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Abstract

Uncounted millions of beaver ponds and dams existed in North America prior to European contact and colonization. These
ponds acted as sediment traps that contained tens to hundreds of billions of cubic meters of sediment that would otherwise have
passed through the fluvial system. Removal of beavers by overtrapping in the 16th—19th centuries severely reduced their
number and the number of ponds and dams. Dam removal altered the fluvial landscape of North America, inducing sediment
evacuation and entrenchment in concert with widespread reduction in the wetlands environments. Partial recovery of beaver
populations in the 20th century has allowed reoccupation of the entirety of the pre-contact range, but at densities of only one-
tenth the numbers. Nevertheless, modern beaver ponds also trap large volumes of sediment in the high hundred millions to low
billions of cubic meters range.

Failure of beaver dams is a more common phenomenon than often assumed in the literature. During the past 20 years,
numerous cases of dam failure have been documented that resulted in outburst floods. These floods have been responsible for
13 deaths and numerous injuries, including significant impacts on railway lines.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tions can be applied, with only slight revision, to
the influence of beaver dams in North America:
In his landmark paper on American dams, Graf

(1999) posed three questions about the influence of * How many beaver dams exist?
human-constructed dams. These same three ques- * What is the geographical distribution of beaver
dams with respect to natural and human
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8353, ’ * What are the magnitude and distribution of likely
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george-malanson@uiowa.edu (G.P. Malanson). component of the hydrologic cycle?
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To these three questions a fourth must be added in
the context of beaver dams:

* How would these questions have been answered in
the period prior to European colonization of North
America?

Several review papers have examined the distribu-
tion and ecological role of the beaver, Castor
canadensis (Novak, 1987; Naiman et al., 1988;
Hammerson, 1994; Snodgrass, 1997; Collen and
Gibson, 2001; Wright et al., 2002). Prior to European
colonization of North America, beavers were found in
every American state except Hawaii, every Canadian
province, and the northern border regions of Mexico.
Estimates of the population of North American
beavers prior to European contact range from ca. 60
to 400 million (Naiman et al., 1988; Butler, 1995).
Current population estimates range from 6 to 12
million beavers (Naiman et al., 1988). In the early
21st century, beavers have re-occupied the entirety of
that range, but at only roughly 10% of the pre-
European-contact density.

The primary geomorphological significance of
beavers is the propensity to build dams to impound
water and create ponds in which they live (in lodges
constructed of wood and mud, typically placed near
the center of a pond; and in bank burrows around the
periphery of the pond). Individual beaver dams can
function successfully for decades, acting as successful
long-term sediment sinks (cf. Butler, 1995). In this
paper we examine the zoogeomorphological influen-
ces of the construction of beaver dams, removal of
dams, and failure of dams. We restrict our discussion
to North America and the species C. canadensis, but
refer readers here to several research projects that
have examined the ecological role of the European
beaver, Castor fiber (e.g. Zurowski, 1992; Hartman,
1996; Harthun, 2000; Krylov, 2002).

2. Background

2.1. The geomorphic effects of beavers and beaver
dams

The geomorphic role of beavers and beaver dams
has been reviewed in several publications (e.g., Butler,

1991, 1995; Butler and Malanson, 1994, 1995;
Marston, 1994; Gurnell, 1998; Meentemeyer et al.,
1998). Beaver ponds trap and accumulate sediment,
reduce stream velocities, and reconfigure the land-
scape from a strictly fluvial to a wetlands environ-
ment. Naiman et al. (1988) noted that historically (i.e.
prior to European contact and beaver removal by
trapping), streams throughout North America had
different features than at present. In first- to fourth-
order streams, “numerous reaches (had) open canopy,
large accumulations of detritus and nutrients,
expanded wetted areas (including riparian zones),
and substantial shifts to anerobic biogeochemical
cycles” (Naiman et al., 1988, p. 760). On higher order
streams, Naiman et al. (1988, pp. 760-761) described
the pre-contact role of the beaver in the following
fashion.

