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Beaver (Castor canadensis and Castor fiber) are regardedwidely as ecosystem engineers and the dams they create
are well-known for their ability to drastically alter the hydrology of rivers. As a result, beaver are increasingly
being included in green infrastructure practices to combat the effects of climate change and enhance ecosystem
resilience. Both drought and flood mitigation capabilities have been observed in watersheds with beaver dam
structures; however, howdamspossess contrastingmitigation abilities is not fully understood sincemost studies
neglect to acknowledge variation in beaver dam structures. In this study, an extensive cross-site survey of the
physical and hydrologic properties of beaver dams was conducted in the Canadian Rocky Mountains in Alberta.
This research aimed to improve the understanding of the hydrology of beaver dams by categorizing dams using
their intrinsic properties and landscape settings to identify fundamental patterns that may be applicable across
landscape types. The dam flow type classification from Woo and Waddington (1990) was evaluated in this
new context and adapted to include two new flow types. The survey of intrinsic beaver dam properties revealed
significant differences in dam structure across different sites. Physical differences in dam structure altered the dy-
namics and variance of pond storage and certain dam attributes related to the landscape setting. For instance,
dam material influenced dam height and water source influenced dam length. However, a closer analysis of
large rain events showed that the physical structure of dams alters seasonal dynamics of pond storage but not
the response to rain events. Overall, this research shows that beaver dams can be both structurally and hydrolog-
ically very different from each other. Establishing broadly applicable classifications is vital to understanding the
ecosystem resilience and mitigation services beaver dams provide.
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1. Introduction

Climate change is altering global ecosystem services by impacting
ecosystem structure, function and composition (Seidl et al., 2016).
This impact is strongest in the most sensitive and vulnerable regions
which includes a majority of the world's mountainous areas
(Immerzeel et al., 2020). Mountain regions provide an essential water
resource for surrounding ecosystems and human needs (Viviroli et al.,
2007;Wheater and Gober, 2013). The warming climate in the Canadian
Rocky Mountains, for example, may result in flashier river discharges
where water availability is increasingly associated with precipitation
variability rather than snowmelt (Foster et al., 2016). In addition to
these changes, increases in the severity and frequencies of both
droughts and floods are expected (Whitfield, 2012). Predicting how ba-
sins will respond to climate disturbance is complicated. The hydrologi-
cal resilience of mountain basins is dependent on the dominant
hydrological processes and how they relate to climate and basin charac-
teristics (Harder et al., 2015). To sustain the ecosystem functions of the
Canadian Rockies and mountainous regions worldwide, it is imperative
to conduct research that will contribute to a climate adaptation strategy
that focuses on enhancing the natural resilience of ecosystems
(Morrison et al., 2018). Increasing human population and a subsequent
rise in land consumption has led to the emergence of green
infastructure as an approach to achieve sustainable development and
maintain ecosystem services (Wang and Banzhaf, 2018). Beaver
(Castor canadensis and C. fiber) are increasingly being included in
green infrastructure practices to counter the effects of climate change
and enhance ecosystem resilience (Dittbrenner et al., 2018; Naiman
et al., 1988; Williams et al., 2015).

Beaver engineer the ecosystem around them through the construc-
tion of dams. The dam serves as a means of increasing water depth
until a pond large enough to serve as a refuge is created (Gurnell,
1998). In geographically isolated wetlands, where dam-building is not
as prevalent, beaver excavate pond bottoms and channels perpendicu-
lar to the pond edge extensively to aid water accumulation and access
to resources (Hood and Bayley, 2008; Hood and Larson, 2015). The
pond keeps the burrow or lodge entrance underwater, increases acces-
sibility to food sources, and keeps the winter cache of food unfrozen
(Baker and Hill, 2003). One beaver colony (family) can oversee dozens
of individual dams, which are often built in series along a section of a
stream (Morgan, 1868). Dam and pond density can exceed ten ponds
per km of stream under the ideal conditions (Burchsted and Daniels,
2014; Naiman et al., 1986; Woo and Waddington, 1990) and dams
have been reported on as high as fourth order streams (Burchsted and
Daniels, 2014; Smith and Mather, 2013; Westbrook et al., 2006).

The construction of dams alters stream and wetland ecosystems by
expanding open water areas and increasing both surface and ground
water storage (Johnston and Naiman, 1990; Karran et al., 2018;
Westbrook et al., 2006). The increase in water retention on the land-
scape makes beaver ponds a vital water source during droughts (Hood
and Bayley, 2008). In addition to drought protection, beaver dams
have some flood mitigation capabilities (Puttock et al., 2020). Despite
the potential for dam failure during large rain events to cause an in-
crease in flood water volume (Hillman, 1998), dam failure has been
low in extreme floods (Westbrook et al., 2020). Dams can also delay
downstream transmission of floodwaters by slowing surface runoff
and attenuating peak discharges, resulting in smaller floods (Nyssen
et al., 2011; Puttock et al., 2020). The effects that beaver dams have on
hydrology hold the potential to create a negative feedback loop in re-
sponse to some hydrological changes resulting from the changing cli-
mate. How dams can possess such contrasting mitigation abilities is
not fully understood. However, since some landscapes have the poten-
tial to support significantly more beaver dams than currently present,
any drought or flood mitigation effects could be compounded and en-
hanced in the future if beaver populations increase (Butler and
Malanson, 2005; Dittbrenner et al., 2018; Macfarlane et al., 2017).
2

Beaver can build dams in a wide range of landscapes and conditions.
This versatility leads to a large variety of dam types. A categorization of
dams based on the way water flows through each dam structure was
conceptualized by Woo and Waddington (1990). Their classification
consisted of four dam flow types – overflow, gapflow, underflow, and
throughflow. The dam flow types differed in their ability to store
water and therefore functioned differently in high and lowwater condi-
tions. The overflowdam typemaximized hydraulic head and commonly
stored the most water. Overflow and gapflow were most successful at
retaining and storing water at low flows. The underflow and
throughflow dams did not store water as effectively but underflow
dams were found to be the best at moderating and delaying peak
flows downstream (Woo and Waddington, 1990). Since its introduc-
tion, the utility of this classification to describe beaver dam hydrology
has not been assessed in other geographies.

There is a need to improve the understanding of the hydrological im-
pacts of beaver dams across spatial scales (Brazier et al., 2020). To deter-
mine if beaver hold potential to assist in negating the increasing effects of
climate change, it is imperative to obtain the ability to predict themagni-
tude of effects dams have on the landscape and incorporate dam struc-
tures into hydrological models. The reason studies have failed to
reliably extrapolate the effect of beaver modifications to a landscape
scale may be associated with the large variation in beaver dam struc-
tures. The purpose of this study is to improve the understanding of the
storage and transmittance of water through beaver ponds by exploring
the variation in dam structures. The aim is to identify approaches to cat-
egorize dams based on their intrinsic properties and landscape settings
to identify patterns that can be applied to any beaver habitat. It is
hypothesised that: 1) the extensive range of flow mitigation potential
corresponds with the variety of beaver dam types present on the land-
scape; 2) both the stability of pond storage and howwaterflows through
different dam types may dictate their flow mitigation potential. To test
these hypotheses, the utility of the dam flow type classification devel-
oped in the flat topography of the Canadian subarctic (Woo and
Waddington, 1990) was assessed in the mountainous landscape of the
Canadian Rockies. The dam flow types from the classification are used
to compare water storage dynamics and evaluate pond storage response
to rainfall events. In addition, other approaches of dam categorization in-
cluding dam morphology and landscape setting are explored to find
which variables are associated with predictable patterns.

Herein, both the survey (classification) and installation (pondwater
storage) components of the research are presented consecutively in
each section. Calculations used in the analysis conclude section two.
Within sections three and four, results and discussion from the survey
including flow type and dam morphology are followed by pond water
storage and the response to rain events.

