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Abstract

Beavers influence hydrology by constructing woody dams. Using a Before After Con-
trol Impact experimental design, we quantified the effects of a beaver dam sequence
on the flow regime of a stream in SW England and consider the mechanisms that
underpin flow attenuation in beaver wetlands. Rainfall-driven hydrological events
were extracted between 2009 and 2020, for the impacted (n = 612) and control
(n = 634) catchments, capturing events 7 years before and 3 years after beaver occu-
pancy, at the impacted site. General additive models were used to describe average
hydrograph geometry across all events. After beaver occupancy, Lag times increased
by 55.9% in the impacted site and declined by 17.5% in the control catchment. Flow
duration curve analysis showed a larger reduction in frequency of high flows, follow-
ing beaver dam construction, with declines of Q5 exceedance levels of 33% for the
impacted catchment and 15% for the control catchment. Using event total rainfall to
predict peak flow, five generalized linear models were fitted to test the hypothesis
that beaver dams attenuate flow, to a greater degree, with larger storm magnitude.
The best performing model showed, with high confidence, that beaver dams attenu-
ated peak flows, with increasing magnitude, up to between 0.5 and 2.5 m® s~ for
the 94th percentile of event total rainfall; but attenuation beyond the 97th percentile
cannot be confidently detected. Increasing flow attenuation, with event magnitude,
is attributed to transient floodplain storage in low gradient/profile floodplain valleys
that results from an increase in active area of the floodplain. These findings support
the assertion that beaver dams attenuate flows. However, with long-term datasets of
extreme hydrological events lacking, it is challenging to predict the effect of beaver
dams during extreme events with high precision. Beaver dams will have spatially vari-
able impacts on hydrological processes, requiring further investigation to quantify

responses to dams across differing landscapes and scales.
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1 | INTRODUCTION

Where beavers construct dams, there can be a transformative impact
on the fluvial landscape. Beaver dams reduce stream longitudinal con-
nectivity, simultaneously increasing lateral connectivity (Brazier,
Puttock, et al., 2020; Puttock et al., 2021). This often results in the
reinstatement of channel-floodplain interactions, enhancing hydrolog-
ical connectivity and driving the creation of dynamic, structurally com-
plex wetlands (Brazier, Puttock, et al., 2020; Gurnell, 1998; Larsen
et al, 2021). The enhancement of biodiversity, through the re-
establishment of such wetland environments, is well known (Law
et al., 2016; Stringer & Gaywood, 2016). However, the coincidental
impacts of beaver dams on hydrology are less well understood from a
process-based perspective.

Beavers construct dams to increase local water depth so that they
can: (i) enhance security from predation by raising water levels above
burrow/lodge entrances (Gurnell, 1998); (ii) improve access to forag-
ing resources and reduce terrestrial movement, which is higher risk
and greater effort (Campbell-Palmer et al., 2015); (iii) to prevent freez-
ing of water during the winter; and (iv) to store food resources, in the
form of a woody cache, beneath the water surface (Campbell-Palmer
et al.,, 2015). Typically, dams are constructed in small rivers <6 m wide
and <0.7 m deep (Hartman & Tornlov, 2006). Other factors that influ-
ence dam construction and density are building material availability,
stream power, stream gradient and stream width (Dittbrenner
et al., 2018; Graham et al., 2020; Macfarlane et al., 2017). It is typical
for dams to be constructed in low-medium gradient headwater
streams <5th order (Graham et al, 2020; Gurnell, 1998; Rosell
et al., 2005; Stevens et al., 2007). In larger rivers, where water is suit-
ably deep, beavers are unlikely to build dams in the main channel
(Brazier, Puttock, et al, 2020; Gurnell, 1998; Hartman &
Tornlov, 2006).

Dams exert strong controls over hydrological processes during
both high and low flows. The retention of more water within catch-
ments has been shown to maintain base flows mediating the impacts
of drought conditions (Majerova et al., 2015; Nyssen et al., 2011;
Smith et al., 2020). It has also been shown that, in small headwater
streams, beaver dam complexes can contribute to the attenuation of
peak flows during hydrological events (Nyssen et al., 2011; Puttock
et al., 2021, 2017), reduce mean flow velocity (Green &
Westbrook, 2009) and provide significant stormflow storage which
increases water-residence times (Grygoruk & Nowak, 2014;
Gurnell, 1998; Westbrook et al., 2020; Woo & Waddington, 1990).
This flow attenuation effect has been attributed to the following

causes:

i. Beaver ponds provide a reservoir in which stormflow can be tem-
porarily or transiently (Westbrook et al., 2020) stored before
being released more slowly from the pond than it entered. The

(Devito &

Dillon, 1993; Larsen et al., 2021; Westbrook et al., 2020) because

the available storage/freeboard behind dams is typically very

contribution of this mechanism is debated

small (Larsen et al., 2021) as pond depth is normally controlled by
dam crest height; The effect of this attenuation mechanism is
likely to be largely controlled by dam structure and flow state
(Ronnquist & Westbrook, 2021; Woo & Waddington, 1990)

ii. Beaver dams, their wetlands and associated canals increase
hydraulic roughness slowing flow and increasing water depth.
Though these functional processes have been discussed
(Grudzinski et al., 2020; Gurnell, 1998; Puttock et al., 2017;
Puttock et al., 2021; Westbrook et al., 2020), their relative contri-
bution is not known and is most likely variable (Larsen
et al,, 2021).

iii. Beaver dams enhance floodplain activation; water is therefore
more readily stored within and on the floodplain. This effect was
documented by Westbrook et al. (2006, 2020) and modelled by
Neumayer et al. (2020), who predicted attenuation only in a
stream situated in an unconfined low-profile floodplain valley
(Nanson & Croke, 1992).

iv. Some attenuation may also occur through groundwater and eva-
potranspirative (Larsen et al., 2021; Westbrook
et al., 2006). Whilst the contribution of these mechanisms has

not been quantified in beaver wetlands, it is likely that, following

losses

dry antecedent conditions or in arid locations, the effect of

groundwater flow could exceed that of evapotranspiration.

With the assumption that transient storm water storage is limited
to beaver ponds alone, like a flood storage basin, it can be assumed
that a beaver pond sequence has a finite storage volume which will be
reached quite rapidly during a storm event. A greater volume of stor-
age may be available where the freeboard behind dams is large
(Larsen et al., 2021) and or dam flow state is classified as underflow;
that is, where water flows through holes in the dam structure below
the of dam crest; Ronnquist and Westbrook (2021). Such observations
have also been described for man-made leaky wooden dams which, in
many respects, aim to mimic the natural processes created by beaver
dams; Norbury et al. (2021) note the importance of porosity in man-
made structures for regulating peak flows. Several studies have now
reported increasing attenuation with higher flows (Nyssen
et al., 2011; Puttock et al., 2021; Westbrook et al., 2020) which can-
not be explained by pond storage alone. A key factor that may help to
explain these processes is the structural heterogeneity of beaver wet-
lands which is not limited to the dam structures themselves but
includes the often dense and expansive canal networks that beavers
create across floodplains (Grudzinski et al., 2020). This structural com-
plexity likely plays a crucial role in controlling numerous hydrological
and floodplain processes. This study aims to explore further the
dynamics of flow attenuation and discuss what mechanisms might be
driving these observed increases in attenuation.

Land use intensification and channel modification are responsible
for widespread fluviogeomorphic degradation such as channel incision
and floodplain disconnection (Brown et al., 2018; Kondolf, 1997). In
combination with projected intensification of storm events, flooding is

likely to become more acute (O'Briain, 2019). Restoring natural
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processes and promoting water retention in catchments may help to
ameliorate such impacts (Ellis et al., 2021).

This research analyses the mechanisms by which beaver dams
impact stream hydrology using a Before After Control Impact (BACI)
experimental design (Bilotta et al., 2016; Smith, 2014). A companion
piece of analysis is also published as part of a multi-site comparison in
Puttock et al. (2021) that demonstrated flow attenuation across sites.
Herein, focusing on one site in detail, we expand on these findings to
consider the causes of observed changes to hydrological regime.

Puttock et al. (2021) demonstrate the effect of flow attenuation
across multiple sites containing beaver dams. This was done using
additive regression models comparing total event rainfall and peak
event discharge with beaver presence as an additive covariate. In this
context, a simple, parsimonious model enabled clear comparison
between geographically disparate locations. These models assume an
equal magnitude of attenuation with increasing rainfall intensity. This
assumption may be appropriate if beaver dams behave as storage
ponds; but, as mentioned above, given the small freeboard upstream
of many dams, this mechanism cannot explain the increased attenua-
tion for subsets of larger magnitude events observed by Puttock
et al. (2021). This suggests that there is an interaction effect between
total event rainfall and beaver dam presence, that is, with increasing
storm magnitude, more attenuation occurs, and the slopes of the
regression diverge for events before/after beaver. Therefore, an alter-
native or additional mechanism of flow attenuation to pond storage is
required to explain this phenomenon.

This study tests the following hypotheses to advance our
process-based understanding of the functional impact that structural
change, brought about by beaver dams, delivers during hydrological

storm events.

H1. Flow entering the beaver dam complex is slowed,
resulting in increased lag times between peak rainfall to

peak flow.

H2. Storm event peak flows are lower following the con-
struction of a beaver dam sequence and the amount of

attenuation increases with total event rainfall.

Based on the outcomes of hypotheses one and two, a conceptual
model is proposed describing the mechanisms of flow attenuation at
the beaver dam complex and consider how this may form the basis of

future work across a wide range of landscape types.

2 | METHODS

2.1 | Site descriptions

Two catchments are considered in this study; Budleigh Brook, the
impacted site that contained a beaver complex and Colaton Brook,
the control site, which had no evidence of beaver activity throughout

the entire monitoring period (Figure 1).

