frequently lower both diel minimum and 376 

maximum DO saturations. 377 

 378 
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 379 

Figure 9. 10-minute measurements of dissolved oxygen (in percent saturation) and specific 380 

conductance from summer 2019 in the surface water above the dam. Points indicate times when 381 

grab samples were collected. Loggers were located outside USP2. 382 
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4. Discussion 384 

4.1.Variability in groundwater ion patterns indicates spatial patterns in hyporheic up- and 385 

downwelling  386 

 The first objective was to evaluate spatial patterns in hyporheic geochemistry around an 387 

urban beaver dam. We hypothesized that there would be distinct geochemical signatures above 388 

and below the dam driven by biogeochemical reactions through the dam. Two spatial patterns of 389 

ion geochemistry emerged: (1) conservative ions indicate mixing of surface and groundwater and 390 

(2) temporary variation in other ions that do not reflect longer-term trends.  391 
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The PCA results reflected the spatial patterns in major ion trends across the beaver dam. 392 

Calcium, magnesium, and potassium concentrations in groundwater are typically attributed to 393 

geologic weathering (Peters, 2009) as calcium and potassium are sourced from the weathering of 394 

feldspars, and magnesium and potassium can be sourced from the weathering of biotite (Kaushal 395 

et al., 2020), both common in the Piedmont (Rose, 2007). High cation concentrations are also 396 

seen throughout urban environments, sourced from increased weathering of anthropogenic 397 

building materials (Bird et al., 2018; Kaushal et al., 2020). Natural and urban weathering 398 

products are predicted to be higher in groundwater (Kaushal et al. 2020), thus, piezometer 399 

locations with high ion concentrations and low PC1 scores are pond bottom locations with 400 

limited vertical hyporheic flux or areas of groundwater discharge to the channel (Figure 10). The 401 

addition of high ammonium concentrations to these more conservative ions could be sourced 402 

from long-term accumulation of organic matter on the bottom of the pond or a potential leaking 403 

sewage source (discussed in further detail below).  404 
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 405 

Figure 10. Conceptual model of dominant processes driving groundwater and surface water ion 406 

chemistry in an urban beaver pond. 407 

 408 

The spatial patterns in chemistry point to hyporheic downwelling of surface waters on the 409 

western side of the dam, but potentially not on the eastern side, where piezometers remain 410 

dominated by groundwater (Figure 10). It is well established that beaver dams induce flow both 411 

around and through dams (Briggs et al., 2013; Wang et al., 2018; Westbrook et al., 2006). Our 412 

site had uniform morphological units above (pool) and below (pool/glide) the dam, and previous 413 

work has shown that distinct morphological units are similar in their hyporheic flux direction 414 
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(Briggs et al., 2013). However, we see that there is variability in downwelling along the length of 415 

the dam, with the western side dominated by surface waters. Downstream piezometers indicate 416 

localized downwelling of surface water below the dam, with high PC1 scores. Higher sulfate, 417 

nitrate, and DO concentrations in groundwater below the dam clearly indicate the shift in redox 418 

condition to more oxic (Figure 5). The impacts these patterns of hyporheic flow paths have on 419 

nitrogen speciation match those seen in peatland beaver environments, where ammonium tends 420 

to be the most concentrated nitrogen-based molecule in the groundwater whereas nitrate is more 421 

prevalent in surface waters. However, we found no difference in DOC concentrations above and 422 

below the dam unlike peatland beaver ponds (Wang et al., 2018). It is also clear that ponds 423 

located in highly-urbanized areas will be limited in the spatial extent over which they can flood 424 

or expand, which will limit their overall impacts on surface water-groundwater exchange 425 

(Wegener et al., 2017; Westbrook et al., 2006). 426 

PC2 and 3 are driven by individual samples varying in scores, but mean PC values at 427 

most piezometers all cluster together. These components are driven by sodium, chloride, DOC, 428 

and bromide. Previous work in Atlanta linked sodium, chloride, and potassium in baseflow 429 

concentrations to leaking sewage as a single, over-arching non-point source of contamination 430 

(Rose, 2007), but this pattern is not seen in our site, as potassium does not follow the same 431 

pattern as sodium and chloride. Differences in mean concentrations between sites, as is seen in 432 

PC2 and 3, are instead driven by individual site outliers, and thus represent short-term temporal 433 

variability.  Nitrate and nitrite are not included in the first three PCs as major drivers, indicating 434 

they play a minimal role in explaining the spatial patterns in groundwater geochemistry. 435 

