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HIGHLIGHTS

e Determined sedimentation rates, depths,
and sediment OC content in 45 beaver
ponds

e Sedimentation rate was strongly nega-
tively correlated with pond age.

e Sediment OC content was correlated
with sediment grain size.

e Pond sediment in incised reaches likely
has scoured and filled over time.

o Simulations suggest  reconnecting
incised channels to floodplains takes
>100 yrs.
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ABSTRACT

Beaver dams trap sediment, promote channel-floodplain connectivity, modify biogeochemical cycling and
organic carbon (OC) storage, and influence geomorphic form. Beaver-related sediment accumulation has been
investigated at longer timescales (e.g., > 1000 years) and shorter timescales (< 10 years), but we lack infor-
mation on sedimentation and sediment-associated OC accretion rates over multiple decades in relatively
persistent beaver ponds (10-100 years old). We coupled field surveys of 45 beaver ponds with historical aerial
imagery and radiometric dating with 7Be, 210Pb, and 'C to calculate sedimentation rates, mean sediment depth,
and sediment OC content at two study sites in the southern Rocky Mountains, USA. Sedimentation rates in beaver
ponds (median = 5.7 cm yr~}, mean = 11.6 cm yr~ ') decreased with pond age. Incised, single threaded reaches
had greater variability in mean sediment depth compared to less incised reaches. In less incised reaches, mean
sediment depth and beaver dam height increased with pond age, indicating more stable dams and depositional
environments. Sediment OC content within beaver ponds (median = 0.8 %, mean = 1.7 %) increased with finer
sediment grain size distributions. Sediment OC accretion rates in ponds ranged between 0.13 and 23 Mg C ha ~!
per year. We used Monte Carlo simulations to estimate it would take ~100 years or more of uninhibited beaver
activity for deposition to laterally reconnect adjacent terraces in the incised study reaches, a common objective
within many stream restoration projects. Our findings show that beaver ponds in complex, multi-threaded
reaches better retain fine sediment over longer timescales, highlighting the need to incorporate geomorphic
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context when considering whether beaver can help restore incised river channels and floodplain connectivity,
retain fine sediment, and store OC on the landscape.

1. Introduction

Between the 16th and 19th centuries, humans intensely altered river
corridors in North America through the drastic reduction of the North
American beaver (Castor canadensis) population (Butler and Malanson,
1995). Known as nature’s “ecosystem engineers,” beaver can initiate
channel widening and sediment aggradation, enhance channel-
floodplain connectivity, promote higher water tables, increase
geomorphic heterogeneity, and create or improve wetland habitat and
organic carbon (OC) storage (Brazier et al., 2021; Cluer and Thorne,
2014; Larsen et al., 2021; Pollock et al., 2014). Most studies on the
impact of beaver on sedimentation in river corridors (including the
channel, floodplain, and hyporheic zone (Harvey and Gooseff, 2015))
have measured young ponds (~5 years old or less), which are charac-
terized by very high vertical sedimentation rates (Rsq) of 10-100 cm
yr*1 (Butler and Malanson, 1995; Giriat et al., 2016; John and Klein,
2004; Pollock et al., 2014; Puttock et al., 2018). In contrast, studies of
longer-term Rgq over Holocene timescales (10%-10* years) estimate
much lower mean Rgq of 0.01-0.1 cm yr’1 for beaver-meadow com-
plexes, which include the channels, floodplains, and valley-bottoms that
occur in broad, low-gradient valleys affected by beaver activity (Ives,
1942; Kramer et al., 2012; Persico and Meyer, 2009; Polvi and Wohl,
2012; Westbrook et al., 2011). However, R4, the factors that influence
those rates, and OC accretion due to sedimentation in beaver ponds have
not been sufficiently examined over intermediate timescales (~10-100
years old, hereafter referred to as “multidecade”) that are particularly
relevant to watershed management and planning. Only a few studies of
stored sediment depths in beaver ponds have included multidecade
ponds, and these studies either do not report Rg.q (sediment depths are
typically reported without rates) or have limited sample sizes (Butler,
2012; Butler and Malanson, 1995; Devito and Dillon, 1993; Meente-
meyer and Butler, 1999; Pollock et al., 2007).

Multiple factors have been shown to influence Rgq and mean sedi-
ment depth (Dseq) within beaver-mediated river corridors. Watershed-
scale controls may include drainage area, relief, and lithology (Larsen
et al., 2021). At the reach scale, ponds located in reaches with higher
stream power during floods experience more frequent dam breaching
and less sediment retention over time (Levine and Meyer, 2014). Beaver
ponds within steeper reaches tend to have less storage capacity than less
steep reaches, given the same dam height (Pollock et al., 2003). Some
studies have looked at sediment storage and transport within cascades or
series of beaver ponds and found few downstream trends, likely because
repeated dam breaches rework or homogenize sediment deposits within
the cascade (Bigler et al., 2001; Levine and Meyer, 2014; Puttock et al.,
2018; de Visscher et al., 2014). However, there have been fewer com-
parisons of beaver pond sedimentation rates between river corridor
reaches with differing geomorphic form (e.g., incised reaches compared
to beaver meadows), limiting our understanding of reach-specific
geomorphic conditions that promote sediment persistence and reten-
tion over time.

At the local- (i.e., pond) scale, R4 typically decreases with pond age
(Butler and Malanson, 1995; Pollock et al., 2007). This observed rela-
tionship may result from pond widening over time, distributing sedi-
ment deposition over a larger area (Butler and Malanson, 1995), or pond
abandonment; inhabited beaver ponds aggregate sediment and OC more
rapidly than abandoned ponds because beaver actively input sediment,
store organic material, and maintain dams (Hood and Larson, 2015;
McCreesh et al., 2019; Puttock et al., 2018). In addition to pond age,
pond geometry may influence sedimentation. For example, ponds with
larger volumes and surface areas generally have higher D4 (de Visscher
et al., 2014; Giriat et al., 2016). Despite previous studies assessing

factors that influence sedimentation, field-derived relationships be-
tween sedimentation rates and controlling variables often lack sufficient
sample size or data from more persistent, multidecade ponds.