2. Methods

2.1. Study area

This study focuses on the Kananaskis Country region of Alberta,
Canada,which straddles the easternmostmountainous region of the Ca-
nadian Rocky Mountains and adjacent foothills. Kananaskis Country is
characterized by tall mountainous peaks and deep U-shaped valleys
that give way to lower undulating topography to the east. Elevation
ranges from over 3000 m asl from the tallest peaks to around 1000 m
asl in the low valley bottoms. The region is the headwaters for several
major rivers that flow north into the Bow River before progressing east-
ward into the Canadian Prairies as the South Saskatchewan River.
Highwood Pass marks the boundary of tributaries that flow north into
the Bow River. South of this pass, the rivers connect to the Bow River
further east, within the foothills.

Selection of beaver-occupied sites across Kananaskis Country was
performed using a combination of aerial imagery, field visits, and pre-
existing datasets. An initial wetland dataset derived from aerial imagery
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(Morrison et al., 2015) was refined to sites where the presence of dams
constructed by beaverwas confirmed after 2012 andwith a known sub-
strate (peat or mineral). The chosen sites were previously analysed for
percent organic content by mass in 2012 (Morrison et al., 2015). There
were six primary sites and 13 secondary sites chosen randomly from
the dataset. Secondary sites were surveyed, and primary sites were
both surveyed and instrumented. Four of the primary siteswere derived
from the initial data set and two were discovered during field visits and
included due to their uniqueness. The unique sites were included to
capture the breadth of variation in damstructure. The aimwas to instru-
ment across a large range of dams and siteswith differing characteristics
to capture the extent of natural variation. The 19 total sites occupy both
mountainous and foothill regions and include both channel-spanning
and spring-fed beaver dams (Fig. 1).

2.2. Data collection

162 beaver ponds were surveyed over 19 sites in the summer of
2019 to determine the occurrence of each beaver damflow type present
Fig. 1.Map of the study site showing all 19 sites (10 mineral and 9 peatland) included in the be
for both the survey and instrumentation whereas secondary sites (triangles) were used just f
Alberta under licence agreement DMR#1707 M06.
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on the landscape for peat and mineral sites. Several other variables and
measurements including damheight, dam length, dammaterial, level of
beaver activity, and pondwater sourcewere also collected. The number
of dams observed at each site ranged from 2 to 19 with an average of
8 dams.

Dams were classified based on their flow type, as adapted from the
original four types created byWoo andWaddington (1990). Additional
constraints were added to the original flow type definitions tomaintain
consistent categorization. Overflow dams had water flowing over the
dam top less than 2 cm deep. The overflow area of the damwas not re-
quired to span the entire dam length. Gapflow dams had water flowing
through gaps greater than 2 cmdeepwith no limit set on the number of
gaps. For each dam, the number of gaps (ng) was recorded and the
width (w) and depth (d) of each gap was measured. The gap width
was measured at the pinch point (narrowest extent) and gap depth at
the maximum. Underflow dams had one or more gaps in the dam face
with an obvious wood or soil connection persisting above them, creat-
ing an underflow hole. Measurements of water depth and hole width
for underflows were kept consistent with those taken for gaps, also
aver dam survey and themain valleys they are located in. Primary sites (circles) were used
or the survey. Ortho-photographs of the study area were provided by the Government of
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assuming a rectangular shape for the calculation of area. An additional
measurement of distance to the dam top (dt) was included for both
the upstream and downstream sides of underflow holes. Throughflow
dams consisted of a porous media of sticks with water flowing through
at many locations. Any dams that did not fit in the flow type categoriza-
tion were independently described and temporarily placed in an ‘other’
category. These dams were later classified by the introduction of new
flow types, mixed and seep dams (Section 3.1).

Dam height was defined as a difference in hydraulic head (Δh) from
the upstream to the downstream side of the dam to provide a measure-
ment referred to as the ‘hydrologically effective height’. The difference
wasmeasuredmanually to the nearest cm using a combination of mea-
suring sticks. Thismetric was used for damheight for three primary rea-
sons. First, it easily distills a very heterogeneous structure down to one
measurement of height and removes ambiguity forwhat is to be consid-
ered the ‘base’ of the dam to measure from. Second, most of the dam
structures, especially those with large gaps, did not have water filling
the dam extent. Third, the measurement is not influenced by the sedi-
ment wedge that forms on the upstream side of the dam and erosion
of the stream bed that occurs on the downstream side of the dam.
Using this method ensures only the height of the dam that is effectively
retaining water is recorded. It is essential to understand that Δh is not a
static parameter and can fluctuate seasonally and with precipitation
events. However, since it and the other variables were measured con-
currently with the identification of dam flow type; the correlation be-
tween the variables is assumed to remain accurate. If any variables
were observed to change over the season, themeasurements and obser-
vations that were taken concurrently remained the ones used in the
analysis.

Dominant dam material was estimated through visual inspection.
Most dams accumulate sediment within their structure as they age
(Butler andMalanson, 1995), making it difficult to distinguish sediment
dominant dams from wood dominant dams that have been completely
covered in sediment. To account for the sedimentation process, the vi-
sual estimation was based on the downstream face of the dam and
dams were placed in one of three categories depending on the domi-
nant material: sediment, wood, or both sediment and wood. The domi-
nant material was assumed to remain constant over the season.

Siteswere classified as active, recently active, or old based on current
beaver occupancy. Active sties had current beaver habitation. Recent
sites had signs of beaver activity (e.g., cut trees and branches from the
previous season, which were distinguished from recent cuts by the
dulling colours in the wood) but no beaver present. Old sites had no
beaver present. They characteristically had extensive pond bottom sed-
imentation and dams covered with regrown regenerative vegetation
species such as willow and aspen.

Site instrumentation involved the installation of electronic
leveloggers (Solinst, Ontario), paired with monthly manual validations
to measure the depth of water in the beaver ponds. Fourteen ponds
from the six primary sites had loggers instrumented from late June to
late September 2019. Two additional loggers were added in stream sec-
tions lacking dams at two sites for comparative purposes. These loggers
were placed instream ~25 m downstream from an instrumented pond.
To protect the instrumentation and to ensure data quality, loggers
were suspended by chains inside perforated pipes anchored to the
pond bottom.

2.3. Data analysis

2.3.1. Survey data
The two main parameters of dam size (dam length and Δh) were

analysed with respect to site substrate, presence of aspen, dam mate-
rials, and pond water source. D'Agostino's K-squared tests performed
on the dam heights (Δh) (K2 = 60.2, p = 8.1 × 10−14) and lengths
(K2 = 84.5, p=4.4 × 10−19) revealed that neither variable is normally
distributed. To account for the non-parametric nature of the variables, a
4

combination of Kruskal-Wallis H-tests (for three or more categories)
andMann-WhitneyU tests (for two categories)were performed onme-
dian values. For analyses with three categories, the Kruskal-Wallis tests
were supplemented with three Mann-Whitney U tests performed
between categories with a Bonferroni correction of α* = 0.017. All var-
iables with non-categorical data types were compared using a correla-
tion matrix to identify potential patterns. The Kendall's Tau rank
coefficient, τ, was chosen to find associations among variable pairs
since it provides a non-parametric measure of the relationships be-
tween ordinal data types. All statistical analyses were performed in
Python using functions from the scipy stats and sklearn libraries.

2.3.2. Water storage dynamics
To compare water storage among ponds of different sizes, the mea-

sured pond depths were normalized using the maximum depth re-
corded at the ponds over the season. This maximum depth was
assumed to represent the maximum capacity of the ponds; hence, the
normalized pond depths correspond to a percentage of water storage
of the ponds.

To quantify the variance in pond water storage over the study pe-
riod, the quartile coefficient of variation (QCV) was calculated for each
instrumented pond. The QCV was used as a metric for variation since
it was found to be sensitive to the sharp fluctuations in pond water
level. It is a unitlessmeasure of relative dispersion calculated by dividing
the interquartile range (IQR) by the median (Q2) Eq. (1):

QCV ¼ IQR
Q2

� �
� 100 ð1Þ

A QCV of 0 represents an unchanging pond level whereas values >0
indicate variations in pond depth around the median value.