 436 
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4.2.Variability in surface water geochemistry is driven by groundwater sources, surface 437 

water-groundwater interactions, and shifting oxic conditions 438 

The second objective was to use spatiotemporal variability in surface geochemistry to 439 

assess sources and drivers of pond chemistry. We hypothesized reactive ions would follow 440 

patterns based on predicted productivity in the pond, while conservative ions would not have 441 

spatial patterns. This is because the increased residence time created by ponding urban runoff 442 

would distinctly shift processing and fluxes of biogeochemical molecules (Covino, 2017; Murray 443 

et al., 2021; Wegener et al., 2017), but conservative ions would be driven by spatially 444 

heterogeneous groundwater discharge.  Qualitative analysis of deuterium injections in the pond 445 

and in an un-dammed upstream reach suggest at least 10 times greater residence times in the 446 

pond (Figure S4), illustrating a clear increase in hydrologic retention and water residence time as 447 

in other beaver ponds (Majerova et al., 2020, 2015).  448 

Biogeochemically active constituents followed our hypothesized patterns (Figure 10). 449 

Nitrate, nitrite, and DO concentrations increase from the top of the pond to the middle (Figure 7 450 

and S3) while ammonium and DOC concentrations decrease, all driven by a shifting dynamic 451 

from anoxic headwaters towards oxic waters near the dam. These patterns reverse below the dam 452 

as oxygen decreases, in part due to upwelling anoxic groundwater, with lower nitrate and nitrite 453 

and higher ammonium in surface water below the dam, but no change in DOC concentration. 454 

There is wide variability in observed nutrient changes below beaver ponds, with studies that 455 

determine they are sinks for nutrients such as nitrate, ammonium, and DOC (Klotz, 2010; Law et 456 

al., 2016) or have variable responses based on season (Devito et al., 1989), flow condition 457 

(Wegener et al., 2017), or pond age (Murray et al., 2021). Shifts from organic to inorganic 458 

nitrogen and shifts in oxidation state, as we see here, are clearly common below beaver dams 459 
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(Devito et al., 1989; Larsen et al., 2021). Unlike many other sites (Cirmo and Driscoll, 1993; 460 

Puttock et al., 2017), we do not see an increased export of DOC below our pond. While 461 

biogeochemical solutes behaved as we expected, conservative ions did not match our hypothesis, 462 

as they did follow a longitudinal spatial pattern. Sodium, sulfate, and magnesium all increase in 463 

concentration in the pond below SW1, while potassium decreased (Figure 7 and S3). The spatial 464 

patterns in both conservative and biogeochemically active solutes identify two key drivers of 465 

surface water geochemistry: the potential for distinct groundwater inputs that increase 466 

conservative ion concentrations along a portion of the pond, as has been seen in boreal systems 467 

(Naiman et al., 1994), and the importance of redox changes along and below the pond (Figure 468 

10).  469 

Recent rainfall dilutes surface water concentrations of all ions, with more recent rainfall 470 

(wet) resulting in lower concentrations than rainfall the day before (intermediate; Figure 10). 471 

Nitrate is one outlier in this pattern at SW1, with concentrations increasing during wet 472 

conditions, while the rest of the pond is diluted (Figure 7). This could be due to a potential point-473 

source contribution of nutrients to this site, although there are no visible pipes discharging at this 474 

location, or flushing/oxidation of anoxic waters causing ammonium, which is high at baseflow, 475 

to nitrify. DOC and potassium are less impacted by dilution than the other ions, so precipitation 476 

events appear to be mobilizing both ions, as was seen in Puttock et al. (2017). For DOC, this 477 

could be driven by re-suspension of organic matter from the bottom of the pond, as qualitative 478 

observations point to high turbidity during rain events (Figure S1). When it has been raining, the 479 

pond chemistry between sites homogenizes as residence time decreases. 480 

 481 
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4.3.High productivity leads to nitrogen transformation in ponds, with lower concentrations 482 

below the dam 483 

 The third objective of this work was to use variations in nutrient chemistry in surface and 484 

groundwaters, along with other tracers, to identify sources and cycling of nutrients. We 485 

hypothesized that diffuse, groundwater-driven sources and long residence times in the pond 486 

would lead to high productivity in surface waters. The most likely sources of nitrogen to the 487 

pond include sewage leaks, direct fixation of N2 gas, overland runoff collecting fertilizer and dry 488 

deposition, and soil organic matter. The isotopic results (Figure 8) suggest that wastewater is the 489 

most likely source of nitrate to this system, supporting our hypothesis of a groundwater-based 490 

source. Sewage is a common source of nutrients to urban streams, both through point-source 491 

routes such as sanitary sewer overflows (Davis et al., 2022) and through non-point source leaks 492 