In addition to influencing sediment storage in river corridors, the
presence of beaver can increase sediment OC content (% OC by mass)
and stock (Mg OC ha™!) when compared to reaches unimpacted by
beaver (Cazzolla Gatti et al., 2018; Johnston, 2014; Murray et al., 2021;
Naiman et al., 1986; Wohl, 2013). Even in cases where sediment OC
content does not differ between beaver impacted and non-beaver
impacted reaches, the greater depth of sediment within beaver-
impacted reaches resulted in greater overall OC stock (Sutfin et al.,
2021). Other studies have reported a positive association between pond
age and sediment OC content (Butler and Malanson, 1995; Murray et al.,
2021) due to continuous biotic inputs from beaver activity and
improved preservation and storage of organic matter inundated by the
beaver pond (Butler and Malanson, 1995; Laurel and Wohl, 2019).
However, we lack understanding of sediment-associated OC accretion
rates across ponds of differing ages, which limits our ability to account
for altering carbon fluxes related to beaver removal or reintroduction
(Cazzolla Gatti et al., 2018; Nummi et al., 2018; Wohl, 2013).

Here, we assess linkages between beaver pond age and characteris-
tics, sedimentation, and OC content and accretion rates in two montane
river corridors in the southern Rocky Mountains, USA. Our first research
objective (01) was to identify factors influencing Rgeq, Dseq, and OC
content in beaver ponds using field and geospatial data, radiometric
dating, and statistical analyses. Our second research objective (02) was
to use equations for Rgg (developed through OI above) along with
empirical distributions of pond age and the fraction of time beaver
ponds are inundated to estimate the timescales at which beaver-related
sedimentation could reconnect incised channels with abandoned
floodplains (terraces). Our findings inform our understanding of how
beaver influence sediment and OC storage in river corridors, with im-
plications for river restoration practitioners and management agencies
interested in implementing beaver-based restoration strategies.

2. Methods
2.1. Study sites

We conducted field work during spring and summer 2022 at Trout
Creek (TC) west of Colorado Springs, Colorado, USA (Fig. 1a), and Coal
Creek (CC) near Crested Butte, Colorado, USA (Fig. 1b). Both sites host
active beaver populations and have long histories of beaver activity.

Trout Creek is within the upper South Platte River Basin and flows
through portions of the Manitou Experimental Forest, draining a north-
south trending valley formed by the Ute Pass Fault. The beaver ponds are
underlain by Quaternary alluvium over bedrock composed of the
Fountain Formation (arkosic sandstone), but most of the bedrock in the
watershed is the granitic Pikes Peak Batholith (Tweto, 1979). The study
area has an average annual precipitation of 430 mm, with approxi-
mately 50 % falling as rain (Frank et al., 2021; Ortega et al., 2014)
mostly in the summer, often in the form of intense thunderstorms
(Adams et al., 2008; Bush et al., 2023). Winter snowfall is typically low
(Adams et al., 2008; Ortega et al., 2014), but peak flows occur in late
spring and early summer from snowmelt (USGS Gage Data, 2022). Trout
Creek discharge from a USGS gage located just downstream of the Trout
Creek study area is available from October 2003 to October 2021 (USGS
Gage Data, 2022), but was not used in this study because it is separated
from the surveyed Trout Creek study area by an impoundment. We
conducted surveys of three reaches along Trout Creek. TCO1 is located
upstream of Manitou Park Lake, a 2-ha earthen embankment reservoir
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Fig. 1. Overview maps of (a) Trout Creek (TC) study area, (b) Coal Creek (CC) study area (points indicate surveyed beaver pond), (c) study areas shown within the
state of Colorado (pink) and the contiguous USA, (d) aerial view of reach TCO1, (e) image of high eroding bank within TCO02, (f) aerial view of reach TCO02. In (a), (b),
(d), and (), flow direction is from left (upstream) to right (downstream).
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constructed in 1937 (USACE NID, 2022). TCO1 has a wide riparian area
with beaver pond cascades connected by a multi-threaded channel
planform typical of a beaver meadow (Ives, 1942; Westbrook et al.,
2011). Reaches TC02 and TCO3 are downstream of the reservoir, and
have a more incised, single-threaded channel planform (Fig. 1f) with
high eroding banks (Fig. 1e). TCO3 has some segments where the ri-
parian area widens and a multi-threaded planform develops, but overall
TCO02 and TCO3 exhibit lower lateral connectivity and narrower riparian
areas compared to TCO1.

Coal Creek, located in the Sawatch Range, is underlain primarily by
Oligocene granodiorites of remnant laccoliths in the lower watershed
and sedimentary rocks of the Eocene Wasatch Formation (feldspathic
and arkosic sandstone, siltstone, and mudstone) and the Cretaceous
Mesaverde Formation (various shales) in the upper watershed (Gaskill
et al., 1987). The area has an average annual precipitation of 632 mm
(USGS SNOTEL, 2023), and high flows occur in late spring and early
summer due to snowmelt (USGS Gage Data, 2022). We conducted sur-
veys of two reaches on Coal Creek. Reach CCO1 is a wide, relatively low-
gradient beaver meadow with numerous small anabranching channels.
Reach CCO02 has a narrower valley bottom compared to CC01; CC02
contains a well-defined main channel, although the adjacent floodplain
hosts numerous side channels, beaver canals, and off-channel beaver
ponds.

Both sites have a history of anthropogenic disturbance. Cattle graz-
ing has occurred within the Trout Creek valley bottom since the late
1800’s (Parker, 1937), and active cattle grazing was observed in the
valley in TCO2 during the 2022 field season. However, cattle are
excluded from the riparian area by barbed wire fence in almost all other
locations. During the 1990’s or early 2000’s, beaver were trapped along
Trout Creek within the study area, reducing beaver populations, which
is evident in historical aerial imagery (Alton, 2022; USGS EarthExplorer,
2021). Manitou Park Lake Dam has modified flows and sediment con-
nectivity in TC02 and TCO3 downstream of the dam, although the creek
still experiences higher flows during spring snowmelt and during sum-
mer storms (USGS Gage Data, 2022). There are no significant dams,
levees, or other anthropogenic features within or upstream of the Coal
Creek study site, except for several small culverts and roads. However,
there is a history of mining within the catchment that may affect sedi-
ment input and stream geochemistry (Ryan et al., 2009), and there was
likely logging previously within the watershed.