“In middle-order streams (i.e., orders 5-8), beaver-
cut wood from upstream and the immediate riparian
zone augmented local allochthonous inputs. Debris
accumulations resulted in massive storage of sediment
and detritus in the main channel, often forming small
islands. In large rivers (i.e., orders greater than 9)
beaver utilized floodplains and backwaters, where
they constructed dams and canals and cut large
amounts of wood. . .centuries of sediment deposition
behind beaver dams may have reduced floodplain
complexity. ... The effects of this activity, which can
still be seen in the terrestrial vegetation of meadow-
lands centuries after the extirpation of beaver...is
testimony to their widescale influence on the land-
scape of North America.” Naiman et al. (1988) also
noted that streams with beaver ponds are probably
more resistant to disturbance than are modern streams
without beavers, and that beavers aid in returning
streams to predisturbance conditions as they rebuild
dams that accumulate water and sediment.

Recently, Meentemeyer and Butler (1999) and
Bigler et al. (2001) provided quantitative data on the
amount of sediment entrapped in beaver ponds in
northwestern Montana, and illustrated that dam
emplacement reduced stream velocities from as little
as 2% to as much as 100%, i.e. in some cases no
discernible outflow existed. Sediment depths and
volumes varied dramatically, but with impressive
amounts of sediment entrapped in all cases. Variability
in sediment accumulation among ponds is probably
related to watershed-scale influences such as stream
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order, surficial geology, and vegetation cover
upstream. Bigler et al. (2001) illustrated that the
distribution of particle sizes in beaver ponds did not
follow expected down-pond or across-pond fining. In
both studies, older dams were clearly shown to have
accumulated more sediment behind them than
younger dams, leading to the confirmation that
infilling of beaver ponds and transformation to so-
called “beaver meadows” (Ruedemann and Schoon-
maker, 1938; Ives, 1942) can occur if dam integrity is
sufficiently maintained for several years.

2.2. Beaver-dam removal and catastrophic failure of
dams

Surprisingly little is known about the geomorphic
effects of human-constructed dam removal (e.g.,
Stanley and Doyle, 2002; Doyle et al., 2003). Even
less is specifically known about the effects of dam
removal associated with the decline in beaver
populations resulting from European over-trapping
that nearly exterminated beavers throughout North
America by the end of the 19th century (Naiman et
al., 1988). Marston (1994, p. 11) noted that where
beaver dams are removed, water tables drop, riparian
vegetation undergoes a loss in diversity and produc-
tivity, and stored sediment and nutrients are released,
causing a degradation in downstream water quality.
He also noted that dam removal can lead to severe
entrenchment downstream, resulting from an increase
in stream power after removal of the energy-
dissipating dam. In general, beaver trapping and
population decimation led to dam deterioration, dam
failures, and increased sediment yield on North
American streams (Parker et al., 1985); and increases
in beaver populations in recent decades has led to
increases in sediment storage (Brayton, 1984; Apple,
1985). Fluctuations in beaver populations associated
with European colonization of North America, there-
fore, present nonequilibrium conditions for fluvial
geomorphology.

Similar to the limited information available on the
effects of the removal of beaver dams as a result of
decimation of the North American beaver population,
very little is known about the geomorphic consequen-
ces of catastrophic failure of beaver dams. It has been
suggested elsewhere that beaver-dam failures are rare,
because of the “very limited literature on this subject”

(Gurnell, 1998, p. 182). We agree that the geomorphic
literature has given scant attention to this process, but
we show that beaver-dam failure is a more widely
occurring, and potentially hazardous, process than has
been previously recognized.

Beaver dams may fail as the result of a variety of
processes, including high-intensity precipitation, rapid
snowmelt, animals burrowing through the dam,
human destruction of portions of dams, and collapse
of upstream dams (Rutherford, 1953; Reid et al.,
1988; Butler, 1989, 1995; Kondolf et al., 1991; Stock
and Schlosser, 1991; Marston, 1994; Gurnell, 1998;
Hillman, 1998; Cenderelli, 2000). The results of dam
failure on flooding, stream hydrographs, and stream
biota have been the focus of most of the works cited
above. Few works have focused attention on sediment
movement from failure of beaver dams. Butler (1989)
described a beaver-dam outburst flood that carried
granite boulders over 1 m in diameter and washed a
small truck over 100 m downstream. The washout of a
beaver dam in the Sierra Nevada of California
(Kondolf et al., 1991) lowered local base level and
caused ca. 0.5-0.6 m of incision across the entire
width of the channel. Gravels, formerly deposited
against the upstream face of the beaver dam, were
swept away. Washing of finer-grained sediments
downstream from failed dams can be of sufficient
amount and depth to smother benthic organisms and
fish eggs (Rupp, 1955; Stock and Schlosser, 1991).
Marston (1994) described how failure of one beaver
dam can lead to a “domino-effect” on downstream
dams impacted by water-sediment surges, resulting in
rapid sediment transport from ponds and severe
entrenchment in the channel below the dams.