2.1.1 | Budleigh Brook

Beavers have been active in the Budleigh Brook catchment since
January 2017. The catchment is located within the wider River Otter
Catchment (Brazier, Elliott, et al., 2020) and was colonized naturally
(as opposed to being the site of beaver release). The precise time of
colonization is unknown, though beaver signs, including damming,
were observed on February 1st, 2017, therefore the period August
2016 to January 2017 (possible time of colonization) was excluded
from this study.

Approximately 1 km of 3rd order channel is contained within the
occupied beaver territory (ca. 3 ha); up to six dams had been con-
structed, within this reach, during the monitoring period. The contrib-
uting catchment area is 6.3 km? and has mixed land use comprising:
managed grassland, outdoor pig farming, arable farming, heath, and
woodland. Climatic conditions at Budleigh Brook are temperate, with
a mean annual maximum temperature of 12.6°C and a mean of
1065 mm of rainfall annually (Met Office, 2020).

Beavers have significantly modified the site via the construction
of dams as shown in Figure 2. The first and largest dam is located at
the downstream end of the complex. This dam extends ca. 75 m
across the floodplain and has caused the formation of numerous flow
paths through the floodplain downstream of the structure. The pond,
generated by this dam, has a surface area of ca. 1900 m? and contains
the beaver lodge. Several other dams have since been constructed
upstream; presumably to improve mobility for accessing alternative
food resources. A second pond with an area of ca. 300 m? has been
constructed further upstream. Some of these dams have been man-
aged (removed or height reduced) to prevent surface water flooding
of a nearby road (Brazier, Elliott, et al., 2020). Several other small dams
exist but are not large enough to form a floodplain pond, but still
impound water within the channel and push water onto the floodplain
at high flows. The largest dam was constructed before February 2017
and has remained relatively stable since; upstream dams have col-
lapsed and been rebuilt multiple times throughout the study period.

The Hayes Lane gauging station is located ca. 700 m downstream
from the beaver dam complex (lat., long.: 50.6561, —3.3249) with no
other channels entering the stream between the beaver dams and the
gauging station. This gauging station is owned and maintained by the
Environment Agency. The gauge is set within a stilling pond upstream
of a weir which comprises a double-trapezoidal channel profile along
its crest (S| 1). The gauging station was constructed to provide an
early flood warning system to the residents of East Budleigh, a com-
munity with properties at risk of flooding (Brazier, Elliott, et al., 2020).

Further information about the site can be found in Brazier, Elliott,
et al. (2020) and Puttock et al. (2021).

2.1.2 | Colaton Brook
The neighbouring catchment, to the north of Budleigh Brook is Cola-
ton Brook (Figure 1). Colaton Brook is also a 3rd order stream with a

contributing catchment area of 5.5 km? upstream of the flow gauge.
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FIGURE 1

Left—Budleigh Brook (yellow) and Colaton Brook (green) catchment locations; right—location of EA gauging stations for the two

catchments and the beaver complex on Budleigh Brook. Budleigh Brook has a catchment area of 6.3 km? comprising managed grassland, outdoor
pig farming, arable farming, heath, and woodland. The Colaton Brook catchment has an area of 5.5 km? with dominant land uses including:

Heathland, managed grassland, arable farming, and woodland

The land use includes heathland, managed grassland, arable farming,
and woodland. Pophams gauging station (Lat., Long.. 50.68125,
—3.314561), also owned and maintained by the EA, provides 15-min
interval flow measurements. Beavers were not resident in this catch-
ment during the study period and no beaver signs have been located
upstream of the gauging station (Brazier, Elliott, et al., 2020; Brazier,
Puttock, et al., 2020; Graham et al., 2022). This, the comparable size,
stream order, distribution of land use and proximal location of the
Colaton Brook catchment make it a highly suitable control.

2.2 | Data processing/cleaning

The Hayes Barton gauge on the Budleigh Brook (impact) has not been
rated for discharge measurement by the Environment Agency and
reports only depth. The gauging station measures depth at 15-min
intervals and a record exists from July 2009 to present. Flow was esti-
mated from this depth record using the following procedure. An area-

velocity flow meter (NivuFlow Mobile 750, Nivus, Germany) was

installed for 2 months (December 2019-February 2020), 50 m
upstream of the gauge/weir crest, within a stable, uniform trapezoidal
channel (SI 1). Depth at zero flow was calculated by surveying the
depth of flow over the weir crest and subtracting this from the gauged
depth. A flow-depth rating equation (SI 2) between measured flow
and depth at the gauging station was generated using piecewise spline
regression, as described in Fenton (2018), using the splines package
(R Core Team, 2020). The depth at zero was used to anchor the rating
curve through zero at this point. The rating equation was then applied
to the full time series: from July 2009 to March 2020 (excluding the
period August 2016 to January 2017 when the presence of beavers
was uncertain).

Data from both the impact (Budleigh Brook) and control (Colaton
Brook) sites were cleaned to remove visibly erroneous sections of the
time series. These sections occurred during periods of maintenance
where the stilling pond was drained. Further cleaning of the data was
required to remove noise occurring at low flows. This step was neces-
sary in advance of the automated event extraction to prevent the mis-

identification of events. An automated cleaning strategy was used:
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FIGURE 2 Budleigh Brook beaver dam complex showing dam and pond locations. (a) Diversion of water out of bank into the floodplain;
(b) the main lodge pond; (c) development of multithread complex channel planform. The base map shows a drone-derived orthomosaic of the site

overlain on Google Earth Imagery

quantiles, for a specified time window (in this instance 12.5 h) at the
25th and 75th percentile, were calculated (termed Q25th and Q75th,
respectively); a rolling quantile for the 70th percentile, for a one-
month period, was also calculated (MQ70). Where (Q75th — Q25th)
> MQ70, the flow was considered elevated and any fluctuation in flow
driven by precipitation; therefore, measured discharge was used.
Where (Q75th — Q25th) < MQ70, the flow was considered to be low
and not responding to a flow event; therefore a 7.5 h rolling mean for
Q was used in place of measured Q to smooth out sensor noise occur-
ring during low flows. The aim of this cleaning was to remove com-
mon noise associated with low flow measurement. No cleaning was
therefore applied to flow event peaks, which was the dominant focus

of this analysis.

2.3 | Rainfall calculation

A rainfall record was required alongside the flow data to understand
the precipitation volume and rate that contributes to each flow event.
There were no historic rainfall gauges within either impact or control

catchments that cover the full flow record used in this study. Further,

rainfall is spatially variable and data from a single rain gauge can be
problematic (Younger et al., 2009; Zeng et al., 2018). Therefore, rain-
fall radar data, derived from the NIMROD system (Met Office, 2003)
were used. NIMROD data are provided as gridded total rainfall with
spatial and temporal resolutions of 1 km and 5 min, respectively. Total
rainfall for each time step was extracted for each site's contributing
catchment area and converted to mean rainfall rate, before aggregat-
ing to 15-min intervals to align with the temporal resolution of flow
data, as per Puttock et al. (2021). Data download and conversion was
conducted using Python (Python Software Foundation, 2019) and ras-
ter statistics were extracted with R (R Core Team, 2020) using the
exactextractr package (Baston, 2020). The full hydrological time series
is provided in Sl 3.

2.4 | Event extraction

The extraction of rainfall-runoff events and corresponding metrics
was undertaken using a semi-automated rule-based approach for the
identification and pairing of rainfall and flow features from sub-hourly

observations (Puttock et al., 2021). Slow flow/fast flow was estimated
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by implementing flow separation on the padded time series (2880
reflected values, i.e., 2 days) with five passes of a single parameter
recursive digital filter (alpha value of 0.98) after Ladson et al. (2013).

Rainfall events were classified as periods of rainfall over the
median, categorized as either continuous (rainfall occurring on consecu-
tive time steps) or isolated (S| 4). The span for minimum permitted gap
between continuous periods was set through visual inspection and rain-
fall event periods separated by less than this span (90 min) were
merged. To adapt thresholds for interannual variation and seasonality,
while retaining a consistent approach, flow events were delineated
using the digitally filtered fast flow (Ladson et al, 2013; Puttock
et al., 2021). By default, the first timestamp in the event window was
set to the start of the rainfall event ongoing at the beginning of the
response event; or if no rainfall event was ongoing, the preceding rain-
fall event was used. Where a response event was paired with the same
initiating rainfall as the previous event, it was assumed that contributing
rainfall for the new event occurs during the falling limb, and the event
window was bounded by the peak of the previous flow response.

All classified events were checked via visual inspection; erroneous/
implausible events were removed from the analysis when, for example,
the hydrograph geometry is angular and likely results from a sensor
error or draining of the stilling well for maintenance; 91 and 13 events
were removed for impact and control catchments, respectively. Event
peak flow and total rainfall were calculated for each retained event win-
dow; with total event numbers of 612 and 634, for impact (Budleigh
Brook) and control (Colaton Brook) catchments, respectively.

2.5 | Data/statistical analysis

All statistical analysis and data visualization was undertaken using R
(4.0.2) (R Core Team, 2020). the following packages were used: tidy-
verse (v1.3.1) (Wickham et al., 2019), lubridate (v1.8.0) (Grolemund &
Wickham, 2011), stats (v4.1.0) (R Core Team, 2020), broom (v0.7.10)
(Robinson et al., 2021), gim2 (v1.2.1) (Marschner, 2011), performance
(v0.8.0) (Ludecke et al., 2021), mgcv (v1.8.35) (Wood, 2017, 2011,
2004, 2003), gt (v0.3.1) (lannone et al., 2020), gridExtra (v2.3)
(Auguie, 2017), and ggpattern (v0.3.2.1) (FC & Davis, 2021).