2.2. Aerial photo analysis, estimations of beaver pond age, and pond
selection

To estimate beaver pond age, which we used to calculate sedimen-
tation and carbon accretion rates, we collected and analyzed aerial
photos at both sites to develop a time series of beaver pond presence
spanning from the early 1950’s to 2021. Photo and image IDs are
included in the supplementary material. We conducted field surveys in
Summer 2022 to map beaver ponds along both creeks, estimating the
age of the ponds from the historical aerial imagery. We defined a dam
construction date as the midpoint between the timestamp of the earliest
air photo in which the pond was identifiable and the timestamp of the
preceding air photo. Pond ages were calculated as the difference be-
tween the 2022 survey date and the assumed dam construction date. We
also calculated minimum and maximum possible pond ages using the
bounding aerial photos to consider uncertainty in pond age. The largest
difference between the best estimate for pond age and the minimum/
maximum possible pond age was 1.71 years, except for one very old
pond (> 66 years old), for which age constraints could not be established
as it is visible in the earliest available aerial imagery in 1955.

2.3. Field data collection

We randomly selected ponds in which to conduct fieldwork from
three age categories (old (> 9 years), medium (4-9 years old), and new
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(< 4 years old) selecting ponds from each age category within each
reach, except when specific reaches lacked ponds of a certain age cate-
gory. Additionally, we chose two cascades of ponds (one in TC02 and
one in TCO3) for sediment surveys. These cascades consisted of nine to
ten adjacent ponds, allowing us to examine the influence of beaver pond
cascades on sedimentation patterns. We surveyed a total of 45 selected
ponds (n=3in TCO01,n=14in TCO02, n =19 in TCO3, n = 6 in CCO1, and
n = 31in CC02). We also selected a few additional ponds from the old age
category to sample for radiometric dating and analysis.

For sediment surveys, we adapted the V* sediment survey method
(Butler and Malanson, 1995; Hilton and Lisle, 1993; Puttock et al., 2018;
Scamardo and Wohl, 2020), sampling pond sediment depth using a
sediment probe along a grid of points (Fig. A1). We also measured mean
dam height using a meter tape, stadia rod, and level. Dam condition was
classified visually as maintained, unmaintained, or unknown. Pond lo-
cations were classified as on-channel (referring to dams constructed on
the main channel), off-channel, or deltaic (referring to ponds con-
structed where a channel flows into a reservoir). Additionally, we noted
adjacent eroding high banks and measured their heights and lengths
using a TruPulse laser rangefinder. Eroding high banks were observed
exclusively in TCO2 and TCO3, and characterized by vertical, high
(0.5-2 m), unvegetated banks along the outer bend of stream meanders
where the stream was eroding into a higher terrace surface (Fig. 1e).

We determined OC content and grain size distribution of ponds by
collecting short (< 40 cm) subaqueous cores or grab samples from each
of the 45 ponds above the coarse alluvium layer. Short cores were
collected to depth of resistance by inserting a universal sediment corer
with a polycarbonate barrel (Aquatic Research Instruments, 2022). We
also extracted long (30-130 cm) subaqueous cores for dating depth in-
tervals from older beaver ponds via fallout radionuclides (FRNs). Sus-
pended sediment samples were collected via Phillips samplers (Phillips
et al., 2000) deployed for 25-30 days just upstream of sampled ponds
along Trout Creek to establish initial activity concentrations of FRNs. All
sediment samples were refrigerated at 4 °C immediately after collection.
More detail on the process of extracting and extruding long cores, as well
as suspended sediment sampling, is included in the supplementary
material. To characterize the geomorphic characteristics of the reaches,
we conducted surveys using an Emlid Reach RS2 RTK GPS (Emlid, 2022)
for the Trout Creek study area, and relied on 1 m LiDAR derived digital
elevation models (DEMs) for the Coal Creek study area due to limited
field time (Breckheimer, 2019). Geomorphic data included slope,
channel dimensions, trench width (the distance between terraces, or
distance between steep hillslopes if terraces were not present), and
trench depth (the depth from the surface of the terrace to the channel
thalweg, or depth between highest floodplain surface to channel thal-
weg if terraces were not present). Full descriptions of geomorphic survey
methods are included in the supplementary material.

2.4. Laboratory analyses

Sediment samples included long core sections taken for radiometric
analysis and short cores and grab samples from ponds surveyed for grain
size and OC analysis. We dried all samples at 105 °C for 24 h and sieved
to <2 mm. For short cores and grab samples, we subsampled the <2 mm
fraction (1-10 g) for analysis of OC content (% mass) via elemental
analyzer at the CU Boulder Earth Systems Stable Isotope Laboratory
(CUBES-SIL). OC stock and accretion rates were calculated from OC
content, sediment bulk density, and pond age using equations reported
in the supplementary material (Eqs. A1 and A2). We sent the remaining
sediment from each short core/grab sample (50-150 g) to Ward Labo-
ratories, where they were analyzed via hydrometer for % mass by grain
size class (% clay, % silt, % sand). We sectioned long cores using depth
increments between 1 and 4 cm depending on the volume of sediment
needed (110 e¢m®) for high-precision gamma spectrometry. Samples
were sent to Fallout Radionuclide Analytics (FRNA) at Dartmouth Col-
lege where they were analyzed via gamma spectrometry for “Be (half-
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life = 53 days), 210py, (half-life = 22.3 years), and 137¢s (half-life = 30
years). Subsamples analyzed for FRNs were also analyzed for grain size
and OC content using the methods described above.

From deeper sediment within two long cores, we dated single pieces
of woody organic material (twigs or small branches) using radiocarbon
(**C). We took both 1*C samples from sediment layers with a significant
proportion of fine sediment, indicating lower velocity depositional
conditions. The sediment layers in which the organic material were
sampled from were also below coarser gravel layers that we interpreted
as bed material load deposits. *C samples were dated using accelerator
mass spectrometry (AMS) at Lawrence Livermore National Laboratory.
Radiocarbon dates were reported in *C years for both samples. We
calibrated the sample with a *C age of 110 years using the current
internationally-ratified 14C calibration curve (IntCal04) and the CALIB
software program (Hua, 2009; Stuiver and Reimer, 1993). We calibrated
the sample with a > modern result (indicating post-1950 material) using
the CALIBomb software program and the 1955-2000 Northern Hemi-
sphere Zone 1 calibration curve (Hua and Barbetti, 2004; Stuiver and
Reimer, 1993).