To better quantify the level of dam intactness, the area of thewetted
dam face (Ad; Eq. (2)) and the total area of dam gaps allowing water to
flow through (Ag) (Eq. (3))were calculated to determine thepercentage
of the dam face that has breached (PDB; Eq. (4)). These parameters
were derived from the total dam length (l), difference in hydraulic
head (Δh), and the depth (di) and width (wi) measurements of all the
gaps in the dam allowingwater to pass. This method assumes rectangu-
lar gaps and is dependent on the fullness of the pond. The area of the
wetted dam face (Ad) was calculated using the total dam length multi-
plied by the difference in hydraulic head (Δh):

Ad ¼ lΔh ð2Þ

The total area of gaps (Ag) allowing water to flow through the dam
face was calculated by summing the areas of each dam gap recorded
from the survey:

Ag ¼ ∑
ng

i¼1
diwi ð3Þ

The PDB was then calculated by dividing the total gap area (Ag) by
the wetted dam face (Ad),

PDB ¼ Ag

Ad
⁎100 ð4Þ

The PDB metric only applies to dam flow types that possess dam
gaps (gapflow, underflow, and mixed). Dam flow types without mea-
surable gaps (overflow and seep) were considered intact and given a
PDB value of 0%. Due to the porous nature of throughflow dams, calcu-
lating a PDB was not applicable for this dam type.

2.3.3. Precipitation event analysis
Three to four rain events from June to August were chosen to be

analysed for each of the 14 instrumented ponds for a total of 57 rain
events. For sites in close proximity, the analysis may have captured
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the same rain event. The rain events were used to determine how the
response of pond volume to rain events varies with respect to dam
type. Data from the 14 ponds and 2 stream sections (without ponds)
were paired with corresponding precipitation data for the region. Pre-
cipitation data were obtained from a combination of on-site meteoro-
logical stations run by the University of Saskatchewan and University
of Calgary, and those run by the Alberta Agriculture and Forestry,
Alberta Climate Information Service. All precipitation data were
resampled to the finest common timestamp, resulting in an hourly res-
olution. To preserve precision, pond depth datawere not resampled and
remained at the original 15-min interval timestep when paired to the
precipitation data.

The largest rain events, exceeding 5 mm for the whole event, were
chosen tomaximize the signal from the rain event andminimize the in-
fluence of other natural pondfluctuations. For each event, theminimum
pond level before the rain event began, the maximum pond level, and
the post-event minimum level were calculated and used to determine
a total increase in pond level (amplitude) caused by the rain event. In
addition, all the pond levels between the maximum and post-
minimum values were designated as the receding limb of the event. A
linear regression was fitted to the receding limb and a corresponding
slope was calculated. Performing a log transformation on the receding
limbprior to applying the regression function did not improve the over-
all linear fit and was therefore not included. Slopes were converted to
represent the rate of change in pond level over time.

3. Results

Beaver dams in the 19 surveyed sites exhibited large diversity. Mean
dam lengths ranged from 4 to 116m per site and mean Δh ranged from
0.04 to 0.83 m. The longest and shortest recorded dam lengths were 1
and 295 m, respectively. The largest recorded Δh was 1.97 m.

3.1. Dam flow type

The survey of dams in Kananaskis Country revealed different pro-
portions of the flow types than was found in Northern Ontario (Woo
and Waddington, 1990) as well as two new types (Fig. 2). The propor-
tions of gapflow (36%) and underflow (17%) dams were higher than
the original study whereas overflow (9%) and throughflow (<1%)
dams were lower. The two new flow types added to the classification
scheme were seep dams and mixed dams. Seep dams were found only
at sites fed by groundwater springs and were defined as dams that
Fig. 2. The frequency of dam flow types surveyed during 2019 in the Kananaskis region of

5

lacked surface water flow paths. The mixed dam type was an
encompassing category created to accommodate dams that possessed
more than one flow type at the same time. Seep andmixed dams repre-
sented 14% and 24%of the dams, respectively. Differences betweenmin-
eral and peat substrates did not influence the distribution of flow types
at the sites (Fig. 2).

Sixty-six dams (41%) from 7 sites were visited more than once dur-
ing the survey period. 24% (16) of the 66 revisited dams were observed
to have a different flow type. Four of these flow type changes occurred
on instrumented ponds (Fig. 3). Changes in flow type were caused by
changes in water level, erosion, or by beaver actively changing the
dam structure (i.e., a change in PDB) (Fig. 3). Since the water levels in
ponds naturally fluctuate with seasonal variations in precipitation and
evaporation, it is possible that some ponds naturally fluctuate between
flow types on a seasonal basis. The three most common flow type
changes were gapflow → seep (3 occurrences), mixed → underflow (3
occurrences), and overflow → mixed (3 occurrences). Most revisits to
the sites occurredmid-summer whenwater levels were at their lowest.
The first two flow type changes (gapflow→ seep, mixed→ underflow)
suggest dropping water levels from reduced inputs and may be revers-
ible as inputs increase again. The third change type (overflow→mixed)
is likely caused by erosional processes adding holes to the dam face.
Other changes, such as the two occurrences of underflow → gapflow
are also expected to be caused by erosion. Especially in non-vegetated
dams, water can erode the soil above an underflow, transforming it
into a gap. Overall, flow type changeswere observed to be driven by hy-
drologic, geomorphic, or biotic causes (Fig. 3). Hydrologic changes do
not involve any changes to the dam structure itself and therefore are re-
versible depending on water inputs to the ponds. Geomorphic and bi-
otic changes do impact the dam structure and are therefore not easily
influenced by seasonal trends.

When the changes in flow typewere compared to the level of beaver
activity at the site, older sites disused by beaver for many years were
less likely to have flow type changes. Sites with active beaver or recent
beaver occupancy experienced the most changes. The percentage of
flow type changes for the revisited dams was higher for active sites
(31%) and recently abandoned sites (30%) than old beaver sites (6%).

3.2. Dam morphology

3.2.1. Dam height
Investigation of dam size in relation to dam flow type showed that

the length of dams did not differ based on flow type (Kruskal-Wallis
Alberta. Counts are divided between sites with mineral or peat substrates (n = 162).



Fig. 3. The four instrumented dams where changes in base flow type were observed. Dam schematics are accurate in the number and sequence of dam gaps but are not drawn to scale.
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H-test: H = 9.7, p = 0.045; Bonferroni correction: α* = 0.01) (not
shown). The hydrologically effective height (Δh) was, however, signifi-
cantly different between dam flow types (H = 19.3, p < 0.001; Fig. 4).
The analysis did not include throughflow dams due to their low occur-
rence (n = 1).

Fig. 5 shows the relationship between Δh and the materials (wood,
sediment, and rocks) used in dam construction. The median dam
Fig. 4.Differences in damheight between the surveyedflow types (n=162). Damheightwasd
explanation of the Δh measurement.

6

heights of three different dam material groups differed (H = 27.3, p <
0.001). Sediment dams had lower heights than wood dams or those
with both materials (Mann-Whitney U test: sediment vs wood: U =
332.0, p = 0.002; sediment vs mixed: U = 1280.0, p < 0.001). Dam
height was similar between mixed and wood dams (U = 671.5, p =
0.217). Further, dams made primarily of sediment tended to have a
smaller Δh (Fig. 5a). Of the dams surveyed, 27% had at least one rock
efined as the effective hydraulic height (Δh). See the supplementarymaterial for illustrative



Fig. 5. Differences in Δh for dams of different materials (a) and for those that had rocks used in their construction (b).
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used in construction. Damswith rocks in them had significantly greater
median Δh than those lacking rocks (U = 1750, p < 0.001) (Fig. 5b).