To address H1, that the beaver dam complex slowed flow and
increased lag times, a hydrograph averaging technique was adopted.
Hydrograph data, including flow, rainfall and time were extracted for
all events across both sites; events with a duration >95th percentile
(36.75 h) were removed as these longer events were too few in num-
ber to model robustly with this approach. For each site, two general
additive models (GAM) were fitted to compare both rainfall intensity
and stream flow change with time since event start. Each GAM was

fitted using the form below:

Response ~ s(Time, by = Beaver Presence, k = i) + BeaverPresence,

where Response is either rainfall rate or stream flow depending on
which model is fit, Time is the time since event start and Beaver Pres-

ence is the presence/absence of beaver. The s function defines the

smoother used within the GAM where Beaver Presence is included as
a covariate, such that the smoother is fit independently for each fac-
tor level (i.e., for events where beavers were present and absent). The
k argument is the basis dimension of the smoother term (approximat-
ing the degrees of freedom); values of 5 and 10 (the default,
i.e, k — 1) were used for stream flow and rainfall models, respectively.
A k value of 5 was required to reduce overfitting of the stream flow
model. A cubic regression spline smoother was used for all models.
The GAMs provide an approximation of the mean hydrological event
response before and after beaver, providing important insight into
changes in event geometry. However, as rainfall and flow are not
explicitly used in the same model, comparison between the before/
after beaver responses must be considered alongside changes in mean
rainfall and the response at the control site. Al GAMs were fitted
using the mgcv package (Wood, 2017, 2011, 2004, 2003). Herein
these models are referred to as GAM hydrographs. Average lag times
before and after beaver were calculated by differencing the predicted
peak times of rainfall and flow.

To evaluate the impact of beaver dams on overall hydrological
regime, flow duration curves (FDC) (Vogel & Fennessey, 1995) were
generated for both control and impacted sites. FDC metrics including
R2FDC and Q5:Q95 ratio were also calculated to evaluate the
changes to the FDC. R2FDC describes the slope and the variability of
flow in the middle third of the FDC in logarithmic scale (Ochoa-
Tocachi et al., 2016); a value closer to zero therefore indicates
increased hydrological stability in the central flow range. Q5:95 ratio
is used as a flashiness index (Jordan et al., 2005) to describe the range
in flow conditions; lower values indicate that a system is less flashy,
having a slower response to rainfall.

Given that meteorological effects, precipitation in particular, nor-
mally exert strong control over the flow regime of temperate peren-
nial river systems, it is important to consider this when investigating
the effect of a non-meteorological disturbance on a river system (such
as a beaver dam). Therefore, following the methods in in Puttock
et al. (2021), General Linear Models (GLM) were used to consider how
peak flows were related to total event rainfall, with beaver presence
included as an additive covariate and site as an interactive covariate
(M1 in Table 1). Site was included as a model term to compare the dif-
ference between the control and impacted locations. We extend this
analysis and compare this model alongside four alternative models as
shown in Table 1. All models were fitted using a Gamma error distri-
bution because small hydrological events were far more common than
large events and therefore a Gaussian (normal) error distribution is
not appropriate. Models were fitted with increasing complexity; M2
and M3 included beaver presence as an interactive covariate, enabling
freedom in the regression slopes between the two factor levels; M2
and M3 were fitted using identity and log link functions, respectively.
M4 and M5 use the second-degree orthogonal polynomial of total
event rainfall as the continuous control variable in addition to beaver
presence and site as interactive covariates; M4 and M5 were fitted
using identity and log link functions, respectively. Polynomial regres-
sion was adopted following the inspection of normalized residual plots
for M1:M3 (SI 6) which indicated the potential existence of a
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TABLE 1 A description of the fitted general linear models. The model number is the reference used in this paper, its form is presented as
pseudo code in line with R syntax and the link function denotes the relationship between the linear predictor and the mean of the distribution.
Models 1 and 2 were fitted using he gim2 package (Marschner, 2011) and Models 3:5 were fitted with the gIm function from R's stats package (R
Core Team, 2020)

Model ID Model form Link function

M1 Event Max. Flow ~ Total Rainfall +- Beaver Presence x Site Identity

M2 Event Max. Flow ~ Total Rainfall x Beaver Presence x Site Identity

M3 Event Max. Flow ~ Total Rainfall x Beaver Presence x Site Log

M4 Event Max. Flow ~ Poly(Total Rainfall, 2) x Beaver Presence x Site Identity

M5 Event Max. Flow ~ Poly(Total Rainfall, 2) x Beaver Presence x Site Log
TABLE 2 Model performance metrics for the GLMs presented in Table 1 and Figure 5; used to help with model selection. K denotes the

number of terms used for fitting the model, Akaike information criterion (AIC) and Bayesian information criterion (BIC) are a descriptor of model
quality where a lower value indicates a better fit. R2 was derived according to Nagelkerke (1991). Estimates of model precision are given by root
mean square error (RMSE) and sigma

Model ID K AlC BIC Nagelkerke's R? RMSE Sigma
M1 5 -12.35 18.41 0.64 1.24 0.97
M2 8 —146.49 —100.34 0.69 1.17 0.93
M3 8 —200.10 —153.95 0.70 1.77 091
M4 12 —244.04 —177.38 0.72 1.10 0.90
M5 12 —226.72 —160.06 0.72 1.09 0.90

nonlinear response due to a trend in residual plots. M1 and M2 were
fitted using the glm2 package (Marschner, 2011); M3:M5 were fitted
using the glm function from the stats package (R Core Team, 2020).

Total event rainfall was chosen as the main control variable,
rather than other rainfall metrics, as it was found to have a strong cor-
relation with peak flow across the sites in Puttock et al. (2021) and
therefore allowed for comparison with multiple other locations. The
Pearson's r correlation values between peak flow and total event were
0.483 and 0.595 for impact and control catchments, respectively; sim-
ilar values were given for mean rainfall and rainfall rate. The inclusion
of site and its interaction with beaver presence/absence is crucial for
determining whether any effect of beaver was coincidental or not.
Where the interaction between beaver presence and site is signifi-
cant, it can be deduced that the impact of beaver, at the impacted site,
on peak flow is significantly different from the control site. This well-
established Before-After-Control-Impact (BACI) design offers robust
inference for systems where all influential variables cannot be known
or measured (Bilotta et al., 2016; Smith, 2014).

Following the evaluation of model diagnostic plots (S| 6), pro-
duced using the performance R package (Lidecke et al., 2021), Model
performance metrics (Table 2) including Akaike information criterion
(AIC), Bayesian information criterion (BIC), R? (Nagelkerke, 1991),
Root Mean Square Error (RMSE) and Sigma, and qualitative plausibil-
ity, the M5 model (Polynomial model with log link) was selected as the
best model. Though it did not produce the lowest AIC value or highest
R? (second best of the tested models), it was found to most effectively
capture the uncertainty in the data distribution; particularly so for

large events with >40 mm total rainfall where only three events of

this magnitude were captured post beaver. This was particularly evi-
dent in the residual diagnostics plots where there was lower deviance
in residuals for larger predicted values indicating a greater reliability
for predictions during larger storm events, which is of key interest
herein. Using M5, the peak flow attenuation was calculated across the
total rainfall range by calculating the difference between predictions
with and without beaver. Attenuation was then plotted against the
percentile total rainfall to understand how beaver dams attenuate

flow across the observed event total rainfall range.

3 | RESULTS
3.1 | (H1)Flow entering the beaver dam complex
is slowed, resulting in increased lag times

Figure 3 shows the GAM hydrographs; in the control site (Colaton
Brook), a slight reduction in the mean peak flow and lag time is
observed between the periods before and after beaver occupancy at
the impact site. Differences in the shape of the GAM hydrograph
before and after beaver are subtle indicating that, whilst mean event
magnitude may have declined, the hydrological response to these
events is relatively unchanged. In contrast, for the beaver-impacted
site (Budleigh Brook), there is a larger reduction in event magnitude
but also a considerable deviation in hydrograph shape after the con-
struction of the beaver dam complex. Most notably, the delayed event
peak and reduced gradient of the rising limb; this increase in lag times
(55.9%), in contrast to the decrease (17.5%) at the control site, is a
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FIGURE 3 The 95% confidence limits of the general additive model (GAM) hydrographs are presented as the shaded ribbons; individual
rainfall records are presented as points and individual event hydrographs are presented as lines. The plot enables semi-quantitative assessment of
changes in average hydrograph response following beaver dam complex construction. Average event peaks are shown as crosses; these
demonstrate that an increase in lag times has occurred at the impacted site whilst a slight decrease in lag times occurred at the control

strong indication of flow attenuation. GAM hydrograph slope gradi-
ent, during the lag-time period, decreased at both sites by 67% Cl
[64, 72] and 29% CI [26, 33] for the impacted and control sites,
respectively. Mean event rainfall intensity at the control site remained
similar after beaver dam construction. This is the case too for the
impacted site, although a slight decrease in peak rainfall following bea-
ver colonization may explain, to some extent, the larger peak flow
reduction observed at Budleigh Brook.

3.2 | (H2)Storm event peak flows are lower
following the construction of a beaver dam sequence
and the amount of attenuation increases with larger
rain events

The FDC curves (Figure 4) and metrics (Table 3) clearly show that, at
the impacted site, higher flows were less frequently observed;

highlighted by a 33% decrease in the Q5 exceedance value at the
impacted site and only a 15% reduction at the control. The results for
low flows, at the Q95 exceedance limit, also differ; in the control
catchment, an increase in Q95 of 12.5% was observed in contrast to
the impacted site which experienced a 10% decline in Q95, following
beaver colonization.

Changes to the Q5:Q95 ratio flashiness index were comparable
across both sites. R2DFC decreased in both sites with a 21% and 14%
decrease in the control and impacted sites, respectively. Larger differ-
ences in Q5 and Q95 values, alongside a smaller reduction in R2DFC,
at the impacted site indicate that the effect of the beaver dam
sequence was particularly evident during the hydrological extremes,
and less change was observed for intermediate flows, relative to the
control site, which experienced larger changes in the central region of
the FDC.

