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Abstract Globally, greenhouse gas budgets are dominated
by natural sources, and aquatic ecosystems are a prominent
source of methane (CHy) to the atmosphere. Beaver (Castor
canadensis and Castor fiber) populations have experienced
human-driven change, and CH,4 emissions associated with
their habitat remain uncertain. This study reports the effect
of near extinction and recovery of beavers globally on
aquatic CH, emissions and habitat. Resurgence of native
beaver populations and their introduction in other regions
accounts for emission of 0.18-0.80 Tg CH, year ' (year
2000). This flux is approximately 200 times larger than
emissions from the same systems (ponds and flowing waters
that became ponds) circa 1900. Beaver population recovery
was estimated to have led to the creation of
9500-42 000 km” of ponded water, and increased riparian
interface length of >200000km. Continued range
expansion and population growth in South America and
Europe could further increase CH, emissions.

Keywords Beaver ponds - Castor canadensis -
Castor fiber - Methane efflux - Population recovery

INTRODUCTION

Inland surface waters are important zones of carbon (C)
cycling, and freshwater ecosystems are known sites of
biogenic greenhouse gas release to the atmosphere (Cole
et al. 2007). Wetlands represent the dominant natural CH,
source globally (Solomon et al. 2007), while open fresh-
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waters (lakes and rivers) constitute another major natural
emission source (Bastviken et al. 2011). Emission of CHy
from wetlands is subject to anthropogenic pressures that
can potentially alter the spatial extent of this habitat, for
example through observed widespread increase in rice
cultivation, or loss of wetlands due to physical drainage.
Natural influences, including climate cycles and ecological
succession, can also alter the spatial extent of wetlands
over longer time periods. Uncertain estimates of wetland
and surface water areas have been highlighted as a chal-
lenge for quantifying global CH, emissions (Bridgham
et al. 2013).

Beavers have long been recognized as agents of geo-
morphic change (Ruedemann and Schoonmaker 1938),
owing largely to their dam-building abilities and conse-
quent creation of open-water ponds and associated wetland
complexes (Westbrook et al. 2006). For more than three
centuries, global beaver (Castor canadensis and Castor
fiber) populations have been suppressed by widespread
trapping; however, in recent decades, resource manage-
ment activities, including re-introduction programs, have
stimulated population growth. Accordingly, it can be
expected that the extent of water impounded by beaver
dams has undergone profound changes coincident with the
global population fluctuation. This may have important
consequences for the global CH4 cycle.

Beavers’ hydrogeomorphic alteration of the landscape,
principally via creation of lentic (standing water) envi-
ronments in place of lotic (flowing water environments),
promotes CH4 production. Beaver ponds share properties
of both wetlands and open-water systems, but emit more
CH, than other types of wetlands (Roulet et al. 1992) or
lotic habitats (Naiman et al. 1986) on an areal basis. Both
increased stocks of C per unit area (Naiman et al. 1986)
and greater area of anaerobic benthos will contribute to
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CH, generation in beaver ponds. Further, while methano-
trophy can occur during CH, movement through oxic water
columns (Rudd et al. 1976), beaver ponds are invariably
shallow, with dam height generally less than 1.5m
(McComb et al. 1990), and consequently there is little
opportunity for CH, oxidation.

Beavers have long been acknowledged as mediators of
CH,4 emission to the atmosphere (Nisbet 1989); however,
the global significance of this source has not been com-
prehensively quantified, nor has the effect of population
recovery on aquatic and riparian habitat. In this paper, the
first reconstruction of global beaver population size is
presented. Population estimates for Eurasia, North Amer-
ica, and South America (Tierra del Fuego), combined with
ecological information and beaver pond size estimates, are
used to determine the area of aquatic habitat and length of
riparian interface (between water and land) created during
twentieth century beaver population growth. This infor-
mation is combined with measurements of CH, efflux rates
to estimate recent (year 2000) global beaver-mediated
aquatic CH,4 emissions and uncertainty associated with
these fluxes.

MATERIALS AND METHODS
Beaver population estimates

Beaver population sizes for the three continents (South
America, North America and Eurasia) inhabited by C.
canadensis and C. fiber were estimated for the year 2000.
For each region a different approach was used to calculate
the range in size of the population(s), owing to the con-
straints associated with the available data. The methods for
each population are outlined below and summarized in
Electronic Supplementary Material, Table S1.