3.2.2. Dam length
Dams in peatlands were significantly longer than those in mineral

sites (U= 2533.5 p= 0.009). In addition, sites that had aspen growing
within 100 m of the ponds had significantly longer dams than those
without (U = 2196.0, p = 0.003). To account for the high overlap
Fig. 6. Box plots of dam length by the (a) proportion of woody material visible in the dam str
(c) pond water source, and (d) dam material with pond water source. (n = 162).

7

between sites with aspen and peatlands, these two variables were fur-
ther analysed in combination (Fig. 6b). There was an additive effect on
dam length discovered between peatlands and aspen presence. No ef-
fect was found on dam length at mineral sites with aspen present.

A total of 64% of the dams included in the surveywere fed entirely by
systems of groundwater springs while only 14% were fed directly by
major stream channels. Dam length differed significantly for varying
water sources (H = 15.9, p < 0.001) (Fig. 6c). Spring fed ponds had
ucture, (b) site aspen presence within 100 m of the ponds and the underlying substrate,
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greater dam lengths than stream fed ponds (U=691, p<0.001). Ponds
fed by both streams and springs had significantly greater dam lengths
than stream fed ponds (U = 179.0, p < 0.001). Spring fed dams and
those fed by both springs and streams had similar lengths (U =
1436.5, p = 0.023).

A total of 39%of the dams surveyedweremadeprimarily of sediment,
12% were stick dominated, and 49% were a combination of both. Dam
length differed in response to dam material (H = 13.6, p = 0.001)
(Fig. 6a). Wood dominated dams were significantly shorter than sedi-
ment dominated dams (U=323.0, p=0.001) and those with both ma-
terials (U=350.0, p<0.001). Sediment dominated dams and thosewith
bothmaterials had similar lengths (U=2291.0, p=0.176). The relation-
ship between dammaterial and dam length may be linked to the pond
water source. Dams made primary of wood tend to be more porous
than those constructed from sediment. To keep a porous dam full, the
water inputs must be higher than those required to keep a sediment
dam full. Fig. 6d shows dams made primarily of sediment are only
found at sites that are fully or partially groundwater fed.

3.3. Variation in pond water storage

Differences in pond storage dynamics were revealed among dam
flow types when the average fullness of the ponds were compared.
Fig. 7 shows the evolution of water levels over time for different dam
Fig. 7. Percent fullness over time for the 14 ponds and the 2 stream sections instrumented over
site name first, followed by the individual pond or stream name.

8

flow types and for sections without dams (labelled stream). Gapflow
dams represented the largest proportion of dams instrumented and ex-
hibited the largest visual differences in fullness between ponds. Some
gapflow ponds such as the two instrumented at the Chive site (Fig. 7)
showed very little variation in ponddepth and remained almost entirely
full for the duration of the summer. In contrast, the Sidecut dam from
the Storm site experienced variations in pond depth that closely resem-
bled the high variation characteristic of stream sections. The average
percent fullness for the different gapflow dams ranged from 97% to
only 27%.

Calculation of QCV revealed that thewater level of the sectionswith-
out ponds exhibit about six timesmore variationwhen compared to the
fluctuation of water storage in the ponds. The average QCV of the four
flow types varied from 3 to 34; QCV was 119 for the corresponding
stream sections lacking dams. The QCV also revealed differences be-
tween flow types. Gapflow and underflowdams experienced the largest
average variation in pond depth: QCV = 34 and 31, respectively.
Overflow dams experienced the least (QCV = 3) and mixed dams fell
between (QCV = 13). The average variation in pond storage appeared
to increase as the average percent fullness of the pond decreased (τ =
−0.66). The pond variation also appeared to increase as the PDBmetric
increased but this correlation was not very strong (τ = 0.47).

PDB values calculated for relict and intact dam structures showed
that the average percentage of dam face breached for relict dams
the 2019 season. The mean percent fullness is shown by red dashed lines. Labels have the
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(4.7%) was higher than intact dams (1.8%). However, themaximum and
minimum values calculated did not differ. There was nomaximum PDB
for which a dam was guaranteed to be a relict structure. The maximum
PDB for intact dams was 32.4% and the maximum observed in a relict
dam was 31.5%. Minimum values revealed that both relict and intact
dams could have 0% of their dam face breached.

3.4. Pond response to rainfall events

Fig. 8a shows the variation of the recession limb slope for the differ-
ent flow types. Fig. 8b depicts the increase in water level in response to
each event. The response of pondwater storage to rainfall events did not
depend on dam flow type (Fig. 8a). The recession limb slopes after rain-
fall events were similar among the fourflow types (H=6.7, p=0.081).
However, the slope of the receding limb for all the dam flow types col-
lectively was significantly higher than for the undammed stream sec-
tions (U = 60.0, p = 0.025). Similarly, the total increase in pond
depth observed after a rainfall event (Fig. 8b) was similar for individual
flow types (H = 4.3, p = 0.232) and collectively lower than the
undammed stream sections (U = 38.0, p = 0.005).

4. Discussion

4.1. Dam flow types

Beaver dams are persistent structures and can remain evident on
landscapes for over a hundred years (Johnston, 2015) but this persis-
tence does not imply dams are static and unchanging. Adaptation of
theWoo andWaddington (1990) dam flow type classification revealed
that dam ‘types’ in the study area are dynamic and can shift rapidly. The
mechanisms responsible for transmitting water through dams are sen-
sitive to environmental conditions. Seasonal changes in available
water, erosional processes, and maintenance by beaver to the dam
were found to alter the primary flow mechanism, i.e., the flow type re-
sponsible for the transmitting the most water. The ability of dams to
readily change flow type within a span of weeks or months showed
that flow types are dynamic states that the dams occupy for a period
of time as a result of changing external conditions. We thus propose
Fig. 8. a) Comparison of the recession limb slopes for all individual flow types and the instrume
types and the instrumented stream sections. Differences between flow types were not signific
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that the dynamic nature of dams may be portrayed more effectively if
their classification terminology was altered from flow type to flow state.

Two new dam flow states, seep and mixed, were added to the Woo
and Waddington (1990) classification based on field observations. The
addition of the seep category was necessary due to differences in land-
scape type andwater source between northern Ontario, where the flow
state classification system was developed, and Kananaskis Country,
where we studied. The montane environment of Kananaskis Country
cultivates valley bottoms with steep slopes, resulting in fast flowing
creeks. Beaver prefer gentle slopes and slower moving creeks that are
easier to dam (Persico and Meyer, 2009) and the longevity of a beaver
colony at a particular location is inversely related to stream gradient
(Howard and Larson, 1985). To overcome these constraints, beaver con-
structed dams on groundwater springs adjacent to main creeks rather
than damming them directly. As a result, 64% of the beaver ponds stud-
iedwere fed by groundwater. These ponds obtained water from various
groundwater springs and smaller, zero-order ephemeral tributaries that
flow into the central valley streams. This method of building dams off-
stream may temporarily increase predation risk for the beaver until
the dams are successfully constructed. However, once established,
spring fed dams provide long lasting habitats as they are better
protected against the high flows associated with the spring freshet
(Butler, 2012). Since theWoo andWaddington (1990) study did not in-
clude spring fed dams, the seep flow state was not initially described.

The newmixed category captures dams with complex flow patterns
with less ambiguity and eliminates the challenge of determining a pri-
mary flowmechanism in cases wheremultiple flowmechanisms are si-
multaneously occurring. The category was not intended to incorporate
dams that experience changes betweenmultiple flow states throughout
the season. Further research using the flow state classification will need
tofind amethod to account for damswith flow states shifting over time.