2.5. Data analyses

To calculate R4, we employed two methods: 1) calculations based
on the data collected from pond surveys and ages from aerial photos and
2) age models derived from FRN data. For (1), we determined Rg,q for
each pond by dividing the pond’s Ds.q4 by the pond’s age. For (2), we used
’Be and 21OPbXS (excess 21°Pb) to establish a Linked Radionuclide
Accumulation age model (LRC) for each core, since this approach ac-
commodates non-steady state radionuclide input for sedimentation
histories <150 years old (Landis et al., 2016). LRC age-depth models
were created for two multidecade (10-100 years old) ponds at Trout
Creek and three multidecade ponds at Coal Creek. We considered sedi-
ment at depths where 2!°Pb,; approached zero to be old sediment (>
100 years old), corresponding to 5 half-lives of 2!°Pb. In addition to LRG
age-depth models, we used *C to calculate Rgq by dividing the cali-
brated ages by the sample depth. For both methods R should be
considered an integrated sedimentation rate, since it does not account
for potential erosion/evacuation and re-deposition within ponds.

We conducted statistical analyses to assess correlations between Rgeq
(from pond surveys, not FRN data), Ds.q, and OC content and potential
controlling variables using Spearman correlation coefficients (p; for
numerical variables) and Wilcoxon/Mann-Whitney tests and Kruskal-
Wallis tests coupled with Dunn’s tests (for categorical variables). We
corrected for multiple comparisons using a Bonferroni correction. These
tests included comparisons between study areas as well as between
reaches within each study area. For all statistical analyses, we compared
p-values to a significance level of a = 0.05. P-values between 0.05 and
0.1 are also reported to assess weaker trends in the data.

2.6. Modeling channel infill using Monte Carlo simulations

To model the time needed for beaver pond sedimentation to infill
incised channels, we conducted a Monte Carlo simulation using our
sample distributions of pond longevities (the lifespan of ponds) and the
fraction of time in which ponds present in 2021 were inundated between
2009 and 2021 (and thus accumulating sediment) using the Trout Creek
aerial imagery dataset. We modeled the random construction of beaver
dams (and vertical sediment accumulation over the life of the dam,
based on Eq. (2)) within the most incised reach (TC02) and quantified
the time needed (Ting) to infill the channel to restore lateral connec-
tivity with the terrace in TCO2. In other words, we modeled the time
required to reduce incision in TCO2 so that it resembled TCO1, which is
not incised (conceptualized in Fig. 7a below). The number of iterations
within the Monte Carlo simulation was increased by magnitudes of 10
until the mean T varied <1 % over the course of repeated simula-
tions, in this case 100,000 iterations (Oberle, 2015). Detailed methods
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related to simulated incised channel infill are given in the supplemen-
tary material.

3. Results
3.1. Beaver pond age and presence over time

The median pond age was 5.9 years at Trout Creek and 9.3 years at
Coal Creek (Fig. 2a). Along Trout Creek, the number of beaver ponds
visible from imagery was relatively low until increasing in the early
2000’s, followed by a decrease between 2003 and 2009, then a steady
increase from 2009 until the 2022 field season (Fig. 2b). TCO2 had the
largest variation in beaver pond number over time, while the number of
beaver ponds in TCO1 remained relatively stable from the 1950°s until
2022 (Fig. 2b).

At CCO1, we identified 15 beaver ponds in aerial imagery in 2012
and an additional 16 constructed between 2012 and 2022; none
appeared to have breached within that time window, suggesting rela-
tively stable dams (Google Earth, 2022; USGS EarthExplorer, 2021).
Within CC02, we observed several dam breaches for on-channel ponds
through imagery analyses and noted that most on-channel ponds visible
in 2021 aerial imagery were no longer present during the 2022 field
season (USGS EarthExplorer, 2021). Off-channel ponds in both CC01
and CC02 were some of the oldest ponds identified in this study.

3.2. Reach geomorphology

Overall, TCO2 and TCO3 have more incised channels, with a lower
mean trench width:depth ratio than TCO1 (Table 1). Channel geometry
and trench depth (and thus trench width:depth ratio) could not be
quantified for the CC study area due to the lack of field surveys, and
TCO1 did not contain a well-defined main channel but had a relatively
wide trench width. In addition to being the most incised, we observed
high eroding banks adjacent to sampled ponds in TC02 and TCO03, being
most prevalent in TC02. All ponds in TCO2 and TC03 were located on the
single main channel. CC02 had a narrower mean trench width than
CCO01, but contained secondary channels and off-channel ponds.

3.3. Sedimentation rates (Rseq)

Rgeq calculated from the pond survey/air photo method had a median
of 6.2 cm yr ! (mean = 12.7 cm yr 1) and a median of 3.8 cm yr!
(mean = 7.0 cm yr™1) on Trout Creek and Coal Creek, respectively
(Fig. 3a), but Rsq was not significantly different between study areas
(Trout Creek versus Coal Creek; p = 0.12). When comparing reaches on
Trout Creek, TCO2 had a marginally higher R4 than TCO1 (p = 0.08),
but no other significant differences in Ry;q between reaches were
observed (p > 0.14). Rsq Was strongly negatively correlated with pond
age at both Trout Creek (p = —0.84, p < 0.01; Fig. 3b) and Coal Creek (p
=—-0.9, p < 0.01; Fig. 3b). Similar to other studies, including Butler and
Malanson (1995) and Pollock et al. (2007), Rseq can be related to pond
age with a power equation, given below for Coal Creek (Eq. (1)) and
Trout Creek (Eq. (2)) and shown in Fig. 3b and c:

Rsed(Coal Creek) — 13.0 x Agepondioﬁo (1)

Rsed(Trout Creek) — 28.1 x Age 092 (2)

pond
with Ageyonq as the estimated age of the pond from aerial imagery.
However, it should be noted that pond age is included within both
variables in the relationship, and thus some of this relationship may be
spurious. Best fit power equations for minimum Rg.q and maximum Ry,q,
calculated with the maximum and minimum pond age estimates from
aerial photos, are also shown in Fig. 3b and c. Other relationships
included a weak negative correlation between contributing watershed
area (excluding the drainage area upstream of the dam) and R4 at Trout
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Fig. 2. (a) Distribution of estimated pond ages (includes 45 surveyed ponds) by reach, showing CCO1 (n = 6), CC02 (n = 3), TCO1 (n = 3), TCO2 (n = 16), and TCO3
(n = 17). CCO1 includes a significant outlier (age = 66 years) not shown on plot, (b) number of all visible beaver ponds from 1953 to 2022 by reach.