South America

Beaver (C. canadensis) colonization in Tierra del Fuego
(Chile and Argentina) is linked to landscape type (Lizarr-
alde 1993), with more mountainous and forested terrain
supporting higher population density. Stream length-based
densities for different landscape types and stream network
length for colonized islands of the archipelago (Parkes
et al. 2008) were used to estimate population size. Reported
densities for beaver populations c. 1990 likely reflect
population maxima, with small decreases expected to have
occurred prior to the end of the twentieth century (Parkes
et al. 2008); thus, the population estimate for 2000 was
adjusted to reflect a smaller population size than estimated
directly from the length-based densities based on earlier
data.

@ Springer

North America

To characterize the North American continent, a population
estimation approach that allowed existing localized data to
be extrapolated across Level I ecoregions (Commission for
Environmental Cooperation 1997) after adjusting the eco-
region areas for non-colonized zones (i.e., deserts of the
American southwest, peninsular Florida) was used. With this
stratified approach, each ecoregion was classified according
to probability of beaver occurrence (high, moderate, or low).
Average stream length-based densities for the three classes
were used to adjust area-based density, available only for
high-density ecoregions of Canada (Electronic Supplemen-
tary Material, Table S2), such that population size could be
calculated according to the land area in each class assuming
constant stream network density. Average areal density was
0.6 colony km ™2 among sites in ecoregions classified as high
density (n = 14; Table S2) although there was considerable
variability among density estimates (SD 0.3), which is not
unexpected given the range in geographic character within
the broad classifications used. High- and low-density esti-
mates for each density class were quantified as the mean plus
and minus one standard deviation, respectively. Data used in
this analysis span several decades (mostly 1970-1990) and
likely reflect recovering (i.e., growing) rather than stable
populations. Population recovery has not been uniform
across the continent, however, so it was not possible to
normalize individual datum from different regions to a sin-
gle time point. Instead, the available data were assumed to
(conservatively) reflect the condition of the population in
2000.

Eurasia

Beaver in Eurasia comprise several overlapping popula-
tions of the native C. fiber and introduced C. canadensis,
and had been enumerated in many countries by the end of
the twentieth century (Halley and Rosell 2003). Population
data (both species) for 23 countries were compiled and
used to reconstruct the temporal dynamics of the two
populations (Table S1). For many countries, population
estimates were available for several different years,
allowing use of a (best-fit) parametric growth curve such
that the population could be established for the year (2000)
where only earlier observations were available.

Pond-building activity

Beaver colonies do not always establish ponds through dam
building and may instead occupy bank dens in rivers or
build lodges in lakes, thus limiting their hydrogeomorphic
impact. Pond-building frequency of C. fiber was assumed
to be 10-50 % (Zurowski and Kasperczyk 1988; Bluzma
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Table 1 Beaver pond CH, emission estimates (g m 2 year ') for
sites in different states and provinces of North America

Location Ponds Efflux Reference
Ontario 21 2.0-76  Roulet et al. (1992), Bubier
et al. (1993), Moore and
Roulet (1995), and Weyhenmeyer
(1999)
Quebec 2 5.9-9.9 Naiman et al. (1986)
and Ford and Naiman (1988)
Manitoba 2 11-18  Dove (1995) and Roulet
et al. (1997)
New York 2 21-25  Yavitt et al. (1992)
Minnesota 2 12-14  Naiman et al. (1991)
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Fig. 1 Distributions of pond sizes associated with the populations in
the southern hemisphere (a) and northern hemisphere (b) used in this
analysis. Minimum pond sizes were 300 and 50 m? respectively,
while the upper limit of pond size for each distribution is denoted by
the largest tick mark (see text)

2003). North American beavers are associated with greater
dam-building activity (Gurnell 1998; Collen and Gibson
2001), although there are few data quantifying the pro-
pensity of dam building for either population. A compari-
son of the two species in Russia suggested greater
damming by C. canadensis (66 % vs. 45 % for C. fiber
(Danilov 1995)). A pond-building frequency range of 50—
80 % was assumed for all C. canadensis populations.

Among those colonies that do build dams, there is
considerable variability in the number of ponds they create.
For C. fiber, the number of dams per colony is reported to
be as high as 13 (Pupininkas 1999), with an average of 3.1
reported for Lithuania (Ulevicius et al. 2009). In North
America, 2-5 dams per colony were suggested as typical
(Butler and Malanson 2005). Neither pond longevity nor
site use characteristics are sufficiently well known to
consider explicitly in this analysis. The number of ponds
attributed to each colony was therefore assumed to reflect
both active ponds and abandoned ponds that continue to
retain water. A Poisson distribution (A = 2), truncated to
reflect a conservative estimate of the number of ponds per
colony (2-5), was used in this analysis. This approach
ensured that colonies were most frequently described as
having fewer ponds (e.g., of the pond establishing colonies,
67 % were attributed only two ponds), and therefore should
provide a conservative estimate of the total number of
ponds.