Overall, the strength of the flow state method of classification is that
it is hydrologically based and does not rely on beaver occupancy. There-
fore, the flow state classification represents both older and younger
dams. Since dam flow state is related to variation in pond storage and
hydrologically effective height, the classification may prove useful for
extrapolating the hydrologic effects of dams to a landscape scale. The
tendency of flow state to change rapidly and its strong dependency on
season complicate classification butmay also help explain the contrasting
nted stream sections. b) Comparison of the increase in pond storage for all individual flow
ant but differences in dams compared to stream sections were significant.
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flood and drought mitigation properties of dams. Beaver dams can be re-
silient to large floods (Westbrook et al., 2020) while simultaneously re-
maining full and providing drought mitigation during periods of low
flow (Gurnell, 1998; Nyssen et al., 2011; Puttock et al., 2017). These con-
trasting abilities may be related to changes in dam flow state in response
to the volume of water being transmitted across the structure.

4.2. Dam morphology

Dams have some attributes that are predictable by understanding
their landscape setting. Dam lengths in spring fed sites were found to
be longer than stream fed sites (Fig. 6c); a difference likely reflecting to-
pographic setting. Since the final shape of a beaver dam is dependent on
where the dam is built and the surrounding topography (Beedle, 1991),
the initial topography of a building sitemay drive the final differences in
dam length. Beaver build dams to establish a pond that has a sufficient
depth to offer protection and serve as a refuge (Gurnell, 1998). The nat-
ural U-shape of stream channels allows a small dam anchored to each
bank to quickly establish a deep pond. In contrast, when beaver begin
to dam water from a groundwater spring or small ephemeral creek,
no deep pre-existing channel exists. Flat topography requires longer
dams and excavation from the beaver to create a deep pond. Beaver
can build dams in these environments by dredging soils, shearing mat
vegetation, and piling the materials to create the dam structure
(Mitchell and Niering, 2016; Westbrook et al., 2017). These spring-fed
beaver dams are less likely to be subjected to the high flows from spring
floods that dams spanning streamsmustwithstand (Butler, 2012). Dam
less likely to be breached by floods persist longer, increasing in both
height and length over multiple generations of beaver.

Beaver build dams from a variety of materials including wood, sedi-
ment, organic debris, and rocks (Woo andWaddington, 1990). The pro-
portions of differentmaterials used varies between dams and affects the
final dam shape (Beedle, 1991). Results of this study suggest that land-
scape setting plays a role in the materials chosen for dam construction.
The proportion of woody versus sediment dominated dams correspond
to pond water source. Groundwater fed dams had higher sediment
compositions whereas stream fed dams had more wood. Burchsted
and Daniels (2014) reported similar observations in northeastern
Connecticut, USA, describing in-channel dams with leakier structures
and less mud than valley-wide beaver dams. They attributed these dif-
ferences to beaver putting less effort into dam construction, but it may
be better attributed to how different materials can handle and react to
different flow velocities. Dams made primarily of wood with little sedi-
ment are very porous. A porous structure is well suited to high flow sit-
uations (stream fed) because it can maintain a full pond while still
transmitting a large volume of water, which reduces hydraulic stress
on the dam (Hassanli et al., 2009). In low flow conditions (groundwater
fed), a porous dam would not effectively pond water since the rate of
transmission through the dam could easily exceed the inputs from
groundwater springs. Sediment dams are best suited to low flow condi-
tions as they are almost impermeable, allowing the dam to maximize
water ponding. Inhighflowconditions, sediment dams lacking reinforc-
ingwood supportwould quickly erode. Since vegetation is known to de-
crease bank erosion in rivers (Gholami and Khaleghi, 2013), the ability
of a sediment dam to resist erosion should increase once a dambecomes
established with vegetation. Roots from emerging vegetation reinforce
sediment dams in the same way a wood core would, protecting the
structure from erosion. It is uncertain whether the behaviour of using
different materials in dams is opportunistic, instinctual, or learned. An
extreme example supporting opportunistic behaviour was discovered
at a mine site in the central Yukon, Canada, where woody materials
were scarce and beaver built their dams almost entirely of rocks (Jung
and Staniforth, 2010). However, beaver also often place rocks on the
crests of their dams as ballast to keep their building materials in place
(Beedle, 1991; Woo and Waddington, 1990). In Kananaskis Country,
dams with rocks in their structure had higher average heights (Δh).
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The practice of placing rocks may be deliberately adopted to build taller
and more robust dams rather than an opportunistic coincidence. Since
beaver construct dams to establish ponds where they are safe from
predators (Barnes andMallik, 1996), theremay be a strong evolutionary
pressure to quicklymake dams that persist. Woodymaterial selected by
beaver for dam construction is known to be based on size rather than
species (Barnes and Mallik, 1996). Therefore, evolutionary pressure
may naturally select for an instinct to use larger, woody materials in
faster flows. Alternatively, beaver may learn from experience. If a dam
washes out, they could learn to alter their building strategy and pass
this information on to their offspring. Additional experimental research
would be helpful in determining how beaver select dam material, and
how material type influences dam structural integrity.

Sediment damswere observed to have a lowerΔh (Fig. 5). The lower
hydraulic heads (effective dam heights) may be a result of the chal-
lenges associated with using sediment as a building material. Beaver
may have to put time and energy resources into making sediment
dams longer at the expense of height to impound enough water. In ad-
dition, sediment is more difficult for a beaver to carry. Beaver can carry
large trees in their powerful jaws, obtaining a large amount of building
material in each trip. However, sedimentmust be excavated and carried
in the beaver's front paws, one handful at a time. The beavermay have a
shorter travel distance to obtain sediment than woody material since it
can be excavated from the bottom of the pond. However, ease of access
to building materials may not outweigh the small volume of material
each trip yields, resulting in damswith a lowerhydraulic head. Significant
differences in Δh were also discovered between some dam flow states
(Fig. 4). Since seep dams are characteristically spring fed dams with
high sediment content, these related variables will account for some dif-
ferences seen between flow states. In contrast, lower dam heights may
reflect the ecological use of the dam. Hafen et al. (2020) linked dam
size to ecological factors, finding that beaver dams containing a lodge or
food cache (primary dams) were found to be taller than those without
(secondary dams). The purpose of many secondary beaver dams is to ex-
pand accessibility to foraging areas. On flat topography a lower dam
height can spread pond water over a much larger area than in channels
(Westbrook et al., 2006). In these situations, increasing dam height may
not be necessary to achieve the dam's purpose.

Further research combining ecological factors, landscape setting,
and dam material may provide a method for predicting dam size.
However, it is imperative that future research include both stream and
spring fed dams. Beaver occupy a broad range of aquatic habitats
(Westbrook et al., 2017) but scientific studies and beaver management
plans focus strongly on in-channel, stream-fed dams. Since spring fed
dams accounted for the majority of dams found in the study area
(64%) and showed significant differences in flow state, dam material,
and dam size, the results from studies that focus on only stream fed bea-
ver dams should not be assumed to be applicable to spring fed dams.

4.3. Flow regulation

Dams that breach do not always drain completely (Klimenko and
Eponchintseva, 2015) and can continue to affect the surrounding hy-
drology by elevating the water table (Karran et al., 2018). Analysis of
the percent dambreached (PDB) revealed that under certain conditions,
dams with large, breached areas continued to store water and impact
stream hydrology by maintaining an elevated hydraulic head. In con-
trast, certain intact dams were discovered to have a hydraulic height
of zero (not shown). These results indicate that the physical intactness
of the dam structure is not the only variable controlling the hydrologi-
cally effective height of the dam. The volume of water moving through
the dams may play a role in determining the Δh. Intact dams under
very low flow conditions, for example, may not be able to effectively
pond water. Alternatively, breached dams in high flow conditions may
be activated and contribute to water retention. Intact dams are known to
trigger overbank flooding and attenuate the release of water downstream
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(Nyssen et al., 2011; Westbrook et al., 2006). However, some dams with
large breaches still retain water, and therefore may also trigger overbank
flooding and attenuate the release of water downstream. These results in-
dicate that studies focusing only on intact and active beaver dams are
overlooking an important piece of beaver dam hydrology.