3. Study area

Published sources on the number and nature of
beavers and beaver dams in North America, and
fieldwork on several beaver ponds in Glacier National
Park (GNP), Montana, USA, provide the observations
for this paper. GNP, chosen as a study site because of
its robust beaver population that had been only
minimally impacted by 19th-century trapping, is the
U.S. portion of the Waterton—Glacier International
Peace Park, a United Nations-designated World
Heritage Site and International Biosphere Reserve.
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Fig. 1. Map of beaver-pond sites in Glacier National Park, Montana, USA, described in text. Numbers refer to sites as follows: 1, Otatso Creek
ponds (see Figs. 5 and 6); 2, St. Mary drainage site (see Figs. 3 and 4); 3, Two Medicine infilled pond (see Fig. 2).

We examined beaver ponds in numerous valleys
throughout the eastern half of GNP, ranging from
the Otatso Creek watershed in the northeastern corner
of the Park to the Two Medicine drainage in the
southeastern corner (Fig. 1). Fieldwork described in
this paper was undertaken between 1991 and 2002,
with some beaver ponds examined annually, whereas
others were re-visited about every 3-4 years. All
ponds occupy gently sloping valley floors within U-
shaped glacial valleys.

4. Methods

4.1. Field measurements of sediment depth and
monitoring of beaver ponds

At sites in the Two Medicine area we have
annually (in some years, as many as three separate
times during the year) monitored the nature of
succession around, and infilling of, beaver pond sites

since 1991. We have taken repeat photographs at these
locations from a standard, fixed spot overlooking the
ponds. One unnamed pond has undergone complete
infilling during the 1991-2002 time span (Fig. 2). In
2002 we probed the depth of sediment in this infilled
pond at 10 locations, using a standard soil probe. We
probed through the soft pond sediments until firm
resistance from a more resistant gravel layer under-
neath, representing a former stream channel, was
encountered. From these data we calculated the mean
sediment depth of the pond and the annual sedimen-
tation rate.

A pond in the St. Mary drainage along the Red
Eagle trail was first observed and photographed in the
field in 1992. We revisited this site in 2002, and
rephotographed the dam and pond, which had become
almost completely infilled with sediment during the
intervening years (Fig. 3). We discovered a dam
breach at the base of the primary dam and photo-
graphed and took notes on the nature of the dam
failure (Fig. 4). We probed sediment depth at five
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Fig. 2. Small beaver pond in the Two Medicine drainage (site 3, Fig.
1), formed in 1991. a) The pond and associated dam as it appeared
in October 1993. b) The pond in July 1996. Gravel deposition in the
adjacent stream (right) occurred during the floods of June 1995. ¢)
The pond in July, 2002 completely infilled with sediment.

separate locations, all of which exceeded the 1-m
length of our soil probe. Because a longer probe was
not available, we recorded sediment depth at these

sites as “>1 m”. We also re-examined and rephoto-
graphed two nearby small beaver ponds.

In the Otatso Creek drainage, previous work
(Butler and Malanson, 1995) revealed that beaver
ponds constructed in an upvalley sequence in 1990
and 1991, and from which sediment depths were
collected in 1994, had undergone dam failure in
June of 1995 because of an intense thunderstorm
over the area. In July of 1995 and 2002 we
revisited and rephotographed these two ponds, the
dams and the points of failure, and the amount of
sediment preserved behind the failed dams (Figs. 5
and 6). We sought to discern if the dams had been
repaired after the 1995 outbursts, and if not, how
much sediment had been removed by subsequent
erosion.

Fig. 3. Beaver pond in the St. Mary drainage (site 2, Fig. 1), over a
10-year time span. a) The pond in July 1992. Beaver canals and
abundant open water are visible. b) The remnants of the pond in
July 2002. The dam was breached (Fig. 4) on an unknown date
between the 1992 and 2002 visits.