Pond size

For beaver populations in the northern hemisphere, pond
area is rarely described. Pond areas have been reported to
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reach 54 000 m* in Europe (Nyssen et al. 2011) and
300 000 m* in North America (Novak 1999), although
average sizes rarely exceed 10 000—-20 000 m* (Naiman
et al. 1986; Butler and Malanson 1995; Novak 1999). In
contrast, pond surveys in Tierra del Fuego, South America
found that the range in upland pond size was 300—16 000 m?
(average 2700 m?) with infrequent occurrence of larger
ponds (up to 160 000 m?) in flat valleys (Lizarralde 1993).
Exponential distributions, modified to include a small pro-
portion of larger ponds, were used to characterize pond size
of both northern and southern hemisphere populations. The
resulting average pond size for the northern hemisphere
populations was 3300 m* (range 50—40 000 m?), while for
Tierra del Fuego the distribution averaged 3500 m” (range
300120 000 m?; Fig. 1).

Methane efflux rates

Many studies have quantified CH, efflux from freshwaters
to the atmosphere; however, for the purposes of this ana-
lysis, only those studies which quantified annual or open-
water periods of 120 or more days were included. Where
observations spanned less than a typical ice-free period of
180 days, the efflux estimates were adjusted to this time
period. Nonetheless, the CH, efflux estimates used in this
analysis may be conservative as ebullitive and ice-out
fluxes are both episodic and difficult to capture, and
therefore not always well represented by available mea-
surements. Annual efflux of methane from beaver ponds to
the atmosphere has been reported for upward of 20 sites in
North America (Table 1). The efflux estimates range from
2 to 76 g CH, m % year ' (Moore and Roulet 1995) and
average approximately 20 g CH, m 2 year ' across the
ponds where annual emissions have been quantified. A
truncated lognormal distribution fit to the available data
was used to characterize CH, efflux (Fig.2) and was
assumed to reflect the nature of emission rates in the other
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regions. Emissions associated with lotic waters that pre-
ceded pond formation (i.e., background emissions) were
estimated using CH, efflux rates for rivers and streams and
open-water areas of 0.2-2 % that of ponds (Electronic
Supplementary Material, Table S3).

Continental CH, emission from beaver ponds

A Monte Carlo uncertainty analysis was used to characterize
CH, emission associated with each beaver population (year
2000) on the three continents where they are resident. One
thousand simulations were conducted for each of the four
populations. For each simulation, the total number of ponding
colonies was estimated from population size, colony sizes,
and pond-building frequency with uniform distributions used
to characterize these parameters. Each ponding colony was
subsequently attributed a number of ponds, and pond size and
efflux rate for each pond were characterized according to the
distributions described above (Figs. 1, 2). In total, tens of
thousands of iterations were used to characterize individual
ponds associated with each population. For each simulation,
emissions for each pond were summed to quantify CH, efflux
associated with the population. For years prior to 2000, pond-
based CH, emissions were calculated by scaling emissions for
2000 according to the population size in a given year (Elec-
tronic Supplementary Material, Table S1).

A sensitivity analysis was conducted to assess the
uncertainty associated with each of the main factors
(population size and colony size, ponding frequency,
number of ponds established by a colony, pond size, and
CH, efflux rates) used to produce the efflux estimates. In
this analysis, 1000 simulations were run for each factor
wherein an individual factor was sampled from its distri-
bution (population/colony size was evaluated together
using uniform distributions owing to differences in
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Fig. 3 Reconstructed populations for the twentieth century, accord-
ing to median (best) estimates of population size for C. canadensis in
Tierra del Fuego, Eurasia and North America, and C. fiber in Eurasia.
Three of the populations were scaled (factor of 10) for presentation
purposes. Total CH, emissions for the estimated (median) global
population are also shown

methods for deriving the population estimates; Electronic
Supplementary Material, Table S1), and emissions were
calculated with the other factors held constant (at mean).