The average QCV metric showed a large difference between the
variability seen in sections without ponds when compared to the
more stable levels found within ponds. It also showed some emerging
differences between each flow state, indicating that not all dams de-
crease variability to the same extent. Water storage in beaver ponds is
temporally variable but much of this variability is not random. The
dam flow state, seasonal cycles, and diurnal cycles were found to influ-
ence pond water levels. Beaver ponds hold seasonally varying water
volumes (Nyssen et al., 2011) with maximum impoundment often re-
ported to occur during the fall (Scheffer, 1938) ranging from September
(Clifford, 1977) to November (Nyssen et al., 2011). Contrastingly, a bea-
ver pond studied in central Ontario, Canada, reached peak discharge in
the spring months with positive changes in water storage during the
spring and fall and negative changes to pond storage occurring mid-
summer and throughout the winter months (Devito and Dillon, 1993).
Differences in seasonalmaximums are likely a result of local climate, in-
dividual basin properties, and the level of active beavermaintenance on
the dam. Only one instrumented pond studied in Kananaskis Country
experiencedmaximum impoundment in the fall with all others reaching
their maximum during the spring freshet (late June). In addition to sea-
sonal trends, pond storage is influenced by diurnal cycles. Diurnal cycles
are likely caused by either evaporation processes or alpine snowmelt
runoff, which are both common streamflow responses observed in al-
pine environments (Caine, 1992; Mutzner et al., 2015). While the varia-
tion in ponddepth from thedaily peak to the correspondingminimum is
small, only a few cm, it can equate to upwards of hundreds of cubic me-
ters ofwater, depending on pond size (Beedle, 1991; Karran et al., 2018).
In future research, accounting for seasonal and diurnal variation in stor-
age will assist in isolating the storage variability caused by dam flow
state. Water storage in ponds responded not only to rainfall events,
but also to other environmental factors. Ponds were observed to have
both seasonal and diurnal cycles capable of producing strong responses.
During the peak summermonths of July and August, smaller rainstorms
and peak evaporation rates amplified diurnal fluctuations, causing them
to dominate over the pond's response to the rainfall event. Two types of
diurnal cycles were observed (not shown). The first was observed in a
low elevation pond and had peak pond depths occurring early morning
and minimums around midday. The lowest pond depths occurred dur-
ing the hottest part of the day, suggesting these cycles may be a result
of evaporative processes (Johnston, 2017). The second was observed in
a high elevation pond; exhibited was a cycle completely out of phase
with that found at the lower elevation pond. Peak pond depths occurred
early afternoon and minimums occurred over night. This cycle resem-
bles those found in glacier fed streams and may be a result of contribu-
tions from alpine snow and ice melt.

The beaver ponds instrumented in Kananaskis Country showed a
collective ability to truncate peaks in pond levels and reduce reced-
ing limb slope steepness for all dam flow states. This indicates a buff-
ering capacity may be intrinsic to all dam structures regardless of
flow state (Fig. 8). No evidence was found to support that individual
dam flow states alter the response of rainfall events to different ex-
tents (Fig. 8). Separating the effects of beaver dams that vary de-
pending on the dam structure and flow state from those that are
universal properties of all dams will aid in future work on predicting
dam effects. Though, the new understanding of the dynamic nature
of flow states questions the validity of some initial assumptions
used in the analysis. Each instrumented pond was assigned a single
flow state that was assumed to be applicable to the dam for the en-
tire season. 4 out of the 14 instrumented ponds exhibited some fluid-
ity in flow state when revisited during the field season (Fig. 3).
During large rain events, such as the ones isolated for this analysis,
11
the large increase in flow volume passing through the dams may
cause them to temporarily change flow state. Changes in the way
water is transmitted across a dam in response to large rain events
or changing seasonal conditions have been reported in the literature
without the context of flow state. For example, the transition of a
dam into an overflow flow state during large flow events has often
been observed and described as overtopping or exceeding the dam
crest (Butler and Malanson, 1995; Devito and Dillon, 1993; Gurnell,
1998). Since flow state is sensitive to changing conditions, the flow
states assigned to each instrumented dam may only be accurate as
a base states and any additional flow mechanisms activated during
high flows were not accounted for in the study. Accurate flow state
classification beyond the base state would require multiple inspec-
tions over varying seasonal conditions.

5. Conclusions and implications

This study entailed using a broad beaver dam survey in combi-
nation with instrumentation of individual ponds to provide a bet-
ter understanding of beaver dam structure and hydrology. The
flow type classification was successfully adapted to a new land-
scape through the introduction of two new categories, seep and
mixed. Insight gained from this characterization prompted a
change in terminology from flow type to flow state to better de-
scribe the dynamic nature of beaver dam hydrology. Analysis of
dam size (length and Δh) revealed significant differences with re-
spect to pond water source, flow state, and dam building materials.
The new percent dam breached metric illustrated the importance
of landscape setting by revealing how variables external to dam
structure can control the hydrologically effective height of the
dam The instrumented beaver ponds showed a collective ability
to truncate rainfall induced peaks and reduce variation in pond
storage for all dam flow states when compared to sections lacking
dams. Interestingly, the differing flow states affected seasonal var-
iation in pond storage to varying extents, but no difference was
found between flow states when analysing the response of pond
storage to rain events.

The results of this study have illustrated that beaver dams are
incredibly diverse and dynamic structures but can be characterized
using their physical and hydrologic properties. Notably, both dam
properties and landscape setting are important factors in deter-
mining the effect that dams have on the surrounding hydrology.
As climate change increases the severity of droughts and floods
on the landscape and practitioners continue to incorporate beaver
in climate change mitigation and restoration practices, it is clear
that a comprehensive understanding of beaver dam hydrology
and the ability to predict and model the effects of dams across the
landscape is increasingly important. The patterns uncovered in
this study will assist in future research directed at estimating bea-
ver dam effects on the landscape. Understanding these relation-
ships will be vital for creating models able to predict dam effects
and subsequently for determining the true mitigation potential of
beaver dams.

CRediT authorship contribution statement

Amanda L. Ronnquist: Conceptualization, Investigation, Formal anal-
ysis, Visualization, Writing - original draft. Cherie J. Westbrook: Concep-
tualization, Supervision, Funding acquisition, Resources, Writing - review
& editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.



A.L. Ronnquist and C.J. Westbrook Science of the Total Environment 785 (2021) 147333
Acknowledgements

We thank S. Schut and M. Sánchez for field assistance, N. Leroux for
coding support, and J.M.Waddington and K. Chutko for their comments
on an earlier draft of this manuscript. Funding was provided by grants
from the Natural Sciences and Engineering Research Council of Canada
(NSERC) Discovery (RGPIN-2017-05873) and CREATE (463960-2015)
programs, GlobalWater Futures (MountainWater Futures), and Alberta
Innovates. The study was carried out on Treaty 7 Territory and we pay
our respect to the Blood Tribe, Piikani Nation, Siksika Nation, Tsuu T'ina
Nation, and Stoney Tribe.

References

Baker, B.W.,Hill, E.P., 2003.Wildmammals ofNorthAmerica: Biology,management, and con-
servation. Wild Mammals of North America: Biology, Management, and Conservation.
The Johns Hopkins University Press, Baltimore, Maryland, pp. 288–310.

Barnes, D.M., Mallik, A.U., 1996. Use of woody plants in construction of beaver dams in
northern Ontario. Can. J. Zool. 74, 1781–1786.

Beedle, D., 1991. Physical Dimensions and Hydrologic Effects of Beaver Ponds on Kuiu
Island in Southeast Alaska. Oregon State University http://hdl.handle.net/1957/9343.

Brazier, R.E., Puttock, A., Graham, H.A., Auster, R.E., Davies, K.H., Brown, C.M.L., 2020.
Beaver: nature’s ecosystem engineers. Wiley Interdiscip. Rev. Water, 1–29 https://
doi.org/10.1002/wat2.1494.