Models M1, M4 and M5 (Table 1 and Figure 5) found a significant
(b < 0.05) interaction between beaver presence and site, indicating
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TABLE 3 Flow duration curve (FDC)
metrics for the two sites, including: Mean

Mean

Beaver Status at Impacted Site

and median flow; R2FDC which

Budleigh Brook (impact)

describes the slope and the variability of No Beaver 0.13
flow in the middle third of the FDCin a Beaver 0.10
logarithmic scale (Ochoa-Tocachi

% Change —21.58

et al., 2016); Q5 and Q95 exceedance
limits, and the Q5:Q95 ratio which is

Colaton Brook (control)

used as a descriptor of system flashiness No Beaver 0.06
Beaver 0.05
% Change —15.18

that there was a significant difference between the peak flows before
and after beaver at the impacted site. Models M2 and M3 showed a
significant (p < 0.05) interaction between beaver presence, site and
event total rainfall which indicated that the slope of the relationship
between total rainfall and peak flow is significantly different after bea-
ver occupancy at the impacted site. Model summary tables are pre-
sented in SI 7. Raw data, and data density distributions for peak flows
across each site are presented in Figure 6.

Nagelkerke's R? (Nagelkerke, 1991) values indicate that models M4
and M5 provide the best fit (Table 3). Although M4 has a better model
fit than M5, based on AIC and BIC (Table 3), there is deviation in the
residuals for the upper limits of fitted values (as shown in residual diag-
nostics plots given in Sl 6 and fractionally lower RMSE (Table 3)); there-
fore, M5 was adopted, despite its marginally poorer fit, as we can have
greater confidence in its inference for larger events.

Flow attenuation change with percentile total event rainfall is
presented in Figure 7. For much of the total rainfall distribution, it was

observed that 95% confidence intervals of the model (M5) were

50% 75%

25% 50%

% time flow equalled or exceeded

Median R2FDC Q5 Q95 Q5:Q95 ratio
0.09 -0.23 0.20 0.07 272
0.09 —0.20 0.13 0.07 2.04
-2.49 —14.40 -33.29 -10.86 -25.16
0.04 —0.72 0.15 0.02 9.38
0.03 —0.56 0.13 0.02 7.06
-12.82 —21.25 —15.33 12.50 —24.74

greater than zero; this region is highlighted in Figure 7 as a green
hatched region. Peak flow attenuation was found to increase up to
the 94th percentile with a magnitude of between 0.5 and 2.5 m® s~2
(95% Cl) equivalent to a peak flow reduction of between 23.4 and
76.5%. Beyond the 97th percentile, attenuation was estimated to be
between 0 and 5.2 m® s~ and therefore could not be identified with

confidence. No such attenuation was observed for Colaton Brook.

4 | DISCUSSION
41 | (H1)Flow entering the beaver dam complex
is slowed, resulting in increased lag times

Increases in lag times and reduced rising limb slopes were three and two
times greater, respectively, at the impacted site following beaver dam
complex construction, than the control site (Figure 4). Given the signifi-

cant interaction term between beaver presence and site in the selected
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FIGURE 5 The general linear models fitted to determine the impact of a beaver dam sequence on the relationship between total hydrological
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FIGURE 6 The predicted flow

i attenuation derived from the polynomial
regression with log link (M5: Table 1,
Figure 5). This is the difference between
predicted flows pre and post beaver.

2 Orange shaded regions describe the 95%
confidence limits of the model. Where
confidence limits are above the zero
(dashed) line, there can be >95%
confidence in attenuation—this area is
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FIGURE 7 Raincloud plot showing
the raw data, boxplot statistics and
density distribution of peak flows for

hydrological events in both Budleigh 20.00 -
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after beaver the complex was established
in the impacted site 10.00-
‘T’\ 4.00 -
(2]
o
S
N—r
3
o
[
c 1.00 -
>
£
<
®©
=
c
)
>
L
0.03~ i

Before

GLM model (M5), there can be confidence that this change resulted from
the creation of the beaver dam complex. The potential for beavers to
increase lag times has been both observed (Burns & McDonnell, 1998;
Larsen et al., 2021; Nyssen et al, 2011; Puttock et al., 2021, 2017;
Westbrook et al., 2020) and modelled (Neumayer et al., 2020; Stout
et al,, 2017) in other studies. This flattening of the curve is a clear dem-
onstration of the theory underpinning natural flood management (NFM)
interventions, where the desired goal is to mediate the flow response,
extending the duration of events such that the peak flow is reduced (Ellis
et al,, 2021; Lane, 2017; Norbury et al., 2021).

Key reasons for this attenuated hydrograph geometry are likely to
include, the increased effective storage capacity (Gurnell, 1998; Larsen
et al., 2021; Puttock et al., 2021, 2017; Westbrook et al., 2006; Woo &
Waddington, 1990) and reduced flow velocities (Butler &
Malanson, 1995; Green & Westbrook, 2009; Parker et al., 1985), driven
by an increase in roughness (Larsen et al., 2021; Puttock et al., 2017).

4.2 | (H2)Storm event peak flows are lower
following the construction of a beaver dam sequence
and the amount of attenuation increases with larger
rain events

Attenuation estimates presented herein for Budleigh Brook and in

Puttock et al. (2021), across three other sites in England, illustrated an
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attenuation effect for larger storm events. Increased attenuation with
larger events was also reported by Nyssen et al. (2011), for a dam
complex in Belgium, where a dam sequence was found to lower peak
flows and increase flood flow return intervals. Westbrook et al. (2020)
demonstrate that flood attenuation still manifests for even the largest
of hydrological events; the authors found that, in Alberta during larg-
est recorded flood in the Canadian Rocky Mountains, the majority
(68%) of dams within the research area were resilient to high flows
providing important storm-water storage and increased water reten-
tion times both in ponds and laterally across adjacent floodplains.

The location considered herein and those others in (Puttock
et al., 2021), sit within unconfined, low-profile flood plain valleys.
Modelling by Neumayer et al. (2020) demonstrated increased lag
times due to beaver dams but only in valleys with wide and low gradi-
ent floodplain profiles. Local topography and channel/floodplain geo-
morphology are therefore likely to exert a strong control on
attenuation processes Puttock, 2020; Larsen
et al., 2021; Westbrook et al., 2006). Available storage within ponds is
also very likely to affect flow attenuation (Westbrook et al., 2020);

(Brazier, et al.,

however, it is highly variable. Where ponds are less full, prior to an
event, they have greater capacity to store/attenuate flow due to the
(Larsen et al, 2021; Ronnquist &
Westbrook, 2021; Westbrook et al., 2020). This mechanism will
largely be controlled by the flow state of dams within a complex
(Ronnquist & Westbrook, 2021; Woo & Waddington, 1990). As ponds

available freeboard
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fill during an event, water is stored in the pond during the transition
between underflow/gap flow to overflow (i.e., overtopping) (Butler &
1995; & Dillon, 1993;
Westbrook, 2021). In addition to dam structure, antecedent condi-

Malanson, Devito Ronnquist &
tions will also play a critical role in controlling pre-event pond levels/
flow state (Neumayer et al., 2020; Puttock et al., 2021, 2017). How-
ever, the largest dam in the Budleigh Brook pond complex is typically
in a full or near to overflow state (Ronnquist & Westbrook, 2021),
even after dry weather, and therefore the available freeboard, that is,
pond storage is rarely more than 5 cm. This would approximate to
ca. 95 m® of available transient storage across the 1900 m? pond.
Though not insignificant, this volume cannot explain the continued
increases in attenuation that were observed as this storage capacity
would be rapidly filled during a large event. Therefore, additional
attenuation mechanisms must have taken place.

43 | Conceptual model of flow attenuation

We suggest that, in a low-profile floodplain valley, not confined by
steep valley sides or impeded by man-made features such as levées
(Nanson & Croke, 1992), beaver dams will readily reconnect channel-
floodplain flow pathways, forcing water horizontally onto the flood-
plain as flows, and therefore pond levels behind the dam, increase.
With increasing flow, water is diverted around/over/through the dam
structure with ever increasing flow pathway length, tortuosity, rough-
ness and depth. Simply put, beaver dams and their associated wet-
lands increase the active area of floodplain and therefore the surface
area over which floodplain process can occur. This was observed by
Westbrook et al. (2006) who documented large flow diversions
extending up to 930 m downstream of the beaver dams. To reach a

floodplain flow depth equivalent to the post beaver inundated extent,

beaver dam

%}}‘

FIGURE 8 Conceptual model
describing the mechanisms of flow
attenuation within a beaver wetland with
an unconfined floodplain. As flow and
therefore the depth of water behind the
dam increases, the area of activated
floodplain also increases; this results in
the formation of new flow, infiltration and
evapotranspiration pathways. These
pathways become longer and more
tortuous as the flooded area expands
during a flow event. Canals likely play an
important role in transporting water
laterally into the floodplain further
enhancing floodplain connection

out-flow

a flood with a >200-year return interval would have been required. A
conceptual diagram of these processes is presented in Figure 8 which
highlights the multitude of hydrological pathways that are activated in
a beaver wetland, when the channel and floodplain are reconnected
by damming; these include surface processes but also subsurface flow
both into the shallow hyporheic zone, and deeper aquifer storage,
depending on the local soil and geological properties. Beaver canals
further enhance these processes by diverting water to more distant
regions of the floodplain yet again increasing the active floodplain
area (Grudzinski et al., 2020); canals will provide both new flow path-
ways but also act as temporary storage areas during storm events.
The diverted flow increases water storage, but it is transient and
dynamic; as noted by Westbrook et al. (2020) who found that the
flood extent, during a very large flow event, was up to 20 m from the
pond edge. This supports the idea that wider dams, that enhance
floodplain connection, may exert a greater effect on peak flow due to
the increased availability of floodplain storage, in addition to pond
storage (Puttock et al., 2021). At some threshold discharge, the atten-
uation effect must plateau (though it is noted here that long, tortuous
and high roughness flow paths will persist); this threshold approxi-
mates the point where floodplain inundation before beaver is equal to
the inundation extent post beaver. In a confined valley, the area over
which new flow pathways can form and water can be transiently slo-
wed, stored and infiltrated/evaporated is substantially reduced and
therefore this threshold/plateau will be reached more rapidly. Conse-
quently, it is likely that beaver dams have the strongest effect in
reducing peak flows in low-profile valleys (Neumayer et al., 2020),
where the structures are more likely to persist (Graham et al., 2020;
Green & Woestbrook, 2009; Macfarlane et al., 2017; Westbrook
et al., 2020) and they can activate the floodplain rapidly and over
larger areas enhancing transient storage and reducing overland veloci-

ties. The effect of beaver dams on high flows, therefore, varies
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spatially in response to topography, geomorphology, dam structure
and dam density (Gurnell, 1998; Puttock et al., 2021; Ronnquist &
Westbrook, 2021; Westbrook et al., 2020) but also temporally in
response to antecedent climatic conditions. Further investigation in
the hydrological effects of beaver dams in steeper river systems
would be valuable though to understand the importance of lateral
subsurface infiltration and its potential contribution to attenuating
peak flows; such processes are likely to be highly dependent on local
soil types.