Riparian interface creation

Pond circumference was used to estimate the length of
riparian interface (between aquatic and terrestrial habitats)
created through beaver pond formation during the twentieth
century. Pond morphometry is not well characterized, and is
highly dependent on regional and local conditions. None-
theless, a (minimum) estimate of riparian interface resulting
from beaver population growth was approximated by
assuming that all ponds are round, and subtracting the pre-
impoundment riparian interface (two times stream length).

RESULTS AND DISCUSSION

The fur trade of the sixteenth to nineteenth centuries led to
near extinction of global beaver populations. In the ensuing
period of decreased trapping pressure and assisted intro-
ductions, global beaver populations are believed to have
grown nearly exponentially, reaching global populations of
3.0 x 107 (Fig. 3). This has led to the creation of ~9500—
42 000 km? of new aquatic pond habitat, and in excess of
200 000 km of riparian interface (Table 2). Given the value
of beaver ponds as habitat (Wright 2002), this suggests that
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Table 2 Estimates of population size, number of colonies, total surface area of beaver ponds (km?), and length of riparian interface created (km)
through beaver pond formation for the different species of beaver and geographic regions as of 2000. Where only a minimum is provided, it

represents a single (best) estimate for the population

Region Species Population Colonies Pond area Riparian interface®
Min Max Min Max Min  Max Range

Tierra del Fuego  C. canadensis (introduced) 95 000 168 000 26 600 100 186 2160-4010

North America C. canadensis (native) 9600 000 50400 000 2400000 7200000 9280 41210 204 000-908 000

Eurasia C. canadensis (introduced) 13 000 2160 3240 8 19 180-420

Eurasia C. fiber (native) 683 000 137 000 228 000 106 821 2340-18 900

? Estimates for riparian interface are constrained according to minimum and maximum estimates of other parameters but assume a circular pond

shape and, therefore, represent a minimum range
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Fig. 4 Calculated annual methane (CH4) emissions associated with
the C. canadensis populations in Tierra del Fuego (TdF), Eurasia
(EUR (c)) and North America (NA), and the Eurasian C. fiber
population (EUR (f)) in the year 2000. For each population, the
boxplot represents the results from 1000 Monte Carlo simulations
used to quantify CHy4 efflux

significant ecological benefits are associated with beaver
recovery.

Parallel with this increase in beaver populations is an
increase in beaver-mediated CH, emissions (Fig. 3). Our
results indicate that beaver-mediated aquatic CH, emis-
sions have increased ~400-fold since the early twentieth
century, reaching 0.18-0.80 Tg CH,year ' in 2000.
Comparing these figures to background emissions from
lotic waters (systems which were dammed during pond
formation) suggests that emissions have increased 200-fold
as a result of beaver activity during this period.

Population growth during the twentieth century is evi-
dent on all continents where beavers are resident (Fig. 3).
In South America, beaver-mediated CH, emissions repre-
sent an anthropogenic greenhouse gas source, because this
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exotic-invasive population resulted from introduction of C.
canadensis in Argentinian Tierra del Fuego (Lizarralde
1993). The size of this emission source is estimated to be
2.7 Gg year ' (median; Fig. 4). Although minor on a glo-
bal scale, this represents a major regional source, given this
emission estimate was derived from a beaver population
restricted to the archipelago of Tierra del Fuego, an area of
~60 000 km? with low human population and relatively
undisturbed natural environment. Eurasia features both the
introduced C. canadensis and the native C. fiber. Methane
release from the C. fiber population in Eurasia was com-
parable to that for C. canadensis in Tierra del Fuego
(Fig. 4), despite the Eurasian population being much larger,
owing largely to the less-frequent pond-building activity of
C. fiber (Danilov 1995). The population size of introduced
C. canadensis in Eurasia remains small (approximately
13 000 individuals), and they are a minor contributor to the
global beaver pond CH,; efflux. Emissions for North
American beaver populations were more than an order of
magnitude larger than emissions from other continents
(Fig. 4). This is because of the large number of C.
canadensis in North America (Table 2), and their greater
propensity for dam building.