D.R. Butler, G.P. Malanson / Geomorphology 71 (2005) 48—-60 53

Fig. 4. Views of the beaver dam that impounded the pond shown in
Fig. 3. a) A general view of the breached dam (person for scale).
The widespread willow shrubs across the crest of the dam indicate
that the dam had been in place for a reasonably long period of time,
perhaps as much as 20-30 years. The person is standing adjacent to
the breach in the dam (located in the dark area on person’s right). b)
A view of the breach in the dam. This breach did not extend to the
surface of the dam, but was instead a large hole through the base of
the dam. The handle of a standard soil probe is visible in lower
right, for scale.

4.2. Compilation of beaver-dam failures

As mentioned in Section 2.2, little attention has
been paid in the geomorphic literature to the number,
distribution, or nature of beaver-dam failures. To
supplement the limited number of observations of
failed beaver dams that we have seen, we searched the
geomorphic and ecological literature as well as

Fig. 5. Beaver dam in Otatso Creek drainage (site 1, Fig. 1), the location
of sediment data acquisition described in Butler and Malanson (1995).
Co-author GPM provides scale in views a and c. a) The dam in July
1994, viewed from upstream with pond. b) The dam in July 1995, after
breaching (note notched breach on left of dam) in June of the same year.
Widespread sediment exposed on floor of drained beaver pond is visible.
¢) The dam in July 2002. The dam has undergone rapid vegetative
colonization on the upstream side, where mud was used by beavers to
seal the dam and where sediment was deposited at base of dam.
Widespread vegetative colonization on the floor of the pond has sta-
bilized sediment there. No visible erosional scouring or sediment re-
moval from the floor of the pond appeared to have occurred since 1995.
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Fig. 6. Upstream view of the same dam as in Fig. 5, with pond
above the dam. Lower pond adjacent to person was even more
widespread than the upper pond. Both dams failed and were
similarly breached with notches in 1995. a) Dam impounding upper
pond in July 1991. b) Dam in July 2002. Observe the widespread
stabilizing vegetation, in effect preserving beaver meadows, above
and below the dam. The downstream side of the dam has not been
colonized by vegetation, because dams on the downstream sides are
typically not plastered with mud by beavers for stability, thus
providing little in the way of a stable sediment medium for plants to
take root.

popular literature, newspapers, and the Internet for
any references to beaver-dam failures, and recorded
the information contained therein. These references
have been compiled into a table and are presented here
as a general survey of the effects and hazards of
beaver-dam failure (Table 1).

4.3. Continent-wide calculations of sedimentation
rates and sediment volume in beaver ponds

To calculate volumes of sediment entrapped in
beaver ponds, questions arise as to “average” sizes of

ponds, and amounts and rates of sediment captured
per pond. Each of these issues had to be addressed in
our attempts to characterize the continent-wide geo-
morphic role of beavers prior to, and after, European
colonization.

4.3.1. Annual rates of sedimentation

Calculation of annual rates of sedimentation is
dependent on knowledge of the age of a beaver
pond. Annual rate is simply determined by dividing
total depth of sediment (typically an average value
of several depth measurements into the bottom of a
pond) by number of years of existence. We
surveyed the literature to determine if a realistic,
average rate of sedimentation could be identified.
Published values range from lows of <1 cm yr '
for ponds in Ontario and Colorado (Devito and
Dillon, 1993 and Ives, 1942, respectively) to nearly
40 cm yr~ ' in northwestern Montana (Meentemeyer
and Butler, 1999). Very few published values exist,
however, making generalizations about the rates of
sedimentation of questionable value; rather, these
rates seem to be site-specific and should be
calculated accordingly for each study site. Even
within our study area the rate of sedimentation may
vary by a factor of 10 (cf. Butler and Malanson,
1995). Because of these issues, we deemed it
inappropriate to calculate average rates of sedimen-
tation over the extraordinarily extensive area of
North America.

4.3.2. Total volume per pond

As with rates of sedimentation, we were unable
to derive an average size of a pond that would be
useful for calculating average volume of sediment
per pond (where total volume of sediment=pond
area X mean thickness of sediment). No “average”
beaver pond exists in terms of the area of surface
water impounded. Pond size is clearly dependent
on the physiography of an area as well as the size
and stream order of the rivers and streams (Butler
and Malanson, 1995). In GNP, Butler and Malan-
son (1995) and Meentemeyer and Butler (1999)
collectively examined 15 beaver ponds that aver-
aged only 483 m? in area. On the coastal plain of
eastern North Carolina, USA, Townsend and Butler
(1996) mapped 56 beaver ponds that averaged 1.84
ha in size, a size similar to beaver ponds in the
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Table 1
Recorded beaver-dam failures and associated effects

Source Notable aspects and effects of beaver-dam failure

Rutherford, 1953
Anonymous, 1984

Flood removed 7 beaver dams and 2 lodges, Cache la Poudre River, Colorado, USA.
Outwashed beaver dams released water that damaged drainage culvert and railroad

embankment, causing Amtrak passenger train derailment near Williston, Vermont,
USA, killing five persons and injuring 149.