These mechanisms of flow attenuation have important ramifica-
tions for where beaver dams may be desirable from a flood mitigation
perspective and where projects replicating beaver dam processes,
such as the use of beaver dam analogues (Bouwes et al., 2016;
Munir & Westbrook, 2021), should be placed in order to yield flow
attenuation benefits. These factors will need to be considered, along-
side other potential impacts of dams, on biodiversity and economically
valuable land/infrastructure. Beavers preferentially dam streams with
wider floodplain extents (Dittbrenner et al.,, 2018) and with lower
stream gradients (Dittbrenner et al, 2018; Graham et al., 2020;
Hartman & Tornlov, 2006; Macfarlane et al., 2017) where available,
often at locations immediately downstream of tributary confluences
(Baskin et al., 2011). Therefore, it is possible that the greatest attenua-
tion benefit will accrue during the initial stage of beaver population
expansion as these preferred locations are occupied.

As beaver populations expand, family groups will abandon terri-
tories, leaving dams unmaintained. Where these dams have previously
persisted for some time, they are often stabilized by vegetation
(Johnson-Bice et al., 2022; Pollock et al., 2014). Many of these dams
can therefore remain in the landscape and continue to exert strong
controls over surface water storage/flow routing at catchment and
regional scales after the abandonment of territories (Johnson-Bice
et al.,, 2022). Abandoned dams may also influence storm event dynam-
ics; so their impact on peak flow attenuation, and indeed low flow
conditions, warrants further investigation.

The anthropogenic modifications of rivers systems globally, pri-
marily through the intensification of land use, combined with dredg-
ing, drainage and the construction of permanent barriers like weirs/
dams, that starve rivers of coarse sediment, have led to the wide-
spread incision of river channels within their floodplains (Brown
et al., 2018; Kondolf, 1997). For a floodplain to be activated, in an
incised channel, a far greater flow is required (Pollock et al., 2014). It
is likely therefore that the attenuation effect of beaver dams will be
most substantive in these modified systems, where the ratio between
the flow required for floodplain activation, pre/post beaver dam con-
struction, is greatest. Where incision is not an issue and floodplains
are (still) activated readily, the potential increase in attenuation, due
to beaver may well be less pronounced as the river's hydrological
response is likely to already be more natural and attenuated. This
could explain why Burns and McDonnell (1998), who monitored the
impacts of a large beaver dam complex and associated wetland on the
hydrological regime of a forested catchment in New York State,
observed flow attenuation but only to a very limited extent for large

events.

44 | Low flow considerations

Several studies report the amelioration of drought conditions down-
stream of beaver dam complexes (Majerova et al., 2015; Nyssen
et al, 2011; Smith et al., 2020). This effect manifests because the
water stored in beaver ponds leaks slowly, maintaining an elevated
base flow. In contrast, it is suggested that increased evapotranspira-
tion rates can lead to a decline in base flow discharge (Correll
et al,, 2000; Larsen et al., 2021; Meentemeyer & Butler, 1999; Woo &
Waddington, 1990). FDCs for the impacted site appear to show no
maintenance of base flow with low flows (<Q95) decreasing following
beaver dam complex construction. Streamflow losses may have there-
fore increased following beaver reintroduction. This may have
resulted from either increased evapotranspiration in the beaver wet-
land (Burns & McDonnell, 1998; Fairfax & Small, 2018), and/or
increased groundwater recharge, following increased water residence
time (Westbrook et al., 2006). The spatial extent of this effect is
unknown, though it is conceivable that, due to the porous pebble bed
geology of both catchments (Sherrell, 1970), that local groundwater
losses may enhance low flows further downstream. Spatial variability
in hydrological responses to beaver dams, during high flows, is fre-
quently discussed (Brazier, Puttock, et al., 2020; Larsen et al., 2021);
spatial and temporal variability, in the response to low flows, may also
be significant and warrants further investigation.

4.5 | Implications for future work

This study demonstrates that there are likely to be multiple mecha-
nisms by which beaver dams attenuate high flows, most likely occur-
ring simultaneously during flood events. There is strong evidence to
suggest that this attenuation will increase with greater flows. How-
ever, given the large uncertainty for predicted attenuation during the
largest of events, further work is required to understand the potential
impact of beaver dams on flow, both at the site and catchment scale
(Brazier, Puttock, et al., 2020; Larsen et al., 2021). Hydraulic model-
ling, such as that demonstrated by Neumayer et al. (2020) and Stout
et al. (2017) is a vital step in understanding the effect of beavers at
these extreme flows. The representation of beaver dams in such
models is complex and challenging though, currently requiring dam
structures to be defined by the limitations of software. For example,
Neumayer et al. (2020) represent the interstitial gaps in the dam as a
set number of small pipes; this pragmatic simplification is understand-
able, but no doubt could be improved with further empirical observa-
tion. A stronger dialogue between such empirical data and model
development would help to refine parameters such as hydraulic
roughness across beaver wetlands, rates of dam under/through flow,
and when floodplain activation occurs during large storm events. It is
also crucial to capture the variability in dam structure and dimension
as demonstrated by Ronnquist and Westbrook (2021) and Hafen
et al. (2020)—these factors, in addition to variable dam densities, are
likely to exert strong controls on flow attenuation (Beedle, 1991).

Therefore, further hydraulic modelling is required, to build on the
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work of Neumayer et al. (2020) to consider dams of different dimen-
sions, densities and locations. This is crucial as the numbers, densities
and size of dams represented by Neumayer et al. (2020) are relatively
small at the catchment scale in comparison to those observed or pre-
dicted elsewhere (Graham et al., 2020; Macfarlane et al., 2017;
Zavyalov, 2014). Once greater confidence in estimating flow attenua-
tion at extreme flows is gained, it will be important to consider how to
extrapolate these findings to the catchment scale. By combining our
understanding of where beavers build dams and in what densities
(Dittbrenner et al, 2018; Graham et al, 2020; Hartman &
Tornlov, 2006; Macfarlane et al., 2017; Swinnen et al., 2019), along-
side an estimate of the inundated area that may occur (Karran
et al,, 2016), and an understanding of how flow attenuation manifests
across varying event magnitudes (Neumayer et al., 2020; Nyssen
et al.,, 2011; Puttock et al., 2021; Westbrook et al., 2020), flow states
(Ronnquist & Westbrook, 2021; Woo & Waddington, 1990) and
2015; Westbrook
et al., 2020), it will be possible to build a much stronger understanding

hydrometric conditions (Majerova et al.,
of the catchment scale hydrological impacts of beaver.

Multiple studies now demonstrate the local scale impact of bea-
ver dams on hydrology (Nyssen et al., 2011; Puttock et al., 2021,
2017), but there is a lack of empirical work that considers hydrological
change at the (sub)catchment scale. Modelling that attempts
landscape-scale extrapolation of local impacts would greatly benefit
from empirical work also conducted at this scale (Brazier, Elliott,
et al., 2020; Brazier, Puttock, et al., 2020; Larsen et al., 2021). Dam
sequences have already been shown to exert a larger effect on hydrol-
ogy than single dams (Beedle, 1991), it is therefore reasonable to
assume that this cumulative effect may also prevail when considering
the impact of multiple dam complexes within a catchment, though it is
not yet proven to what extent this may manifest. As shown for woody
debris dams (Dixon et al., 2016; Lane, 2017), there is likely to be a
cumulative effect, but this is unlikely to simply equate to the sum of
the impact of individual dam complexes (Larsen et al., 2021). This
understanding will prove key for informing future policy on beaver
management but also effective approaches for human-engineered
NFM projects that seek to replicate beaver dam processes (Auster
et al., 2022; Munir & Westbrook, 2021).

5 | CONCLUSION

This study provides further evidence that beaver dam sequences
attenuate peak flows during hydrological events. Peak flow attenua-
tion increased with total event rainfall but there was considerable
uncertainty for events where total rainfall was >97th percentile. The
process of attenuation was demonstrated through the analysis of
GAM hydrographs which showed clear changes in hydrograph geome-
try, following beaver dam complex construction, with increased lag
time and reduced rising limb slope. Transient floodplain storage is
likely to play a more significant role in contributing to the observed

attenuation in addition to pond storage, groundwater losses and

reduced velocity, resulting from an increase in roughness and
decrease in channel slope and an increase in the area over which
hydrological floodplain processes may occur. It is suggested that sub-
stantive transient floodplain storage may only occur in streams with
low-profile floodplain valleys and therefore these stream reaches are
likely to yield the most substantive attenuation effect. The impacts on
hydrological regime were most apparent during hydrological
extremes—both high and low flows; changes to the frequency and
magnitude of intermediate flows were negligible. Spatial, geographic,
and meteorological variability will play a major role in determining the
relative importance of attenuation mechanisms at play in beaver
wetlands.