This analysis indicated that aquatic emissions of CH4 to
the atmosphere associated with beaver ponds are notable;
the maximum annual efflux estimate (year 2000) of
0.80 Tg CH,4 is equal to approximately 15 % of the pro-
duction from wild ruminants (Lelieveld et al. 1998). The
global estimate of annual CH, emissions from lakes
(72 Tg CH, year™ ") is considerably higher (Bastviken et al.
2011), consistent with the much higher global surface area
of lakes. Beaver-mediated emissions originate predomi-
nantly from higher than 45° north latitude, a region that
also features significant CH, sources from Ilakes as
approximately half of global lake surface area is above this
latitude (Verpoorter et al. 2014). Moreover, aquatic CHy
emissions from beaver ponds represent 1 % or less of total
global wetland emissions (55-231 Tg year '; Turetsky
et al. (2014)). Additionally, while beaver pond CH,
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emissions have increased considerably during the last
century, particularly in northern Canada, thermokarst pond
area also increased dramatically in the Hudson Bay Low-
land of northern Canada, representing a large CH, source
(1-7 Tg year™': Packalen et al. (2014)) during this period
(Payette et al. 2004). Consequently, it is reasonable to
expect that parallel increases in CH,4 emission from other
natural systems may represent a comparable or larger
change than predicted here for beaver ponds. Thus while
beavers, through pond-building activities, can be important
local sources of CH, to the atmosphere, these aquatic
emissions do not play a major role in the global CH, cycle.

Uncertainty associated with aquatic CH4 emission from
beaver ponds was quantified in this study using Monte
Carlo analyses. A conservative approach for quantifying
the number of ponds was used, as this aspect of ecology is
not well documented. Distributions representing pond size
and CH,4 efflux rates (Figs. 1, 2) characterize the uncer-
tainty in these parameters according to reported values
from the literature. Ultimately, the uncertainty associated
with each aspect of the calculations is translated into
uncertainty around the CH, efflux estimates for each
population (Fig. 4). Sensitivity analysis indicated that the
variability in efflux estimates can be principally attributed
to the uncertainty in the number of colonies (population
size) and also to the range in pond-building activity.
Uncertainty in the North American efflux estimates asso-
ciated with these factors was 0.58 and 0.3 Tg CH, year ',
respectively. For the European populations, data on the
number of beavers were used to generate a single estimate
for each species (Table 2). Thus for these populations, the
distribution for pond-building activity contributed the
greatest uncertainty, about double that due to the effect of
colony size. Uncertainty attributed to CH, emission rates,
pond size, and the number of established ponds was minor
for all populations. Improved estimates of population size,
particularly for North America (range 9.6-50 million
individuals) coupled with better knowledge of beaver
ecology, including the propensity to establish ponds, would
prove useful for refining understanding of the role beavers
play in promoting aquatic CH, release to the atmosphere,
as well as the extent of habitat modified by their dam
building.

Investigations that seek to quantify aquatic emissions of
biogenic greenhouse gases across large spatial scales rep-
resent a tremendous challenge. Because efflux estimates
are often available in limited geographic regions, and can
be biased to certain types of systems, exercises in scaling
necessarily invoke assumptions in order to scale up from
small regions of more plentiful data to larger regions of
sparse data availability. In the current study, efflux esti-
mates for North American beaver ponds were extrapolated
to other regions. Methane efflux rate uncertainty was
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characterized through a distribution representing available
measurements (Fig. 2); while it is the most detailed
depiction of annual emissions from these systems to date, it
is unknown how well it reflects the behavior of comparable
systems in other regions.

Further, global estimates of aquatic gas emission are
contingent on estimates of areal coverage of water. In
recent years, steady progress has been made toward
quantifying coverage of lentic and lotic systems globally
(Downing et al. 2012), but characterization of small water
bodies remains a challenge. In the absence of a robust
method for quantifying the size and global abundance of
beaver ponds, a simple approach that related distributions
of pond size and number to population size was used. The
population estimate for North America assumed constant
stream density. This assumption was tested by recalculat-
ing population size using stream network coverage in
moderate and low beaver density regions that are 75 and
50 % that of the highest density area, respectively. This
adjustment for differential stream density is based on evi-
dence that at large geographic scales, coverage of streams
varies only by a factor of about two (Downing et al. 2012).
Adjusted stream density had little effect on the population
estimate (variable stream density: 8.5—44 million; constant
stream density: 9.6-50 million) suggesting the constant
stream density assumption used is reasonable. As indicated
in the sensitivity analysis, uncertainty associated with the
number of ponding colonies contributed the largest error to
the global efflux estimate. This suggests that direct enu-
meration of beaver pond area could stand to greatly
enhance the efflux estimate. As remote sensing techniques
evolve to enable numerical estimation of coverage of
beaver ponds (or other small aquatic features), scaling
exercises for these systems can be expected to experience
notable improvements in precision and reductions in
uncertainty.