(Divers et al., 2014). The high potassium concentrations in groundwater also point to wastewater 493 

(Peters, 2009), but high ammonium concentrations in groundwater could also be sourced from 494 

decomposition of organic matter (Arango and Tank, 2008). High ammonium, DOC, and 495 

potassium and low DO at SW1, the most upstream site, indicate that waste, soil organic matter, 496 

or immediately high productivity are important in driving chemistry along this pond (Figure 10). 497 

 The pond has very high primary productivity in summer, with diel DO swinging from 498 

near anoxic conditions to 150% saturation and above (Figure 9 and 10). DOC concentrations, 499 

however, are somewhat low for urban systems (3-7 mg/L, Figure 7; McDonough et al., 2020). 500 

Groundwater discharge to the pond during baseflow and overland flow during storms may be 501 

diluted in DOC in this system compared to other urban systems, although with comparable 502 

nitrogen (Fork et al., 2018; Kalev and Toor, 2020). DOC at the groundwater dominated SW1 site 503 

is highest and similar in concentration to hyporheic samples, but concentrations quickly drop to 504 
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below 5 mg/L in the rest of the pond. This is despite the high canopy cover in the watershed 505 

(estimated at 40% in the neighborhood planning unit that the watershed falls within and up to 506 

80% near the stream, Trees Atlanta, 2015) and may be driven by the fact that the upstream 507 

section of this stream is piped next to the pond with no active inflow to the pond. Increased 508 

decomposition, supported by the decrease in DOC in pond water, and/or nitrification along the 509 

pond gradient result in nitrate and nitrite concentrations increasing in the surface water, with 510 

maximum concentrations just above the beaver dam (Figure 10). 511 

 d15N of nitrate increases along the pond, although d18O decreases, and groundwater 512 

below the pond has higher values of both d15N and d18O (Figure 8 and S5), likely indicating that 513 

some of the nitrate decrease along and below the pond is driven by denitrification (Kendall, 514 

1998). There is no change in DOC concentrations in surface or groundwater immediately above 515 

or below the dam, although groundwater has higher DOC than surface waters and the biomass of 516 

the dam could provide an additional source of DOC (Puttock et al., 2017) to offset what could be 517 

consumed with denitrification. Nitrate and DO concentrations, which increase in surface water at 518 

the top of the pond, are lower in surface waters below the dam, while ammonium concentrations 519 

are higher below the dam and decoupled from surface water DOC patterns (Figure 7). These 520 

lines of evidence all point to high cycling of nutrients through, around, and over the dam, with a 521 

combination of nitrification of ammonium and denitrification driving changes in concentration.  522 

 523 

4.4 Management Implications 524 

It is clear from the widespread nature of urban beaver (Figure 1) that understanding their 525 

functioning in light of surrounding land uses is needed (Bailey et al., 2018). This study found 526 

that urban beaver ponds increase hydrologic retention, induce hyporheic exchange, and shift 527 
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biogeochemical cycling as has been seen in non-urban ponds (e.g., Majerova et al., 2020; Wang 528 

et al., 2018; Wegener et al., 2017). The geomorphic impacts of beaver on stream incision and 529 

widening are greatly needed in urban environments (Pollock et al., 2014). However, there are 530 

unique characteristics to urban ponds that limit the local and downstream impacts of beaver due 531 

to the interaction between urban flow paths and pond morphology. Specifically, we identify two 532 

key differences that require further exploration and have management implications: (1) the 533 

limited spatial extent of beaver ponds in urban areas and inability to build multiple-dam 534 

complexes, and (2) impacts to the number of beaver and lifespan because of hazards of the urban 535 

environment and less permanence to their structures due to the flashy nature of urban streams.  536 

Urban beaver ponds are more likely to be constricted in space, with expanding pond-537 

wetland systems also the most likely to drive human-beaver conflict. In watersheds where 538 

significant urban land cover has existed for multiple decades, there is pervasive incision, 539 

widening, and straightening of stream channels (Chin, 2006). Dams constructed by beaver, and 540 

the upstream ponded areas they create, may not overtop the channel banks, and in many cases 541 

may not lead to dramatic expansion of the wetted channel area outside of its pre-existing eroded 542 

banks, unlike has been hypothesized for beaver-based restoration efforts (Pollock et al., 2014). 543 

This is in strong contrast to the multi-dam and flooded meadow complexes reported for non-544 

urban watersheds (e.g., Wegener et al., 2017), which yield a complex and time-variable array of 545 

water flow pathways. Urban impacts on channel slope are more variable among watersheds 546 