This research has important implications for beaver reintroduc-
tion and management. Beavers may contribute to flood resilience
strategies such as natural flood management and catchment restora-
tion, where dams occur in landscapes that support the transient flow
attenuation mechanisms discussed herein. In these locations, beaver
dam complexes may offer some low-cost flood resilience to small, at-
risk communities, especially of value where conventional flood-risk
solutions may not be financially justified. The potential cumulative
effect of many hundreds of dams could also have significant implica-
tions for catchment scale hydrological processes and thus flood-risk
reduction, but a stronger understanding of the spatio-temporal vari-
ability in beaver dam-hydrological interactions is needed to quantify
such effects.

ACKNOWLEDGEMENTS

We would like to thank the Devon Wildlife Trust and those involved
with the River Otter Beaver Trial for their help and facilitation of this
work. Special thanks go to the landowner, Clinton Devon Estate who
granted us access to their land to monitor beaver activity/impacts.
We thank Vanessa Hain and Simon McHugh, of the Environment
Agency, for their assistance in providing the stage and flow data used
herein. H.G. was supported by a University of Exeter, Devon Wildlife
Trust and Wellcome Trust PhD fellowship. Additional support for
R.E.B., H.G. and A.P. came from NERC grant: NERC/PE/2016_087.
This research was funded in whole, or in part, by the Wellcome Trust
[Grant 580011415]. For the purpose of open access, the author has
applied a CC BY public copyright licence to any Author Accepted

Manuscript version arising from this submission.

DATA AVAILABILITY STATEMENT

All code and data to reproduce this analysis is available from the fol-
lowing repository https://doi.org/10.5281/zenodo.6034308
(Graham, 2022). The code used to download and extract The Met
Office NIMROD rainfall radar time series (Met Office, 2003) can be
found in this repository: https://github.com/exeter-creww/Rainfall_
radar.

ORCID
Hugh A. Graham
Alan K. Puttock

https://orcid.org/0000-0001-9451-5010
https://orcid.org/0000-0003-0814-7894


https://doi.org/10.5281/zenodo.6034308
https://github.com/exeter%E2%80%90creww/Rainfall_radar
https://github.com/exeter%E2%80%90creww/Rainfall_radar
https://orcid.org/0000-0001-9451-5010
https://orcid.org/0000-0001-9451-5010
https://orcid.org/0000-0003-0814-7894
https://orcid.org/0000-0003-0814-7894

GRAHAM ET AL.

Wl LEY 15o0f 17

REFERENCES

Auguie, B. (2017). gridExtra: Miscellaneous functions for “Grid” graphics.

Auster, R. E., Barr, S. W., & Brazier, R. E. (2022). Beavers and flood allevia-
tion: Human perspectives from downstream communities. Journal of
Flood Risk Management, 15, e12789. https://doi.org/10.1111/jfr3.
12789

Baskin, L. M., Novoselova, N. S., & Barysheva, S. L. (2011). Landscape level
habitat selection by beavers and the long-lasting effects of beaver set-
tlements. In Restoring the European beaver: 50 years of experience
(pp. 195-204). Pensoft Publishers.

Baston, D. (2020). exactextractr: Fast extraction from Raster datasets using
polygons.

Beedle, D. L. (1991). Physical dimensions and hydrologic effects of beaver
ponds on Kuiu Island in southeast Alaska (Thesis).

Bilotta, G. S., Burnside, N. G., Gray, J. C., & Orr, H. G. (2016). The effects
of run-of-river hydroelectric power schemes on fish community com-
position in temperate streams and rivers. PLoS One, 11, e0154271.
https://doi.org/10.1371/journal.pone.0154271

Bouwes, N., Weber, N., Jordan, C. E., Saunders, W. C., Tattam, I. A,
Volk, C., Wheaton, J. M., & Pollock, M. M. (2016). Ecosystem experi-
ment reveals benefits of natural and simulated beaver dams to a
threatened population of steelhead (Oncorhynchus mykiss). Scientific
Reports, 6, 28581. https://doi.org/10.1038/srep28581

Brazier, R. E., Elliott, M. E., Andison, E., Auster, R. E., Bridgewater, S.,
Burgess, P., Chant, J.,, Graham, H. A., Knott, E., Puttock, A. K,
Sansum, P., & Vowles, A. (2020). River otter beaver trial: Science and evi-
dence report. River Otter Beaver Trial.

Brazier, R. E., Puttock, A., Graham, H. A., Auster, R. E., Davies, K. H., &
Brown, C. M. L. (2020). Beaver: Nature's ecosystem engineers. WIREs
Water, 8, e1494. https://doi.org/10.1002/wat2.1494

Brown, A. G,, Lespez, L., Sear, D. A., Macaire, J.-J., Houben, P., Klimek, K.,
Brazier, R. E., Van Oost, K., & Pears, B. (2018). Natural vs anthropogenic
streams in Europe: History, ecology and implications for restoration,
river-rewilding and riverine ecosystem services. Earth Science Reviews,
180, 185-205. https://doi.org/10.1016/j.earscirev.2018.02.001

Burns, D. A., & McDonnell, J. J. (1998). Effects of a beaver pond on runoff
processes: Comparison of two headwater catchments. Journal of
Hydrology, 205, 248-264. https://doi.org/10.1016/50022-1694(98)
00081-X

Butler, D. R., & Malanson, G. P. (1995). Sedimentation rates and patterns
in beaver ponds in a mountain environment. Geomorphology, 13, 255-
269. https://doi.org/10.1016/0169-555X(95)00031-Y

Campbell-Palmer, R., Gow, D., Needham, R., Jones, S., & Rosell, F. (2015).
The Eurasian beaver. Pelagic Publishing.

Correll, D. L., Jordan, T. E., & Weller, D. E. (2000). Beaver pond biogeo-
chemical effects in the Maryland coastal plain. Biogeochemistry, 49,
217-239.

Devito, K. J., & Dillon, P. J. (1993). Importance of runoff and winter anoxia
to the P and N dynamics of a beaver pond. Canadian Journal of Fisher-
ies and Aquatic Sciences, 50, 2222-2234. https://doi.org/10.1139/
f93-248

Dittbrenner, B. J., Pollock, M. M., Schilling, J. W., Olden, J. D,
Lawler, J. J., & Torgersen, C. E. (2018). Modeling intrinsic potential for
beaver (Castor canadensis) habitat to inform restoration and climate
change adaptation. PLoS One, 13, €0192538. https://doi.org/10.1371/
journal.pone.0192538

Dixon, S. J., Sear, D. A, Odoni, N. A, Sykes, T., & Lane, S. N. (2016). The
effects of river restoration on catchment scale flood risk and flood
hydrology. Earth Surface Processes and Landforms, 41, 997-1008.
https://doi.org/10.1002/esp.3919

Ellis, N., Anderson, K., & Brazier, R. (2021). Mainstreaming natural flood
management: A proposed research framework derived from a critical
evaluation of current knowledge. Progress in Physical Geography: Earth
and Environment, 45, 0309133321997299. https://doi.org/10.1177/
0309133321997299

Fairfax, E., & Small, E. E. (2018). Using remote sensing to assess the impact
of beaver damming on riparian evapotranspiration in an arid landscape.
Ecohydrology, 11, €1993. https://doi.org/10.1002/ec0.1993

FC, M., & Davis, T. L. (2021). ggpattern: Geoms with patterns.

Fenton, J. D. (2018). On the generation of stream rating curves. Journal of
Hydrology, 564, 748-757. https://doi.org/10.1016/j.jhydrol.2018.
07.025

Graham, H. A. (2022). h-a-graham/Budleigh_Brook_Beaver_Hydro: Sub-
mission release (v0.0.1.4). Zenodo. https://doi.org/10.5281/zenodo.
6034308

Graham, H. A, Puttock, A., Chant, J., Elliott, M., Campbell-Palmer, R.,
Anderson, K., & Brazier, R. E. (2022). Monitoring, modelling and man-
aging beaver (Castor fiber) populations in the River Otter catchment,
Great Britain. Ecological Solutions and Evidence, 3. https://doi.org/10.
1002/2688-8319.12168

Graham, H. A. Puttock, A. Macfarlane, W. W., Wheaton, J. M,
Gilbert, J. T., Campbell-Palmer, R., Elliott, M., Gaywood, M. J.,
Anderson, K., & Brazier, R. E. (2020). Modelling Eurasian beaver forag-
ing habitat and dam suitability, for predicting the location and number
of dams throughout catchments in Great Britain. European Journal of
Wildlife Research, 66, 42. https://doi.org/10.1007/s10344-020-
01379-w

Green, K. C., & Westbrook, C. J. (2009). Changes in riparian area structure,
channel hydraulics, and sediment yield following loss of beaver dams.
Journal of Ecosystems and Management, 10, 68-79.

Grolemund, G., & Wickham, H. (2011). Dates and times made easy with
lubridate. Journal of Statistical Software, 40, 1-25.

Grudzinski, B. P., Cummins, H., & Vang, T. K. (2020). Beaver canals and their
environmental effects. Progress in Physical Geography: Earth and Environ-
ment, 44, 189-211. https://doi.org/10.1177/0309133319873116

Grygoruk, M., & Nowak, M. (2014). Spatial and temporal variability of
channel retention in a lowland temperate Forest stream settled by
European beaver (Castor fiber). Forests, 5, 2276-2288. https://doi.org/
10.3390/f5092276

Gurnell, A. M. (1998). The hydrogeomorphological effects of beaver dam-
building activity. Progress in Physical Geography, 22, 167-189. https://
doi.org/10.1177/030913339802200202

Hafen, K. C., Wheaton, J. M., Roper, B. B., Bailey, P., & Bouwes, N. (2020).
Influence of topographic, geomorphic, and hydrologic variables on
beaver dam height and persistence in the intermountain western
United States. Earth Surface Processes and Landforms, 45, 2664-2674.
https://doi.org/10.1002/esp.4921

Hartman, G., & Tornlov, S. (2006). Influence of watercourse depth and
width on dam-building behaviour by Eurasian beaver (Castor fiber).
Journal of Zoology, 268, 127-131. https://doi.org/10.1111/j.1469-
7998.2005.00025.x

lannone, R., Cheng, J., & Schloerke, B. (2020). gt: Easily create presentation-
ready display tables.