Table 1

Geomorphic metrics calculated by reach.
Reach TCO1 TCO2 TCO3 CCo1 CCo2
Mean channel width (m) N/A 21.69 9.28 N/A N/A
Mean channel depth (m) N/A 1.8 0.64 N/A N/A
Mean channel W/D ratio N/A 12.03 14.49 N/A N/A
Mean trench width (m) 166.34 27.41 59.74 113.33 37.72
Mean trench depth (m) 0.82 2.15 1.01 N/A N/A
Mean trench W/D ratio 207.55 1291 7453 N/A N/A
Sinuosity N/A 1.51 1.7 1.35 1.25
Mean slope (%) N/A 0.68 0.57 1.91 1.67
Number of surveyed ponds with 0 10 3 0 0

adjacent eroding banks

Contributing watershed area 178.7 20 69.7 6.5 29.8

(km?)

Creek (p = —0.38, p = 0.02; Fig. 3d), as well as a strong negative cor-
relation between Rsq and mean dam height at Coal Creek only (p =
—0.84, p < 0.01; Fig. 3e). We did not find significant downstream trends
in Rgeq within either of the two beaver pond cascades (Fig. A2a and A3a
in the supplementary material). Spearman correlation coefficients and
tests of significance between all numerical variables are reported in the
supplementary material.

LRC age estimates demonstrated variations in Rsq with sediment
depth and pond age. Depth profiles of grain size, OC content, FRN ac-
tivity concentration, and LRC age calculations are shown for cores taken
from Ponds #43 (~ 14 years old with aerial photo estimate; TC02;
Fig. 4a, b, ¢, d, and e) and #226 (~37 years old with aerial photo esti-
mate; TCO3; Fig. 4f, g, h, i, j). LRC model age estimates for Pond #43
resulted in a Rgeq of ~9 cm yr’1 for the top 11 cm of sediment when
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applying the LRC model (Fig. 4e). Using the LRC model, Pond #226 had
a Rseqg of ~6 cm yr_1 for the top 11 cm of sediment (Fig. 4j). 21()Pbxs and
137Cs decay significantly by ~16 cm of depth at Pond #43 (Fig. 4c and d)
and by ~20 cm of depth at Pond #226 (Fig. 4h and i). This indicates that
deposited sediment below these depths likely predated the pond. Dated
(14C) organic material at 35 cm depth in Pond #43 resulted in calibrated
20 age ranges of 1958 to 1993 CE, with the most probable age window
between 1991 and 1993 CE (29-31 years old; probability = 0.869).
Organic material at 67 cm depth in Pond #226 resulted in calibrated 2¢
age ranges of 1684 to 1928 CE, with the most probable age window
between 1803 and 1928 CE (94-219 years old; probability = 0.732).
Dividing the minimum and maximum ages of the most probable cali-
brated age range by sample depths results in an integrated Rsq4 of
1.13-1.21 cm yr ! and 0.31-0.71 cm yr~ ! for Ponds #43 and #226,
respectively. These calculations demonstrate that integrated Rgeq
calculated from FRNs align with predicted R;q based on sediment
probing (Eq. (2)). Integrated Rgq for the top 10-15 cm of these two
ponds calculated from LRC age models and the R4 for short term (< 5
year) ponds calculated via sediment probing (Fig. 3b and c) are on the
order of magnitude of ~10 cm yr~\. Integrated Ryeq from 1C ages are on
the order of 0.1-1 cm yr’l, also matching the expected R4 at that depth
as calculated via sediment probing (Fig. 3b and c). In both ponds, '*C
ages predate pond construction date as established via aerial photos.
Finally, we applied the LRC age model to depths below where “Be was
detectable (Fig. 4e), but the relatively young age estimates below this
12 cm depth are not reliable, as they do not align with older depositional
age estimates from FRNs with longer half-lives (®1%p, 1¥7¢s, and M0,
nor the air photo record. Rather, these underestimated LRC ages at >12
cm depth likely result from post-depositional downward migration of
7Be radionuclides. Additional long core depth profiles and details on 1*C
dating are available in the supplementary material.

3.4. Mean fine sediment depth (Dseq)

D4 from pond surveys had a median of 31.9 cm (mean = 33.6 cm)
and a median of 20.8 cm (mean = 34.0 cm) on Trout Creek and Coal
Creek, respectively (Fig. 5a). There were no significant differences in
Dgq when comparing D;.q between study areas (Trout Creek versus Coal
Creek; p = 0.11). Comparisons among reaches on Trout Creek indicated
that Dgeq in TCO1 is significantly lower than that of TCO3 (p < 0.01), and
TCO2 (p = 0.02). Dsoq was positively correlated with pond surface area at
Trout Creek (p = 0.35, p = 0.04; Fig. 5b). For Coal Creek, Dsq was
strongly positively correlated with pond age (p = 0.75, p = 0.03; Fig. 5¢),
but this relationship was not present for Trout Creek. D;,q was also
moderately positively correlated with mean dam height at Coal Creek (p
= 0.69, p = 0.04; Fig. 5d). When examining additional relationships
between variables, we found correlation between the volumetric frac-
tion of beaver pond filled with fine sediment (V*) and the pond age on
Trout Creek (p = 0.36, p = 0.03; Fig. 5f) and on Coal Creek (p = 0.73, p
= 0.02; Fig. 5e), indicating ponds filling to their max storage capacity
over time. We also found a strong positive correlation between mean
dam height and pond age at Coal Creek (p = 0.96, p < 0.01). No sig-
nificant downstream trends in Dg,q were observed within either of the
two beaver pond cascades (see Fig. A2b and A3b).