Burchsted, D., Daniels, M.D., 2014. Classification of the alterations of beaver dams to head-
water streams in northeastern Connecticut. U.S.A. Geomorphology 205, 36–50.
https://doi.org/10.1016/j.geomorph.2012.12.029.

Butler, D.R., 2012. Characteristics of beaver ponds on deltas in a mountain environment.
Earth Surf. Process. Landforms 37, 876–882. https://doi.org/10.1002/esp.3218.

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.

Butler, D.R., Malanson, G.P., 2005. The geomorphic influences of beaver dams and
failures of beaver dams. Geomorphology 71, 48–60. https://doi.org/10.1016/J.
GEOMORPH.2004.08.016.

Caine, N., 1992. Modulation of the diurnal streamflow response by the seasonal
snowcover of an alpine basin. J. Hydrol. 137, 245–260. https://doi.org/10.1016/
0022-1694(92)90059-5.

Clifford, H.F., 1977. Descriptive phenology and seasonality of a Canadian brown-water
stream. 58, 213–231.

Devito, K.J., Dillon, P.J., 1993. Importance of runoff and winter anoxia to the P and N dy-
namics of a beaver pond. Can. J. Fish. Aquat. Sci. 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 restora-
tion and climate change adaptation. PLoS One 13, 1–15. https://doi.org/10.1371/jour-
nal.pone.0192538.

Foster, L.M., Bearup, L.A., Molotch, N.P., Brooks, P.D., Maxwell, R.M., 2016. Energy budget
increases reducemean streamflowmore than snow-rain transitions: using integrated
modeling to isolate climate change impacts on Rocky Mountain hydrology. Environ.
Res. Lett. 11. https://doi.org/10.1088/1748-9326/11/4/044015.

Gholami, V., Khaleghi, M.R., 2013. The impact of vegetation on the bank erosion (case
study: the haraz river). Soil Water Res. 8, 158–164. https://doi.org/10.17221/13/
2012-swr.

Gurnell, A.M., 1998. The hydrogeomorphological effects of beaver dam-building activity.
Prog. Phys. Geogr. 22, 167–189. https://doi.org/10.1191/030913398673990613.

Hafen, K.C., Wheaton, J.M., Roper, B.B., Bailey, P., Bouwes, N., 2020. Influence of topo-
graphic, geomorphic, and hydrologic variables on beaver dam height and persistence
in the intermountain west, USA. Earth Surf. Process. Landforms. https://doi.org/
10.1002/esp.4921.

Harder, P., Pomeroy, J.W., Westbrook, C.J., 2015. Hydrological resilience of a Canadian
Rockies headwaters basin subject to changing climate, extreme weather, and forest
management. Hydrol. Process. 29, 3905–3924. https://doi.org/10.1002/hyp.10596.

Hassanli, A.M., Nameghi, A.E., Beecham, S., 2009. Evaluation of the effect of porous check
dam location on fine sediment retention (a case study). Environ. Monit. Assess. 152,
319–326. https://doi.org/10.1007/s10661-008-0318-2.

Hillman, G.R., 1998. Flood wave attenuation by a wetland following a beaver dam failure
on a second order boreal stream. Wetlands 18, 21–34.

Hood, G.A., Bayley, S.E., 2008. Beaver (Castor canadensis) mitigate the effects of climate
on the area of open water in boreal wetlands in Western Canada. Biol. Conserv.
141, 556–567. https://doi.org/10.1016/j.biocon.2007.12.003.

Hood, G.A., Larson, D.G., 2015. Ecological engineering and aquatic connectivity: a new
perspective from beaver-modified wetlands. Freshw. Biol. 60, 198–208. https://doi.
org/10.1111/fwb.12487.

Howard, R.J., Larson, J.S., 1985. A stream habitat classification system for beaver. J. Wildl.
Manag. 49, 19–25.

Immerzeel, W.W., Lutz, A.F., Andrade, M., Bahl, A., Biemans, H., Bolch, T., Hyde, S., Brumby,
S., Davies, B.J., Elmore, A.C., Emmer, A., Feng, M., Fernández, A., Haritashya, U., Kargel,
J.S., Koppes, M., Kraaijenbrink, P.D.A., Kulkarni, A.V., Mayewski, P.A., Nepal, S.,
Pacheco, P., Painter, T.H., Pellicciotti, F., Rajaram, H., Rupper, S., Sinisalo, A., Shrestha,
12
A.B., Viviroli, D., Wada, Y., Xiao, C., Yao, T., Baillie, J.E.M., 2020. Importance and vulner-
ability of the world’s water towers. Nature 577, 364–369. https://doi.org/10.1038/
s41586-019-1822-y.

Johnston, C.A., 2015. Fate of 150 year old beaver ponds in the Laurentian Great Lakes re-
gion. Wetlands 35, 1013–1019. https://doi.org/10.1007/s13157-015-0688-5.

Johnston, C.A., 2017. Beavers: Boreal Ecosystem Engineers. Boreal Ecosystem Engineers,
Beavers https://doi.org/10.1007/978-3-319-61533-2.

Johnston, C.A., Naiman, R.J., 1990. Aquatic patch creation in relation to beaver population
trends. Ecology 71, 1617–1621. https://doi.org/10.2307/1938297.

Jung, T.S., Staniforth, J.A., 2010. Unusual Beaver, Castor canadensis, dams in central Yukon.
Can. Field-Naturalist 124, 274–275. https://doi.org/10.22621/cfn.v124i3.1090.

Karran, D.J., Westbrook, C.J., Bedard-Haughn, A., 2018. Beaver-mediated water table dy-
namics in a Rocky Mountain fen. Ecohydrology 11, e1923. https://doi.org/10.1002/
eco.1923.

Klimenko, D.E., Eponchintseva, D.N., 2015. Experimental hydrological studies of processes
of failure of beaver dams and pond draining. Biol. Bull. 42, 882–890. https://doi.org/
10.1134/S1062359015100064.

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.

Mitchell, C.C., Niering, W.A., 2016. Vegetation change in a topogenic bog following beaver
flooding author (s): Carolyn C. Mitchell and William A. Niering published by: Torrey
botanical society stable URL: http://www.jstor.org/stable/2996943 JSTOR is a not-for-
profit service that helps. Bull. Torrey Bot. Club 120, 136–147.

Morgan, L.H., 1868. The American Beaver and his Works. JB Lippincott, Philadelphia.
Morrison, A., Westbrook, C.J., Bedard-Haughn, A., 2015. Distribution of Canadian Rocky

Mountain wetlands impacted by beaver. Wetlands 35, 95–104. https://doi.org/
10.1007/s13157-014-0595-1.

Morrison, A., Westbrook, C.J., Noble, B.F., 2018. A review of the flood risk management
governance and resilience literature. J. Flood Risk Manag. 11, 291–304. https://doi.
org/10.1111/jfr3.12315.

Mutzner, R., Weijs, S.V., Tarolli, P., Calaf, M., Oldroyd, H.J., Parlange, M.B., 2015. Controls on
the diurnal streamflow cycles in two subbasins of an alpine headwater catchment.
Water Resour. Res. 51, 3403–3418. https://doi.org/10.1002/2014WR016581.

Naiman, R.J., Melillo, J.M., Hobbie, J.E., 1986. Ecosystem alteration of boreal forest streams
by beaver (Castor Canadensis). Ecology 67, 1254–1269.

Naiman, R.J., Johnston, C.A., Kelley, J.C., 1988. Alteration of North American streams by
beaver: the structure and dynamics of streams are changing as beaver recolonize
their historic habitat. Source Biosci. 38, 753–762.

Nyssen, J., Pontzeele, J., Billi, P., 2011. Effect of beaver dams on the hydrology of small
mountain streams: example from the Chevral in theOurtheOrientale basin, Ardennes.
Belgium. J. Hydrol. 402, 92–102. https://doi.org/10.1016/j.jhydrol.2011.03.008.