Butler, 1989

Several beaver dams failures described in US states of Georgia and South Carolina.

One dam failure produced outburst flood in Oglethorpe County, Georgia, that killed
four people, floated a truck, and deposited two survivors 34 m up in trees.

Stock and Schlosser, 1991

A July 1987 dam collapse on a stream in northern Minnesota, USA, produced a

flash flood that dramatically decreased downstream benthic insect density, and also
altered downstream fish community structure.

TSB Canada, 1994

A Canadian National freight train derailed near Nokina, Ontario, Canada because of

track bed failure caused by a sudden drawdown of water resulting from a failed beaver
dam. Two crew members were killed and a third received serious injuries.

Hillman, 1998

Describes a June 1994 outburst flood in central Alberta, Canada, which produced a

flood wave 3.5 times the maximum discharge recorded for that creek over 23 years.
Five hydrometric stations downstream were destroyed.

Vt ANR, 1999

The outburst of a large beaver pond in Fairfield, Vermont, USA, killed two people

in an unspecified fashion.

Anonymous, 2003

A freight train in central Michigan, USA, derailed after a beaver dam collapsed and

washed out a culvert underneath the railway. Two railway employees suffered minor

injuries.

taiga of northern Manitoba, Canada (1.8 g ha/pond)
(Wheatley, 1997).

Because of the absence of a “typical” beaver pond
in terms of area or rates of sedimentation, we searched
the literature for published data on volume of
sediment per beaver pond. Naiman et al. (1986)
described a very broad range of volumetric data,
ranging from 35 to 6500 m® of sediment per beaver
pond in their study area in Quebec, Canada. For the
aforementioned 15 ponds in GNP (Butler and
Malanson, 1995; Meentemeyer and Butler, 1999),
along with those for which we collected data on depth
of sediment in 2002, average volume of sediment was
about 225 m® per pond, ranging from less than 100 to
about 5000 m®> with most values falling between 10
and 500 m>.

Given the equally wide range of sediment volumes
found per pond in the two disparate areas of Quebec
and Montana, we settled upon using a conservative
range of sediment volume (200-500 m®) per beaver
pond. Multiplying this value times the number of
ponds in North America, prior to European coloniza-
tion and at present, yields a crude continent-wide
estimate of the amount of sediment entrapped in
beaver ponds.

4.4. Calculation of number of beaver ponds in pre-
and post-European North America

The number of beaver-dammed ponds in North
America is unknown, although Novak (1987)
stated that such dams and ponds number in “the
millions”. Calculation of the number of beaver
ponds in existence, before European contact (“pre-
European”) and at present (“post-European”) is
complicated because not every beaver lives in a
pond, but may excavate a bank burrow (e.g.
Meentemeyer et al., 1998); and that a given
beaver family may build numerous ponds in its
range.

We therefore calculated an estimate of the number
of beaver ponds in pre- and post-European-contact
North America by following these steps:

1) We accepted the estimates of 60—400 million for
pre-European, and 6—12 million for post-European
beaver populations (see Section 1).

2) We conservatively assumed that 75% of the beaver
population lives in ponds, with 6 beavers per pond
(family sizes typically range from 4 to 8 members
per pond; Novak, 1987).
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3) We multiplied the pre- and post-European popula-
tion low and high estimates by 0.75, to determine a
probably conservative estimate of the number of
beavers living in ponds.

4) We divided the number of beavers living in ponds
by 6 (the mean of a beaver family size) to develop
a minimum number of beaver ponds.

5) Our field experience and the literature suggest,
however, that one beaver family may build 2-5
ponds, so we subsequently multiplied the mini-
mum number of ponds by factors of 2 and 5 to
arrive at a reasonable range of ponds, in both pre-
and post-European times.

For subsequent calculations of sediment volume,
we used the range of ponds for pre-European times,
but only the maximum range for post-European times
because of the unrealistically low values provided by
the post-European minimum range.