(Chin, 2006), although the installation of culverts may act as artificial nick points, thus 547 

enhancing local channel slopes. Collectively, greater slope and capacity along with reduced 548 

channel sinuosity and floodplain connectivity are likely to reduce water residence in urban 549 

beaver ponds compared to their non-urban counterparts. Mountain beaver ponds remove more 550 
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nutrients during higher flow (Wegener et al. 2017), and that is attributed to retention in the wider 551 

beaver meadow complex, including wetlands. Urban beaver ponds that are located in-channel 552 

will most likely not be able to establish such wetland complexes due to the flashy nature of the 553 

urban hydrograph and the extreme channel incision cutting off floodplain reconnection, even 554 

with a dam. This limits their ability to establish lateral connectivity during storms, and they will 555 

thus be residence-time limited with less biogeochemical processing (Wegener et al 2017; Covino 556 

2017) than rural ponds. In more suburban areas, where beaver meadow complexes have more 557 

space to develop off-channel, these systems may act more like mountain ponds with higher 558 

residence times during high flow. However, even if urban beaver ponds cannot be managed to 559 

the size and scope of non-urban, our results still point to an increase in hydrologic residence 560 

time, an increase in SW-GW interactions that would not otherwise exist, and a potential increase 561 

in denitrification. A key research gap is understanding the habitat availability for beaver in urban 562 

environments, how it differs from forested catchments (Touihri et al., 2018), and what impact 563 

habitat limitations might have on their functioning compared to forested catchments. 564 

A second key difference in beaver pond functioning is the longevity of pond existence. 565 

Our observations indicate these ponds are less permanent structures on the landscape than in 566 

areas with less human land use. For example, we estimate beaver typically stay in one urban 567 

location for about 5 to 10 years before they move on, compared to an average of 44 years in 568 

glaciated landscapes (Butler, 2012). In addition, the extremely high flows seen in urban streams 569 

during storms (e.g., Forgrave et al., 2022) cause dams to blow out routinely and ponds to drain. 570 

The shifts between anoxic and oxic conditions from this periodic draining drive increased 571 

decomposition of organic matter, distinctly shifting carbon and nutrient dynamics (Sheppy, 572 

2022). This time-scale issue could be exacerbated by more frequent human-beaver interactions in 573 
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urban areas. For example, one beaver pond in the City of Atlanta was noted and routinely 574 

drained by residents in order to conduct stream trash clean-ups and has since been removed to 575 

repair a bridge. In addition, in areas where people perceive beavers as a problem and support 576 

lethal beaver control measures, beaver dam longevity is shortened even more compared to less 577 

impacted systems (Siemer et al., 2013).  578 

 579 

5. Conclusions 580 

The potential impact of urban beaver ponds on water chemistry remains understudied, 581 

despite the growing importance of these ecosystem engineers to cities (Bailey et al., 2018) and 582 

their widespread nature (Figure 1). Groundwater geochemical patterns reflect surface and 583 

groundwater interactions, with downwelling above and below the dam, but with spatial 584 

heterogeneity in these interactions. Shifts in surface water presence in groundwater also reflect 585 

changing oxidation conditions, with high ammonium in anoxic surface and groundwaters and 586 

high nitrate and nitrite in oxic areas. The surface water pond is highly productive, and nutrient 587 

sources to surface and groundwater are likely a combination of mineralization of biomass and 588 

long-term wastewater leaks. Changes in nitrate isotopes and concentrations of DOC, ammonium, 589 

and nitrate point to potential increase in denitrification along the pond and through the dam. 590 

During storm events, retention time in the pond decreases, and the system becomes 591 

geochemically homogeneous as overland runoff flushes the pond. Low retention during storms 592 

may point to these ponded features not helping with stormwater retention in cities, as they do in 593 

agricultural and forested areas (Burchsted et al., 2010; Puttock et al., 2021, 2017). However, the 594 

ecosystem benefits of beaver in urban areas reach beyond flow dynamics, including shifting 595 

nutrient cycling, increasing connectivity, and helping restore incision (Pollock et al., 2014, 596 
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2007), pointing to an important role for beaver in urban systems in the future. It is clear that 597 

beaver can fill a key role in the management of hydrology and water quality in urban 598 

environments when human-beaver conflicts can be averted (Bailey et al., 2018; Westbrook and 599 

England, 2022) as we still grapple with the legacy of previous management strategies that did not 600 

attempt to allow for co-existence (Wohl, 2021). 601 
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