Johnson-Bice, S. M., Gable, T. D., Windels, S. K., & Host, G. E. (2022).
Relics of beavers past: Time and population density drive scale-
dependent patterns of ecosystem engineering. Ecography, 2022.
https://doi.org/10.1111/ecog.05814

Jordan, P., Wayne, M., Karen, D., Gerard, K., Gerard, M., Paul, B., & Rich-
ard, M. (2005). ‘Patterns and Processes of Phosphorus Transfer from
Irish Grassland Soils to Rivers—Integration of Laboratory and Catch-
ment Studies’. Journal of Hydrology, Nutirent Mobility within River
Basins: A European Perspective, 304(1), 20-34. https://doi.org/10.
1016/j.jhydrol.2004.07.021

Karran, D. J., Westbrook, C. J., Wheaton, J. M., Johnston, C. A., & Bedard-
Haughn, A. (2016). Rapid surface water volume estimations in beaver
ponds. Hydrology and Earth System Sciences Discussions, 21, 1-26.
https://doi.org/10.5194/hess-2016-352

Kondolf, G. M. (1997). PROFILE: Hungry water: Effects of dams and gravel
mining on river channels. Environmental Management, 21, 533-551.
https://doi.org/10.1007/s002679900048


https://doi.org/10.1111/jfr3.12789
https://doi.org/10.1111/jfr3.12789
https://doi.org/10.1371/journal.pone.0154271
https://doi.org/10.1038/srep28581
https://doi.org/10.1002/wat2.1494
https://doi.org/10.1016/j.earscirev.2018.02.001
https://doi.org/10.1016/S0022-1694(98)00081-X
https://doi.org/10.1016/S0022-1694(98)00081-X
https://doi.org/10.1016/0169-555X(95)00031-Y
https://doi.org/10.1139/f93-248
https://doi.org/10.1139/f93-248
https://doi.org/10.1371/journal.pone.0192538
https://doi.org/10.1371/journal.pone.0192538
https://doi.org/10.1002/esp.3919
https://doi.org/10.1177/0309133321997299
https://doi.org/10.1177/0309133321997299
https://doi.org/10.1002/eco.1993
https://doi.org/10.1016/j.jhydrol.2018.07.025
https://doi.org/10.1016/j.jhydrol.2018.07.025
https://doi.org/10.5281/zenodo.6034308
https://doi.org/10.5281/zenodo.6034308
https://doi.org/10.1002/2688-8319.12168
https://doi.org/10.1002/2688-8319.12168
https://doi.org/10.1007/s10344-020-01379-w
https://doi.org/10.1007/s10344-020-01379-w
https://doi.org/10.1177/0309133319873116
https://doi.org/10.3390/f5092276
https://doi.org/10.3390/f5092276
https://doi.org/10.1177/030913339802200202
https://doi.org/10.1177/030913339802200202
https://doi.org/10.1002/esp.4921
https://doi.org/10.1111/j.1469-7998.2005.00025.x
https://doi.org/10.1111/j.1469-7998.2005.00025.x
https://doi.org/10.1111/ecog.05814
https://doi.org/10.1016/j.jhydrol.2004.07.021
https://doi.org/10.1016/j.jhydrol.2004.07.021
https://doi.org/10.5194/hess-2016-352
https://doi.org/10.1007/s002679900048

16 of 17 Wl LEY

GRAHAM ET AL.

Ladson, A. R, Brown, R, Neal, B, & Nathan, R. (2013). A standard
approach to baseflow separation using the Lyne and Hollick filter. Aus-
tralasian Journal of Water Resources, 17, 25-34. https://doi.org/10.
7158/13241583.2013.11465417

Lane, S. N. (2017). Natural flood management. Wiley Interdisciplinary
Reviews Water, 4, e1211. https://doi.org/10.1002/wat2.1211

Larsen, A, Larsen, J. R, & Lane, S. N. (2021). Dam builders and their works:
Beaver influences on the structure and function of river corridor
hydrology, geomorphology, biogeochemistry and ecosystems. Earth
Science Reviews, 218, 103623. https://doi.org/10.1016/j.earscirev.
2021.103623

Law, A., McLean, F., & Willby, N. J. (2016). Habitat engineering by beaver
benefits aquatic biodiversity and ecosystem processes in agricultural
streams. Freshwater Biology, 61, 486-499. https://doi.org/10.1111/
fwb.12721

Lidecke, D., Ben-Shachar, M. S., Patil, I., Waggoner, P., & Makowski, D.
(2021). Performance: An R package for assessment, comparison and
testing of statistical models. Journal of Open Source Software, 6, 3139.
https://doi.org/10.21105/joss.03139

Macfarlane, W. W., Wheaton, J. M., Bouwes, N., Jensen, M. L.,
Gilbert, J. T., Hough-Snee, N., & Shivik, J. A. (2017). Modeling the
capacity of riverscapes to support beaver dams. Geomorphology, 277,
72-99. https://doi.org/10.1016/j.geomorph.2015.11.019

Majerova, M., Neilson, B. T., Schmadel, N. M., Wheaton, J. M., &
Snow, C. J. (2015). Impacts of beaver dams on hydrologic and temper-
ature regimes in a mountain stream. Hydrology and Earth System Sci-
ences, 19, 3541-3556. https://doi.org/10.5194/hess-19-3541-2015

Marschner, I. C. (2011). glm2: Fitting generalized linear models with con-
vergence problems. R Journal, 3, 12. https://doi.org/10.32614/RJ-
2011-012

Meentemeyer, R. K., & Butler, D. R. (1999). Hydrogeomorphic effects of
beaver dams in glacier national park, Montana. Physical Geography, 20,
436-446. https://doi.org/10.1080/02723646.1999.10642688

Met Office. (2003). Met Office rain radar data from the NIMROD system.
Retrieved from http://catalogue.ceda.ac.uk/uuid/82adec1f896af6169
112d09cc1174499

Met Office. (2020). UK-climate-averages climate information - Met Office.
Retrieved  from  https://www.metoffice.gov.uk/research/climate/
mapsand-data/uk-climate-averages

Munir, T. M., & Westbrook, C. J. (2021). Beaver dam analogue configura-
tions influence stream and riparian water table dynamics of a degraded
spring-fed creek in the Canadian Rockies. River Research and Applica-
tions, 37, 330-342. https://doi.org/10.1002/rra.3753

Nagelkerke, N. J. D. (1991). Miscellanea A note on a general definition of
the coefficient of determination. Biomerrika, 78, 691-692.

Nanson, G. C., & Croke, J. C. (1992). A genetic classification of floodplains.
Geomorphology, 4, 459-486. https://doi.org/10.1016/0169-555X(92)
90039-Q

Neumayer, M., Teschemacher, S., Schloemer, S., Zahner, V., & Rieger, W.
(2020). Hydraulic modeling of beaver dams and evaluation of their
impacts on flood events. Water, 12, 300. https://doi.org/10.3390/
w12010300

Norbury, M., Phillips, H., Macdonald, N., Brown, D., Boothroyd, R,
Wilson, C., Quinn, P., & Shaw, D. (2021). Quantifying the hydrological
implications of pre- and post-installation willowed engineered log jams
in the Pennine Uplands, NW England. Journal of Hydrology, 603,
126855. https://doi.org/10.1016/j.jhydrol.2021.126855

Nyssen, J., Pontzeele, J., & Billi, P. (2011). Effect of beaver dams on the
hydrology of small mountain streams: Example from the Chevral in the
Ourthe Orientale basin, Ardennes, Belgium. Journal of Hydrology, 402,
92-102. https://doi.org/10.1016/j.jhydrol.2011.03.008

O'Briain, R. (2019). Climate change and European rivers: An eco-
hydromorphological perspective. Ecohydrology, 12, €2099. https://doi.
org/10.1002/ec0.2099

Ochoa-Tocachi, B. F., Buytaert, W., De Biévre, B., Célleri, R., Crespo, P.,
Villacis, M., Llerena, C. A, Acosta, L., Villazén, M., Guallpa, M., Gil-
Rios, J., Fuentes, P., Olaya, D., Vifias, P., Rojas, G., & Arias, S. (2016).
Impacts of land use on the hydrological response of tropical Andean
catchments: Ochoa-Tocachi et al: Land use impacts on tropical Andean
hydrology. Hydrological Processes, 30, 4074-4089. https://doi.org/10.
1002/hyp.10980

Parker, M., Wood, F., Jr., Smith, B., & Elder, R. (1985). Erosional downcut-
ting in lower order riparian ecosystems: Have historical changes been
caused by removal of beaver? Riparian ecosystems and their manage-
ment: Reconciling conflicting uses. North American Riparian Conference.
Gen Tech Rep USDA For. Serv.

Pollock, M. M., Beechie, T. J., Wheaton, J. M., Jordan, C. E., Bouwes, N.,
Weber, N., & Volk, C. (2014). Using beaver dams to restore incised
stream ecosystems. Bioscience, 64, 279-290. https://doi.org/10.1093/
biosci/biu036

Puttock, A., Graham, H. A., Ashe, J., Luscombe, D. J., & Brazier, R. E.
(2021). Beaver dams attenuate flow: A multi-site study. Hydrological
Processes, 35, €14017. https://doi.org/10.1002/hyp.14017

Puttock, A., Graham, H. A., Cunliffe, A. M., Elliott, M., & Brazier, R. E.
(2017). Eurasian beaver activity increases water storage, attenuates
flow and mitigates diffuse pollution from intensively-managed grass-
lands. Science of the Total Environment, 576, 430-443. https://doi.org/
10.1016/j.scitotenv.2016.10.122

Python Software Foundation. (2019). Python Language Reference, version
3.6. http://www.python.org

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Robinson, D., Hayes, A., & Couch, S. (2021). broom: Convert statistical
objects into tidy tibbles.