4.5. Calculation of sediment volume in pre- and post-
European beaver ponds in North America

We multiplied sediment volume times the range of
pond numbers. These calculations provide a con-
tinent-wide picture of the total amount of sediment
entrapped in beaver ponds at the time of European
contact, and early in the 21st century.

5. Results

5.1. Number of beaver ponds in pre- and post-
European North America

The number of potential beaver ponds in pre- and
post-European North America, calculated as described
in Section 4.4, is:

pre-European beaver ponds, minimum range of
15-100 million ponds;

pre-European beaver ponds, maximum range of
37.5 and 250 million ponds;

post-European beaver ponds, minimum range of
1.5-3 million ponds (and unrealistically low, given
the “millions” of ponds seen on the landscape); and
post-European beaver ponds, maximum range of
3.75-7.7 million ponds.

5.2. Sedimentation and rates of infilling in beaver
ponds

We previously reported (Butler and Malanson,
1995) that ca. 2-28 cm yr~ ' of sediment accumulated
in several beaver ponds in Glacier National Park. For
six different ponds in GNP, Meentemeyer and Butler
(1999) illustrated roughly similar rates of ca. 4-39 cm
yr~'. For the additional ponds for which we gathered
data in ponds of known age in 2002, rates of
sedimentation of ca. 3-6.5 cm yr~ ' were calculated.
These lower-range values probably result from the
lower-energy (limited flow and visually slower
velocity) streams upon which the dams had been
constructed. The pond in the Two Medicine drainage
was constructed in 1991. By 2002, the pond had
disappeared and a marshy meadow completely occu-
pied the former pond surface behind the dam (Fig. 2),
illustrating that in some small ponds emplaced on
low-energy streams, the entire life-cycle from creation
to cessation of function as a pond can occur in only
about a decade. Other, usually larger, ponds such as
that illustrated in Fig. 7, which contrasts the appear-
ance of the pond in the winter of 1993 and the
summer of 2002, can exist with unimpeded function
for well over a decade as long as maintenance of the
dam continues.

5.3. Sedimentation in pre-European North America

Following the procedures described in Section 4.4,
the following minimum values represent pre-Euro-
pean sediment volumes entrapped in 15, 37.5, 100, or
250 million beaver ponds:

200 m® of sediment per pond X the minimum value
of 15 million beaver ponds=3 billion m® of
sediment in pre-contact ponds; or

200 m® of sediment per pond x 37.5 million beaver
ponds=7.5 billion m®> of sediment in pre-contact
ponds; or

200 m® of sediment per pond x 100 million beaver
ponds=20 billion m> of sediment in pre-contact
ponds; or

200 m® of sediment per pond x 250 million beaver
ponds=50 billion m*> of sediment in pre-contact
ponds. The pre-contact minimum range of sedi-
ment volumes, therefore, encompasses 3—50 billion
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Fig. 7. A beaver pond and dam near St. Mary (Fig. 1), with adjacent
beaver lodge, that illustrate long-term viability over the course of a
decade. a) The frozen pond surface as seen in January 1993. Note
the lodge and dam. b) The same site in July 2002, illustrating that a
second dam, closer to the viewer, has been emplaced to supplement
the original dam and expand open-water area. The downstream dam
(farther from viewer) remains in excellent condition.

m® of sediment. These values are distinctly less

than the pre-contact values calculated using the
maximum value of sediment per pond. Substituting
the higher value of 500 m® of sediment per pond,
the following amounts are revealed:
500 m’ of sediment per pondx 15 million
beaver ponds=7.5 billion m® of sediment in
pre-contact ponds; or
500 m’> of sediment per pond x 37.5 million
beaver ponds=18.75 billion m® of sediment in
pre-contact ponds; or
500 m® of sediment per pondx 100 million
beaver ponds=>50 billion m’ of sediment in pre-
contact ponds; or
500 m® of sediment per pond X250 million
beaver ponds=125 billion m® of sediment in

pre-contact ponds. The maximum range, based
on 500 m® of sediment per pond, is thus 7.5—
125 billion 500 m® of sediment. One can only
imagine what values would be revealed if we
had utilized maximum values of ca. 6500 m® of
sediment per pond such as have accumulated in
ponds in Quebec described by Naiman et al.
(1986).