3.5. OC content, stock, and accretion rate

Sediment OC content in ponds had a median of 0.8 % (mean = 1.3 %)
and a median of 1.7 % (mean = 3.0 %) for Trout Creek and Coal Creek,
respectively, with the highest OC content in CCO1 (Fig. 6a). Within Coal
Creek, OC content was higher (marginal significance) in CCO1 compared
to CCO2 (p = 0.09). No other significant differences were found when
comparing between the two study areas or among reaches on Trout
Creek (p > 0.2 for all comparisons). Fraction fine sediment (clay + silt)
by mass was positively correlated with OC content within beaver ponds
at both Coal Creek (p = 0.83, p < 0.01; Fig. 6b) and Trout Creek (p =
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0.79, p < 0.01; Fig. 6¢). Within the TCO3 cascade, there was a strong
negative correlation between distance downstream and OC content (p =
—0.80, p = 0.01; Fig. A3d); there was no correlation between distance
downstream and OC content for the TCO2 cascade (p = —0.40, p = 0.29;
Fig. A2d). At Coal Creek, contributing watershed area was negatively
correlated with OC content (p = —0.68, p = 0.04; Fig. 6d), and D,q was
positively correlated with OC content (p = 0.70, p = 0.04; Fig. 6e).

Mean OC stock was 17.4 Mg ha~! (1740 g m~2) within Trout Creek
beaver ponds and 28.8 Mg ha™l (2880 g m’z) within Coal Creek beaver
ponds (Fig. A7). Note that these stock calculations are for variable
depths since the mean depth of fine sediment of each beaver pond was
used to compute stocks. OC accretion rates had a median of 3.8 Mg ha™!
yr~! (380 g m~2 yr 1) within the Trout Creek study area and a median of
5.6 Mg ha™! yr™! (560 g m~2 yr~!) within the Coal Creek study area
(Fig. 6f). When comparing reaches on Trout Creek, both OC stock and
OC accretion rate were significantly lower in TCO1 than in TCO03 (p =
0.02, p = 0.03, respectively; Fig. 6f). CCO1 had the highest calculated OC
stock and OC accretion rate of any of the reaches, but comparisons be-
tween CCO1 and CCO2 were not included due to small sample size for
CCO02 (n =1 for OC analyses).

Activity concentrations of FRNs, OC content, and grain size appear to
be associated, as activity concentrations and OC content closely track
grain size variations (Fig. 4). Even in older, deeper sediment, OC content
can remain relatively high if the sediment has a high fraction of fines, as
was most evident in Pond #46 (see Fig. A4a and A4b). However, this was
not always the case; for example, Pond #226 contained high fraction
fines at depth (e.g., at 46 cm) but had low OC content (Fig. 4g and h).
Coarse sediment samples were very low in OC and FRN activity in all
cases.

3.6. Time required to re-connect incised channel to terrace

We used mean geomorphic characteristics of TC02 and TCO1
(Table 1; Fig. 7a) to determine Djngp, the depth required to reconnect the
TCO2 channel to the terrace within the river corridor and approximate
TCO1 morphology. Diysy is equal to the mean trench depth of TC02 (2.15
m) minus the mean trench depth of TC01 (0.82 m), resulting in a Dy of
1.33 m. Aerial photo analysis of TC02 indicated that between 2009 and
2021, the median fraction of time inundated for the ponds present in
2021 (n = 77) was approximately 28.6 % of the time window analyzed.
We also found that the median longevity of ponds in TCO2 calculated
using the entire record of aerial imagery for TCO2 was 4.00 years. The
median longevity of the full inventory of ponds for TC02 (4.00 years)
was likely longer than the median pond age of surveyed ponds for TC02
(3.76 years) because the surveyed pond selection was a smaller sample
size and is made up entirely of ponds that have not been abandoned and
thus not reached their maximum age. From the 100,000 iterations, the
median time needed (Tj,q) to infill the most incised (TC02) channel to
reconnect the terrace and achieve TCO1 trench geometry was 96.2 years,
with a minimum of 19.8 years, first quartile of 72.3 years, 3rd quartile of
132.0 years, and maximum of 697.7 years (Fig. 7b). Mean Tis was
110.9 years, with a standard deviation of 58.5 years. Dividing Disy by
the moclleled median Ti,qy results in a long-term (~100 years) Rgeq of 1.4
cmyr .

4. Discussion
4.1. Controls on sedimentation in beaver ponds

We found that the integrated R,.q declines with pond age according
to a power equation (Egs. (1) and (2); Fig. 3b and c), similar to power
relationships developed for beaver pond age and R4 the northern Rocky
Mountains (Butler and Malanson, 1995) and in the high desert in eastern
Oregon, USA (Pollock et al., 2007). Our pond survey and LRC age model
results indicate that following dam construction, beaver ponds rapidly
aggregated sediment on the scale of 10 cm yr! for ~1-3 years. If an
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reconnected (between channel and floodplain) stream (approximated using TCO1 trench geometry). (b) Frequency distribution of Tj,sy for Monte Carlo simulations,

with median Tiygn (96.2 years) shown by the vertical red dashed line.

individual beaver pond remains inundated past these initial few years,
the integrated R,.q over the time the pond exists decreased, as is evident
from surveys of older ponds and l4c ages. The decline in Ry is likely due
to multiple factors, including ponds reaching sediment storage capacity.
With an increase in V* (the fraction of the ponds volume filled with
sediment) (Fig. 5e and f), ponds may be abandoned by beaver after a few
years (Levine and Meyer, 2014), although beaver can also inhabit ponds
for longer periods of time (James and Lanman, 2012; Johnston, 2015).
Abandonment may result in unmaintained dams that are less effective at
sediment retention and reduced beaver activity promoting sedimenta-
tion (e.g., burrowing, construction, etc.). Previous studies that have
found that a significant portion (up to 30 %) of sediment and organic
inputs in active beaver ponds are a product of beaver activity such as
burrow construction, canal excavation, and woody material storage
(Hood and Larson, 2015; McCreesh et al., 2019; Puttock et al., 2018),
thus older, abandoned beaver ponds may have lower overall sedimen-
tation rates.
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In addition to reaching sediment storage capacity and potential
beaver abandonment, our study indicates that differences in geomorphic
context (i.e., incision and valley geometry) also likely influenced the
relationship between R4 and pond age. Our study reaches included
both single thread, relatively incised channels as well as multi-thread
beaver meadows, and the relationship between R,.q and Ds.4 and pond
age differed somewhat between these two types of reaches. Ryq and
radionuclide ages from the incised reaches (TC02 and TC03) down-
stream of the dam on Trout Creek indicate that ponds likely scour and fill
episodically, resulting in a lower integrated Ry4 as ponds age. These
reaches have a relatively narrow, deep trench and a well-defined main
channel, potentially increasing stream power and resulting in dam
breaching during higher-flow events. Dam breaches and dam rebuilding
also likely promote episodic erosion and deposition (Butler and
Malanson, 2005; Levine and Meyer, 2014; Pearce et al., 2021; Pollock
et al., 2014), and thus over time integrated Rgq is lower for older ponds.