Persico, L., Meyer, G., 2009. Holocene beaver damming, fluvial geomorphology, and cli-
mate in Yellowstone National Park, Wyoming. Quat. Res. 71, 340–353. https://doi.
org/10.1016/j.yqres.2008.09.007.

Puttock, A., Graham, H.A., Cunliffe, A.M., Elliott, M., Brazier, R.E., 2017. Eurasian beaver ac-
tivity increases water storage, attenuates flow and mitigates diffuse pollution from
intensively-managed grasslands. Sci. Total Environ. 576, 430–443. https://doi.org/
10.1016/j.scitotenv.2016.10.122.

Puttock, A., Graham, H.A., Ashe, J., Luscombe, D.J., Brazier, R.E., 2020. Beaver dams atten-
uate flow: a multi-site study. Hydrol. Process, 1–18. https://doi.org/10.1002/
hyp.14017.

Scheffer, P.N., 1938. The beaver as an upstream engineer. Soil Conserv. 3, 178–181.
Seidl, R., Spies, T.A., Peterson, D.L., Stephens, S.L., Hicke, J.A., 2016. Searching for resilience:

addressing the impacts of changing disturbance regimes on forest ecosystem ser-
vices. J. Appl. Ecol. 53, 120–129. https://doi.org/10.1111/1365-2664.12511.

Smith, J.M., Mather, M.E., 2013. Beaver damsmaintain fish biodiversity by increasing hab-
itat heterogeneity throughout a low-gradient stream network. Freshw. Biol. 58,
1523–1538. https://doi.org/10.1111/fwb.12153.

Viviroli, D., Dürr, H.H., Messerli, B., Meybeck, M., Weingartner, R., 2007. Mountains of the
world, water towers for humanity: typology, mapping, and global significance.Water
Resour. Res. 43, 1–13. https://doi.org/10.1029/2006WR005653.

Wang, J., Banzhaf, E., 2018. Towards a better understanding of green infrastructure: a crit-
ical review. Ecol. Indic. 85, 758–772. https://doi.org/10.1016/j.ecolind.2017.09.018.

Westbrook, C.J., Cooper, D.J., Baker, B.W., 2006. Beaver dams and overbank floods influ-
ence groundwater-surface water interactions of a Rocky Mountain riparian area.
Water Resour. Res. 42, 1–12. https://doi.org/10.1029/2005WR004560.

Westbrook, C.J., Cooper, D.J., Anderson, C.B., 2017. Alteration of hydrogeomorphic pro-
cesses by invasive beavers in southern South America. Sci. Total Environ. 574,
183–190. https://doi.org/10.1016/j.scitotenv.2016.09.045.

Westbrook, C.J., Ronnquist, A., Bedard-Haughn, A., 2020. Hydrological functioning of a
beaver dam sequence and regional dam persistence during an extreme rainstorm.
Hydrol. Process. https://doi.org/10.1002/hyp.13828.

Wheater, H., Gober, P., 2013. Water security in the Canadian prairies: science and man-
agement challenges. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 371. https://doi.
org/10.1098/rsta.2012.0409.

Whitfield, P.H., 2012. Floods in future climates: a review. J. Flood Risk Manag. 5, 336–365.
https://doi.org/10.1111/j.1753-318X.2012.01150.x.

Williams, J.E., Neville, H.M., Haak, A.L., Colyer, W.T., Wenger, S.J., Bradshaw, S., 2015. Climate
change adaptation and restoration of western trout streams: opportunities and strate-
gies. Fisheries 40, 304–317. https://doi.org/10.1080/03632415.2015.1049692.

Woo, M.-K., Waddington, J.M., 1990. Effects of beaver dams on subarctic wetland hydrol-
ogy. Arctic 43, 223–230.

http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0005
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0005
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0005
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0010
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0010
http://hdl.handle.net/1957/9343
https://doi.org/10.1002/wat2.1494
https://doi.org/10.1002/wat2.1494
https://doi.org/10.1016/j.geomorph.2012.12.029
https://doi.org/10.1002/esp.3218
https://doi.org/10.1016/0169-555X(95)00031-Y
https://doi.org/10.1016/0169-555X(95)00031-Y
https://doi.org/10.1016/J.GEOMORPH.2004.08.016
https://doi.org/10.1016/J.GEOMORPH.2004.08.016
https://doi.org/10.1016/0022-1694(92)90059-5
https://doi.org/10.1016/0022-1694(92)90059-5
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0050
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0050
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/10.1088/1748-9326/11/4/044015
https://doi.org/10.17221/13/2012-swr
https://doi.org/10.17221/13/2012-swr
https://doi.org/10.1191/030913398673990613
https://doi.org/10.1002/esp.4921
https://doi.org/10.1002/esp.4921
https://doi.org/10.1002/hyp.10596
https://doi.org/10.1007/s10661-008-0318-2
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0095
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0095
https://doi.org/10.1016/j.biocon.2007.12.003
https://doi.org/10.1111/fwb.12487
https://doi.org/10.1111/fwb.12487
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0100
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0100
https://doi.org/10.1038/s41586-019-1822-y
https://doi.org/10.1038/s41586-019-1822-y
https://doi.org/10.1007/s13157-015-0688-5
https://doi.org/10.1007/978-3-319-61533-2
https://doi.org/10.2307/1938297
https://doi.org/10.22621/cfn.v124i3.1090
https://doi.org/10.1002/eco.1923
https://doi.org/10.1002/eco.1923
https://doi.org/10.1134/S1062359015100064
https://doi.org/10.1134/S1062359015100064
https://doi.org/10.1016/j.geomorph.2015.11.019
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0145
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0145
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0145
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0145
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0150
https://doi.org/10.1007/s13157-014-0595-1
https://doi.org/10.1007/s13157-014-0595-1
https://doi.org/10.1111/jfr3.12315
https://doi.org/10.1111/jfr3.12315
https://doi.org/10.1002/2014WR016581
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0170
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0170
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0175
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0175
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0175
https://doi.org/10.1016/j.jhydrol.2011.03.008
https://doi.org/10.1016/j.yqres.2008.09.007
https://doi.org/10.1016/j.yqres.2008.09.007
https://doi.org/10.1016/j.scitotenv.2016.10.122
https://doi.org/10.1016/j.scitotenv.2016.10.122
https://doi.org/10.1002/hyp.14017
https://doi.org/10.1002/hyp.14017
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0200
https://doi.org/10.1111/1365-2664.12511
https://doi.org/10.1111/fwb.12153
https://doi.org/10.1029/2006WR005653
https://doi.org/10.1016/j.ecolind.2017.09.018
https://doi.org/10.1029/2005WR004560
https://doi.org/10.1016/j.scitotenv.2016.09.045
https://doi.org/10.1002/hyp.13828
https://doi.org/10.1098/rsta.2012.0409
https://doi.org/10.1098/rsta.2012.0409
https://doi.org/10.1111/j.1753-318X.2012.01150.x
https://doi.org/10.1080/03632415.2015.1049692
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0255
http://refhub.elsevier.com/S0048-9697(21)02404-9/rf0255

	Beaver dams: How structure, flow state, and landscape setting regulate water storage and release
	1. Introduction
	2. Methods
	2.1. Study area
	2.2. Data collection
	2.3. Data analysis
	2.3.1. Survey data
	2.3.2. Water storage dynamics
	2.3.3. Precipitation event analysis


	3. Results
	3.1. Dam flow type
	3.2. Dam morphology
	3.2.1. Dam height
	3.2.2. Dam length

	3.3. Variation in pond water storage
	3.4. Pond response to rainfall events

	4. Discussion
	4.1. Dam flow types
	4.2. Dam morphology
	4.3. Flow regulation

	5. Conclusions and implications
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References