Going forward, the capacity to estimate the full impacts
of beaver on greenhouse gas budgets is contingent on
obtaining estimates of CO, and N,O emissions from these
aquatic habitats. It should also be cautioned that the figures
reported herein likely underestimate the true impact of
beaver on global CH, emission, as they do not include
plant-mediated CH, fluxes, which can be important in
shallow-water habitats (Dacey and Klug 1979). In addition,
the effects of damming activity on CH, emission from
waterlogged soils (Le Mer and Roger 2001) of flooded
riparian habitat around the ponds were not accounted for.
Beaver ponding activity can raise the local water table
across an area of comparable size to the pond proper
(Westbrook et al. 2006), and elevated water table due to
beaver ponding is associated with increased CH,4 emission
from adjacent soil (Moore et al. 2011). As a result, the total
global CH, emission to the atmosphere associated with
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beaver activity is likely larger than our pond-based aquatic
efflux estimate suggests. As was highlighted above, the
emissions beavers mediate through pond formation greatly
exceed the estimated (background) stream-based CH,
efflux prior to the establishment of beaver ponds. Stream
emissions are minor components of the overall budget due
to their small surface area, and lower emission rates rela-
tive to ponds (Bubier et al. 1993; Bastviken et al. 2011).
Emissions from the area of streams lost due to damming
and pond formation during the twentieth century were
estimated to total ~ 1 Gg year ' globally in 1900.

The future of the global beaver populations, while unlikely
to return to historic low levels, remains uncertain. In light of
ongoing efforts to re-establish this keystone species in Europe
and Asia, it seems likely that the C. fiber population will
continue to grow in the short term. Indeed, an independent
estimate of the C. fiber population suggests that the population
was 9 % larger in 2010 (Halley et al. 2012) than when esti-
mated for the same year using our growth curve (based on data
for the twentieth century). Few countries have reached the
density of 0.2 colonies km~ described as the carrying
capacity for C. fiber in Sweden (Hartman 1994), and re-
introductions in additional regions (e.g., Scotland) are ongo-
ing. Assuming this density is viable across the continent,
future population size may exceed 5 million, which could
increase beaver-mediated European emissions sevenfold. In
Poland, damming activity increased coincident with popula-
tion growth (Zurowski and Kasperczyk 1986), presumably as
a means of creating territories with suitable hydrologic con-
ditions where the availability of such naturally occurring sites
was becoming more limited. If this pattern holds elsewhere in
Eurasia, the growth rate of beaver-mediated CH, emission
may exceed that of the beaver population itself. In South
America, recent migration of beaver to the mainland have
renewed concerns that the adverse impacts of introduced C.
canadensis observed on Nothofagus forests typical of the
Tierra del Fuegan archipelago (Anderson et al. 2006) could
spread northward across the continent; however, the capacity
for this habitat to support beaver over the long-term remains
questionable. In North America, population expansion has
stimulated beaver management programs in many jurisdic-
tions; a bounty program in the Canadian province of Sas-
katchewan eliminated 35 000 beaver in 2011 alone.
Northward range expansion is also expected as the climate
warms (Jarema et al. 2009), although globally the net effect of
future climatic changes on species range and density is
uncertain.

CONCLUSIONS

The effects of beaver on hydrology, habitat complexity, bio-
diversity, and nutrient cycling are well documented (Naiman
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et al. 1986; Wright 2002). Establishment of large areas of
pond habitat and extension of the riparian interface, reported
herein for the first time on a global and continental scale,
highlight the ecological importance of beaver recovery, most
significantly in North America.

Beavers mediate aquatic emissions of CH,; to the
atmosphere (up to 0.80 Tg year ' globally) by means of
water impounded behind their dams, although their impact
on CH, cycling may be greater than estimated herein due to
the large areas with elevated water table that surround these
ponds. This source of CH, to the atmosphere is, however,
not static. Instead, it is expected to fluctuate in concert with
the beaver population. Thus, while emissions appear to
have grown tremendously during the twentieth century,
they have likely not yet reached the level of several cen-
turies ago when the global beaver population may have
been larger.

The dynamic nature of beaver-mediated CH, emissions
in recent years may portend the potential for future changes
in this component of the global CH, budget. Continued
range expansion associated with exotic-invasive popula-
tions, regional re-introductions, and climate change, cou-
pled with changes in population and pond densities may
dramatically increase the amount of water impounded by
beaver. This, in combination with anticipated increases in
surface water temperatures, and likely effects on rates of
methanogenesis (van Hulzen et al. 1999), suggests that the
contribution of beaver activity to global CH, emissions
may continue to grow.
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