The inferred age discontinuity in FRN age data supports that episodic
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sedimentation and erosion (i.e., fill and scour) are occurring within
beaver ponds in TCO2 and TCO3. Additionally, *C dated organic sam-
ples were both from layers with a high fraction of fine sediment, below a
coarser layer that we interpreted as bed material load deposits. Thus, the
fine layers in which *C samples were taken could indicate a previous
period of ponding, either via beaver or another mechanism. These re-
sults point to the presence of an older “storage” layer below a 10-20 cm
thick “active” layer of recently accumulated fine sediment from the
construction of beaver dams and episodic scour and fill. Assuming there
are similar active and storage layers within ponds of all ages, there
would be a relatively random Dy,4 regardless of pond age (as observed on
Trout Creek), and an upper limit on Dsq accumulation within beaver
ponds on the scale of 10-100 cm, which was the range of Ds.q within our
dataset. Thus, with increasing pond age, integrated Ry.g would decrease
substantially.

Although episodic scour and fill is likely occurring to some degree
across all the study reaches, data from the reaches on Coal Creek and
from TCO1 indicate that ponds in multi-thread reaches with wider active
floodplains (i.e., greater trench width) likely experience more contin-
uous sedimentation, even within ponds >10 years old. CC01 and TCO1
are multi-thread beaver meadows, and CC02 hosted numerous side-
channels and off-channel beaver ponds. These geomorphic settings,
which are likely lower energy environments compared to incised single
thread reaches (like TC02), likely result in less scour of pond sediment.
Evidence for this includes the observed increase in Dsq with increasing
pond age at Coal Creek, as one might expect to occur without significant
and frequent scour and fill (Fig. 5c¢). In addition, R,.q at Coal Creek de-
cays less rapidly with increasing pond age than at Trout Creek, as seen
by the less negative exponent within Eq. (1) when compared to the
exponent in Eq. (2). On Coal Creek, we also observed beaver dam height
increased with pond age, indicating that beaver may be adding material
to dams; as a result, we found higher Ds.q in ponds with greater dam
height (Fig. 5d). The increase in dam height and Ds.q with pond age at
Coal Creek aligns with previous research indicating that if dams remain
stable and intact, beaver may add to their total height, leading to greater
total sediment storage (Meentemeyer and Butler, 1999; de Visscher
et al., 2014). Our results indicate that for sediment stored in beaver
dams to persist, there may need to be accommodation space within the
valley bottom for the creation of low energy, multi-thread beaver
meadows, or for beaver to create ponds on side channels (Levine and
Meyer, 2014; Polvi and Wohl, 2012). More work is needed to determine
under which conditions beaver ponds are more likely to experience
continuous sedimentation as opposed to scour and fill dynamics.

Additional results contribute to further understanding of how beaver
influence sedimentation in river corridors. For example, we did not find
any downstream trends Req Or Ds.q within beaver pond cascades in TCO2
and TCO3 (Fig. A2 and A3), similar to results from other beaver pond
sequences such as those in the forested Ardennes region in Belgium (de
Visscher et al., 2014). The lack of trends in cascades may be a result of
downstream ponds receiving pulses of sediment from upstream dam
failures (Bigler et al., 2001; Levine and Meyer, 2014; Puttock et al.,
2018; de Visscher et al., 2014). Also similar to other studies, we also
observed that Trout Creek ponds with larger surface area had higher D4
(Fig. 5b), which may result from lower incoming flow velocities in larger
ponds enhancing sediment deposition (John and Klein, 2004; de
Visscher et al., 2014; Giriat et al., 2016; Puttock et al., 2018).

Our results demonstrate that both short-term and multidecade ver-
tical sedimentation rates in beaver ponds within headwater catchments
in the southern Rocky Mountains are comparable to those from different
climates and topographies (see Table A6 in the supplementary material).
Larsen et al. (2021) noted studies of beaver ponds within montane wa-
tersheds tended to have higher Rgeq (typically >10 cm yr~ ') than those
from lowland watersheds (typically <10 cm yr~ ). This could be due to
montane watersheds having higher rates of sediment production and
supply (Milliman and Syvitski, 1992). Mean R4 at our study sites in the
southern Rocky Mountains fall between published rates in lowland and
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montane watersheds, which may in part be due to lower sediment
production in our drainage areas due to weathering-resistant granitic
lithology, particularly at Trout Creek. Additionally, because this study
includes a larger proportion of older ponds, the mean Ry is likely
slightly lower than previous studies in mountainous environments that
focused only on very young ponds, as Rsq decreases with pond age
(Fig. 3b and c).

Rseq from our study are similar to rates calculated from ponds con-
structed by the Eurasian beaver (castor fiber; Table A6). Previous studies
have suggested that the castor fiber tend to build less dams and smaller
dams than castor canadensis, and that castor canadensis colonize streams
faster, are slightly larger than castor fiber, and may outcompete castor
fiber when occupying the same area (Gurnell, 1998). When comparing
Rseq between ponds constructed by castor canadensis and castor fiber, we
see that local, reach-scale, and watershed scale variables seem to exert
more control over Rgq and pond longevity than interspecies variability
(Table A6). Ryq within beaver ponds constructed by castor fiber in Eur-
asia range from 2.9 to 14 cm yr’1 (Giriat et al., 2016; John and Klein,
2004; Puttock et al., 2018; de Visscher et al., 2014), compared to
0.25-79 cm yr~! within ponds constructed by castor canadensis (Butler
and Malanson, 2005, 1995; Devito and Dillon, 1993; Pollock et al., 2007;
this study). Although there appears to be greater variability within Rseq
in North American ponds, the age range of these ponds is greater as well.