Ronnquist, A. L., & Westbrook, C. J. (2021). Beaver dams: How structure,
flow state, and landscape setting regulate water storage and release.
Science of the Total Environment, 785, 147333. https://doi.org/10.
1016/j.scitotenv.2021.147333

Rosell, F., Bozser, O., Collen, P., & Parker, H. (2005). Ecological impact of
beavers Castor fiber and Castor canadensis and their ability to modify
ecosystems. Mammal Review, 35, 248-276.

Sherrell, F. W. (1970). Some aspects of the Triassic aquifer in east Devon
and west Somerset. Quarterly Journal of Engineering Geology and
Hydrogeology, 2, 255-286. https://doi.org/10.1144/GSL.QJEG.1970.
002.04.02

Smith, A., Tetzlaff, D., Gelbrecht, J., Kleine, L., & Soulsby, C. (2020). Ripar-
ian wetland rehabilitation and beaver re-colonization impacts on
hydrological processes and water quality in a lowland agricultural
catchment. Science of the Total Environment, 699, 134302. https://doi.
org/10.1016/j.scitotenv.2019.134302

Smith, E. P. (2014). BACI design. In N. Balakrishnan, T. Colton, B. Everitt,
W. Piegorsch, F. Ruggeri, & J. L. Teugels (Eds.), Wiley StatsRef: Statistics
reference online. John Wiley & Sons, Ltd. https://doi.org/10.1002/
9781118445112.stat07659

Stevens, C., Paszkowski, C., & Foote, A. (2007). Beaver (Castor canadensis)
as a surrogate species for conserving anuran amphibians on boreal
streams in Alberta, Canada. Biological Conservation, 134, 1-13. https://
doi.org/10.1016/j.biocon.2006.07.017

Stout, T. L., Majerova, M., & Neilson, B. T. (2017). Impacts of beaver dams
on channel hydraulics and substrate characteristics in a mountain
stream. Ecohydrology, 10. https://doi.org/10.1002/eco0.1767

Stringer, A. P., & Gaywood, M. J. (2016). The impacts of beavers Castor
spp. on biodiversity and the ecological basis for their reintroduction to
Scotland, UK. Mammal Review, 46, 270-283. https://doi.org/10.1111/
mam.12068

Swinnen, K. R. R,, Rutten, A., Nyssen, J., & Leirs, H. (2019). Environmental
factors influencing beaver dam locations. Journal of Wildlife Manage-
ment, 83, 356-364. https://doi.org/10.1002/jwmg.21601


https://doi.org/10.7158/13241583.2013.11465417
https://doi.org/10.7158/13241583.2013.11465417
https://doi.org/10.1002/wat2.1211
https://doi.org/10.1016/j.earscirev.2021.103623
https://doi.org/10.1016/j.earscirev.2021.103623
https://doi.org/10.1111/fwb.12721
https://doi.org/10.1111/fwb.12721
https://doi.org/10.21105/joss.03139
https://doi.org/10.1016/j.geomorph.2015.11.019
https://doi.org/10.5194/hess-19-3541-2015
https://doi.org/10.32614/RJ-2011-012
https://doi.org/10.32614/RJ-2011-012
https://doi.org/10.1080/02723646.1999.10642688
http://catalogue.ceda.ac.uk/uuid/82adec1f896af6169
http://112d09cc1174499
https://www.metoffice.gov.uk/research/climate/mapsand-data/uk-climate-averages
https://www.metoffice.gov.uk/research/climate/mapsand-data/uk-climate-averages
https://doi.org/10.1002/rra.3753
https://doi.org/10.1016/0169-555X(92)90039-Q
https://doi.org/10.1016/0169-555X(92)90039-Q
https://doi.org/10.3390/w12010300
https://doi.org/10.3390/w12010300
https://doi.org/10.1016/j.jhydrol.2021.126855
https://doi.org/10.1016/j.jhydrol.2011.03.008
https://doi.org/10.1002/eco.2099
https://doi.org/10.1002/eco.2099
https://doi.org/10.1002/hyp.10980
https://doi.org/10.1002/hyp.10980
https://doi.org/10.1093/biosci/biu036
https://doi.org/10.1093/biosci/biu036
https://doi.org/10.1002/hyp.14017
https://doi.org/10.1016/j.scitotenv.2016.10.122
https://doi.org/10.1016/j.scitotenv.2016.10.122
http://www.python.org
https://doi.org/10.1016/j.scitotenv.2021.147333
https://doi.org/10.1016/j.scitotenv.2021.147333
https://doi.org/10.1144/GSL.QJEG.1970.002.04.02
https://doi.org/10.1144/GSL.QJEG.1970.002.04.02
https://doi.org/10.1016/j.scitotenv.2019.134302
https://doi.org/10.1016/j.scitotenv.2019.134302
https://doi.org/10.1002/9781118445112.stat07659
https://doi.org/10.1002/9781118445112.stat07659
https://doi.org/10.1016/j.biocon.2006.07.017
https://doi.org/10.1016/j.biocon.2006.07.017
https://doi.org/10.1002/eco.1767
https://doi.org/10.1111/mam.12068
https://doi.org/10.1111/mam.12068
https://doi.org/10.1002/jwmg.21601

GRAHAM ET AL.

Wl LEY 17 of 17

Vogel, R. M., & Fennessey, N. M. (1995). Flow duration curves ii: A review
of applications in water resources Planningl. JAWRA Journal of the
American Water Resources Association, 31, 1029-1039. https://doi.
org/10.1111/j.1752-1688.1995.tb03419.x

Westbrook, C. J., Cooper, D. J., & Baker, B. W. (2006). Beaver dams and
overbank floods influence groundwater-surface water interactions of
a rocky mountain riparian area: Mountain flood and beaver dam
hydrology. Water Resources Research, 42, 1-12. https://doi.org/10.
1029/2005WR004560

Westbrook, C. J., Ronnquist, A., & Bedard-Haughn, A. (2020). Hydrological
functioning of a beaver dam sequence and regional dam persistence
during an extreme rainstorm. Hydrological Processes, 34, 3726-3737.
https://doi.org/10.1002/hyp.13828

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D.,
Francois, R., Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M.,
Pedersen, T. L., Miller, E., Bache, S. M., Miller, K., Ooms, J.,
Robinson, D., Seidel, D. P., Spinu, V., ... Yutani, H. (2019). Welcome to
the Tidyverse. Journal of Open Source Software, 4, 1686. https://doi.
org/10.21105/joss.01686

Woo, M., & Waddington, J. M. (1990). Effects of beaver dams on subarctic
wetland hydrology. Arctic, 43, 223-230.

Wood, S. N. (2003). Thin-plate regression splines. Journal of the Royal Sta-
tistical Society: Series B, 65, 95-114.

Wood, S. N. (2004). Stable and efficient multiple smoothing parameter
estimation for generalized additive models. Journal of the American Sta-
tistical Association, 99, 673-686.

Wood, S. N. (2011). Fast stable restricted maximum likelihood and mar-
ginal likelihood estimation of semiparametric generalized linear
models. Journal of the RoyalF Statistical Society: Series B, 73, 3-36.

Wood, S. N. (2017). Generalized additive models: An introduction with R
(2nd ed.). Chapman and Hall/CRC.

Younger, P. M., Freer, J. E., & Beven, K. J. (2009). Detecting the effects of
spatial variability of rainfall on hydrological modelling within an uncer-
tainty analysis framework. Hydrological Processes, 23, 1988-2003.
https://doi.org/10.1002/hyp.7341

Zavyalov, N. A. (2014). Beavers (Castor fiber and Castor canadensis), the
founders of habitats and phytophages. Biology Bulletin Reviews, 4,
157-180. https://doi.org/10.1134/5207908641402008X

Zeng, Q., Chen, H., Xu, C.-Y., Jie, M.-X,, Chen, J., Guo, S.-L., & Liu, J.
(2018). The effect of rain gauge density and distribution on runoff sim-
ulation using a lumped hydrological modelling approach. Journal of
Hydrology, 563, 106-122. https://doi.org/10.1016/j.jhydrol.2018.
05.058

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Graham, H. A., Puttock, A. K., Elliott,
M., Anderson, K., & Brazier, R. E. (2022). Exploring the
dynamics of flow attenuation at a beaver dam sequence.
Hydrological Processes, 36(11), e14735. https://doi.org/10.
1002/hyp.14735


https://doi.org/10.1111/j.1752-1688.1995.tb03419.x
https://doi.org/10.1111/j.1752-1688.1995.tb03419.x
https://doi.org/10.1029/2005WR004560
https://doi.org/10.1029/2005WR004560
https://doi.org/10.1002/hyp.13828
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1002/hyp.7341
https://doi.org/10.1134/S207908641402008X
https://doi.org/10.1016/j.jhydrol.2018.05.058
https://doi.org/10.1016/j.jhydrol.2018.05.058
https://doi.org/10.1002/hyp.14735
https://doi.org/10.1002/hyp.14735

	Exploring the dynamics of flow attenuation at a beaver dam sequence
	1  INTRODUCTION
	2  METHODS
	2.1  Site descriptions
	2.1.1  Budleigh Brook
	2.1.2  Colaton Brook

	2.2  Data processing/cleaning
	2.3  Rainfall calculation
	2.4  Event extraction
	2.5  Data/statistical analysis

	3  RESULTS
	3.1  (H1) Flow entering the beaver dam complex is slowed, resulting in increased lag times
	3.2  (H2) Storm event peak flows are lower following the construction of a beaver dam sequence and the amount of attenuatio...

	4  DISCUSSION
	4.1  (H1) Flow entering the beaver dam complex is slowed, resulting in increased lag times
	4.2  (H2) Storm event peak flows are lower following the construction of a beaver dam sequence and the amount of attenuatio...
	4.3  Conceptual model of flow attenuation
	4.4  Low flow considerations
	4.5  Implications for future work

	5  CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