5.4. Sedimentation in post-European North America

Modern amounts of sediment do not begin to reach
pre-contact values, but are nonetheless impressive.
Using the same procedures, the following minimum
values were calculated for modern-day (“post-Euro-
pean”) sediment volumes entrapped in beaver ponds:

200 m® of sediment per pond x 3.75 million beaver
ponds=750,000,000 m> of sediment in modern
ponds; or

200 m® of sediment per pond x 7.7 million beaver
ponds=1.54 billion m® of sediment in modern
ponds.

Using the higher range of 500 m® of sediment per
pond, the following amounts are revealed:

500 m® of sediment per pond x 3.75 million beaver
ponds=1.875 billion m®> of sediment in modern
ponds; or at the higher end,

500 m® of sediment per pond x 7.7 million beaver
ponds=3.85 billion m® of sediment in modern
ponds.

5.5. Beaver-dam failure

Beaver-dam failures have been responsible for 13
deaths and numerous injuries since 1984 (Table 1).
Dam failures typically occur after periods of intense
and/or extended rainfall, or in association with high
spring runoff from a melting snowpack (Rutherford,
1953; Townsend, 1953; Anonymous, 1984; Butler,
1989; Schipke and Butler, 1991; Stock and
Schlosser, 1991; Hillman, 1998). The greatest hazard
posed by outburst floods from drained beaver ponds
seems to be to transportation corridors, especially
railways (Anonymous, 1984; Butler, 1989; Trans-
portation Safety Board of Canada, 1994; Vermont
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Agency of Natural Resources, 1999; Anonymous,
2003).

5.6. Sediment removal and landscape recovery at sites
of dam failure

At every location where we observed dam removal
or failure (one case in Two Medicine by the National
Park Service, where the impounded water threatened a
Park road; the two dams in the Otatso Creek valley,
and the dam in the St. Mary drainage), revegetation of
the exposed sediment has been extremely rapid (Figs.
3, 5, and 6). In each case, the amount of sediment
evacuated downstream beyond the breached dam
appears to be small. Estimates of the amount of
exposed sediment still in situ in 2002 (11 years after
drainage in Two Medicine, and 7 years after drainage
in Otatso; we do not know when the St. Mary area
dam drained, only that it occurred between 1992 and
2002) are very high. In effect, we saw no removal of
sediment from the area of exposed pond floors.
Sediment removal obviously occurs during the period
of dam breaching, as described by Butler (1989),
Kondolf et al. (1991), Schipke and Butler (1991),
Stock and Schlosser (1991), and Marston (1994), but
subsequent to the failure event we see little evidence
of additional sediment evacuation. Rather, the
exposed sediment rapidly forms grass-and-shrub-
covered beaver meadows even though the dam has
been thoroughly breached.

6. Conclusions

Beaver dams have the ability to entrap very large
amounts of sediment in beaver ponds. The role that
beaver dams and ponds played in shaping the riparian
environment in pre-European times cannot be under-
stated. Under modern conditions of widespread but
substantially reduced beaver populations, beavers are
again transforming streams from erosional to deposi-
tional environments. Beaver-dam failure can locally
produce displacement of sediment downstream and
rapid entrenchment, while also creating localized
outburst—floods that have proven both hazardous
and deadly.

Although beaver-dam failure leads to sediment
removal and displacement downstream, we have also

shown that a great deal of sediment remains in place,
upstream of failed dams. As noted much earlier by
Ruedemann and Schoonmaker (1938, p. 525),
“...beavers are able to aggrade all smaller valleys
below the size of navigable rivers and having been
active for many thousands of years have accomplished
an enormous amount of aggrading work and are
important physiographic agents. This work is charac-
terized by complete aggrading of valley floors,
originally in small descending steps, which disappear
in time and leave a gently graded, even valley plain
horizontal from bank to bank. The fine silt gathered in
the beaver pools has produced the rich farm land in
the valleys of the wooded areas of the northern half of
North America.” With no scientific measurements of
the amount of sediment neither in pre-contact ponds
nor of the number of ponds themselves, it is difficult
to pinpoint the enormity of the influence of beaver on
riparian environments of that period. Observing and
measuring the widespread geographic distribution and
amount of sediment in modern ponds, however, leads
to an appreciation of the tremendous geomorphic
influence of beaver dams, and to the amount of
landscape adjustment that was necessary as a result of
removal. Even as beaver populations continue to
flourish, it must be recognized that the fluvial land-
scape of modern North America is substantially
different than that which was in place prior to
European contact. The beavers of North America are
the reason why.
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