4.2. Beaver promote OC accretion due to pond sedimentation

Our study adds to knowledge of how beaver impact OC storage and
dynamics within river corridors. Similar to previous studies in river
corridors, grain size was strongly correlated with OC content (Fig. 6b
and c) (Lininger et al., 2018; Scott and Wohl, 2018; Sutfin et al., 2021;
Westbrook et al., 2011). Although the oldest pond in this study (Pond
#15; CCO1 ~ 66 years old) had the highest sediment OC content (9-29
%) of any pond in the study (Fig. A6a), OC content was not correlated
with pond age at either study site, in contrast to previous studies which
found older ponds to contain higher sediment OC content (Butler and
Malanson, 1995; Murray et al., 2021). Further work is needed to tease
out controls on OC content within beaver pond sediment. Overall, OC
content in beaver pond sediment at our study sites, particularly at Trout
Creek, was lower compared to similar studies (Table A7). However, in
these studies, the sediment samples generally had finer grain size dis-
tributions than those in our study (Butler and Malanson, 1995; Murray
et al., 2021; Westbrook et al., 2011).

By combining sedimentation rates with OC content, we estimated OC
accretion rates in the beaver ponds on Trout Creek and Coal Creek,
which has seldom been reported in previous studies. Although OC ac-
cretion rates had a wide range (0.13 to 22.6 Mg ha™! yr!) beaver ponds
accumulate OC more rapidly than previously published rates within
floodplains (Sutfin et al., 2016), indicating that sedimentation in beaver
ponds may be an important process in river corridor OC dynamics.
Previous studies have shown that beaver can increase methane emis-
sions due to ponding (Cazzolla Gatti et al., 2018; Nummi et al., 2018;
Weyhenmeyer, 1999), but to determine the net effect of beaver on OC
dynamics, we must incorporate all fluxes, including OC accretion in
sediment. Whether OC associated with sediment in beaver ponds persists
is dependent on the fate of the sediment and rates of decomposition, but
we found cases of high OC content in deeper fine sediment layers. These
deposits may indicate previous beaver ponds or slack water deposits
(Kramer et al., 2012; Persico and Meyer, 2009; Polvi and Wohl, 2012),
but further work is needed to determine whether the deposits were a
result of beaver activity. Higher OC content in deeper sediment in some
of the studied ponds at Trout Creek supports previous work indicating
that relict beaver meadows can store substantial OC stocks decades after
abandonment (Laurel and Wohl, 2019).
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4.3. Modeling beaver-related channel-floodplain reconnection

Monte Carlo simulations indicated that it takes a relatively long time
(median = 96.2 years) for stochastic construction of beaver dams and
their persistence to transform the most incised reach (TCO02) to a state
resembling TCO1 geometry (a beaver meadow) (Fig. 7b). Using the
median time for infill from the simulations and the 1.33 Djgy required
results in an estimated 1.4 cm yr~! aggradation rate, which is lower
(albeit the same order of magnitude) than rates of beaver-assisted
channel infill from Beechie et al. (2008) and Pollock et al. (2007),
who used single channel infill rates of 3 cm yr™* and 5 cm yr—},
respectively. However, the Monte Carlo simulation approach used in this
study expands on these previous estimates because we considered
different Ry.q depending on pond age, and variations in pond persistence
on longevity, resulting in a distribution of Ty as opposed to assuming
average rates. Using the aerial imagery record, we found that the frac-
tion of time locations were not inundated can be relatively large, and the
large field dataset of Rg.q contained significant variation between ponds
(Fig. 3). Our results indicated that estimating the timescale of reversing
channel incision via beaver activity should account for both spatial and
temporal variability.

Our simulations of incised channel infill relied on several assump-
tions, the first of which was that age was the only predictor of Rg.q4. Thus,
we ignored variations in pond geometry or other factors when modeling
pond sedimentation. In addition, we did not explicitly model sediment
evacuation/erosion in the case of beaver dam failure, which has been
observed in other field studies (Butler and Malanson, 2005; Levine and
Meyer, 2014; Pearce et al., 2021) and is indicated by our radiometric
dating. Despite this, our equations for integrated Rg.q included older
ponds, meaning that the calculated R4 included any scour and fill ep-
isodes. Future work could include explicit consideration of scouring and
post breach erosion. We also assumed that the density of beaver ponds
on Trout Creek between 2009 and 2021 (the time window used to
develop our distribution of fraction of time inundated) is the closest
approximation to the intensity of beaver activity and pond construction
that might occur on Trout Creek given continuous beaver activity un-
impeded by human activities. Finally, although we considered the time
in which a pond location was not inundated and thus was not accu-
mulating sediment, we did not account for the potential for channel
avulsion and pond abandonment that might preserve deposited sedi-
ment. Thus, future modeling efforts could expand the spatial and tem-
poral complexity of simulation by including sedimentation dynamics
within ponds on adjacent side-channels and floodplains and on decadal
and centennial timescales, to model how beaver activity affects the
longer-term geomorphic evolution of the river corridor.

Management approaches aimed at restoring incised streams have
emphasized sediment retention structures, including natural beaver
dams, beaver dam analogues (BDAs), and other introduced wood and
earthen structures meant to restore natural stream processes and form
(Pollock et al., 2014; Davis et al., 2021; Norman et al., 2022; Pearce
et al., 2021; Yarnell et al., 2020). Process-based stream restoration
practices have made efforts to consider larger spatial extents and longer
temporal scales when restoring river corridors, and thus require an
understanding of how different processes influence sediment and OC
retention across scales (Beechie et al., 2010). The modeling of incised
channel infill using Monte Carlo simulations demonstrated that
restoring incised channels to increase channel-floodplain connectivity
may likely take 100 years or more, significantly longer than the time-
lines of many ongoing and planned restoration projects (Yarnell et al.,
2020), which should be considered by restoration practitioners.

5. Conclusion
Using sediment surveys of a large dataset of ponds situated in

differing geomorphic contexts coupled with historical air photo analyses
and radiometric dating, we found that R4 decreases non-linearly with
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pond age. Within incised reaches in this study, we found evidence of
scour and fill dynamics in main channel ponds. This contrasts with less-
incised reaches, where we found that although R4 similarly decreased
with pond age, the ponds were likely more stable and Dsq and dam
heights increased with pond age. In addition, grain size was strongly
correlated with OC content of pond sediment, and OC accretion rates
due to pond sedimentation can be relatively high. Finally, Monte Carlo
simulations estimated that beaver pond-related sedimentation could
reduce incision and promote channel-floodplain connectivity on the
timescale of ~100 years. Our work provides insight into Rgeq, Dseq, and
OC content and stock using a large sample size of beaver ponds (n = 45)
that spanned pond ages compared to previous studies. This research can
inform future efforts at beaver-based restoration and provides insight
into spatial and temporal dynamics of sediment and OC within beaver
mediated river corridors.
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