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ECOLOGY

Outsized effect of predation: Wolves alter
wetland creation and recolonization by killing

ecosystem engineers

Thomas D. Gable'*, Sean M. Johnson-Bice?, Austin T. Homkes’, Steve K. Windels'3, Joseph K. Bump1

Gray wolves are a premier example of how predators can transform ecosystems through trophic cascades. How-
ever, whether wolves change ecosystems as drastically as previously suggested has been increasingly questioned.
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We demonstrate how wolves alter wetland creation and recolonization by killing dispersing beavers. Beavers are
ecosystem engineers that generate most wetland creation throughout boreal ecosystems. By studying beaver
pond creation and recolonization patterns coupled with wolf predation on beavers, we determined that 84% of
newly created and recolonized beaver ponds remained occupied until the fall, whereas 0% of newly created and
recolonized ponds remained active after a wolf killed the dispersing beaver that colonized that pond. By affecting
where and when beavers engineer ecosystems, wolves alter all of the ecological processes (e.g., water storage,
nutrient cycling, and forest succession) that occur due to beaver-created impoundments. Our study demonstrates
how predators have an outsized effect on ecosystems when they kill ecosystem engineers.

INTRODUCTION

Apex predators can directly and indirectly affect the behavior, spa-
tial distribution, and abundance of prey populations, which may cre-
ate cascading effects through lower trophic levels (1) and ultimately
alter ecosystem processes such as energy flow and nutrient cycling
(2, 3). Large predators are thought to have outsized ecological ef-
fects primarily by reducing the abundance of their prey (i.e., density-
mediated) or by altering the behavior of their prey via fear (i.e.,
behaviorally mediated)—both of which can indirectly affect lower
trophic levels via trophic cascades (4-6). For example, orcas (Orcinus
orca) reduce sea otter (Enhydra lutris) abundance, which has cascad-
ing effects on kelp forest communities (density-mediated trophic cas-
cade) (7), while hawks (Accipiter spp.) alter the foraging behavior of
jays (Amphelocoma wollweberi), which increases the breeding success
of hummingbirds (Archilochus alexandri) (behaviorally mediated
trophic cascade) (8). Quantifying the ecological impact of predators
is valuable for understanding the functional role of predation in eco-
systems and how that role changes in the face of anthropogenic fac-
tors that negatively influence large predator populations (e.g., habitat
loss and fragmentation and climate change) (9). The ecological role
of large predators and their purported ability to reshape entire eco-
systems are frequently the primary justification for large predator
conservation, restoration, and reintroduction (10, 11).

In North America, gray wolves (Canis lupus) are one of the pre-
mier examples of how large terrestrial predator populations can trans-
form ecosystems through trophic cascades, although the extent to
whether the mechanism is density- or behaviorally mediated is de-
bated (5, 11, 12). Many have suggested that wolf-induced trophic
cascades are the result of a landscape of fear (behaviorally mediated),
whereby wolves alter the spatial and temporal distribution of ungu-
late prey by instilling fear (13, 14). In northern Yellowstone National
Park, USA, the primary study site of the wolf-trophic cascade litera-
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ture (6), the landscape of fear has supposedly led to pronounced changes
in the duration, location, and intensity of ungulate browsing (13-15).
Cumulatively, these changes were thought to reduce ungulate over-
browsing in riparian areas, which led to increases in wildlife popu-
lations [e.g., songbirds and beavers (Castor canadensis)] dependent
on riparian vegetation (5, 14). Further, the subsequent regrowth of
riparian vegetation reduced erosion and ultimately affected the mor-
phology and hydrology of streams by stabilizing stream banks (16-18).
This proposed ecological cascade—which was popularized in the on-
line video “How Wolves Change Rivers,” viewed more than 42 mil-
lion times at the time of writing—has been used to garner support
for, and justify the conservation and recovery of, wolf populations
worldwide (11, 19). However, whether wolves have the capacity to
alter ecosystems as drastically as suggested has been increasingly
questioned and criticized (6, 11, 19, 20). Moreover, recent research
suggests that wolves primarily affect ecosystems through direct pre-
dation rather than indirectly through a landscape of fear (15, 21).
Compared to the substantial dossier of Yellowstone research,
relatively few studies have examined how wolf predation in boreal
ecosystems—about 17% of Earth’s land surface area (22)—affects
lower trophic levels and ecosystem processes (23). Wolves in boreal
ecosystems rely on a different prey base than wolves in more arid,
mountainous regions of North America (e.g., Greater Yellowstone
Ecosystem). Wolves in boreal ecosystems generally rely, in part, on
beavers during the summer for food (24). Because beavers are eco-
system engineers that markedly alter ecosystems (Table 1) by dam-
ming waterways and creating impoundments that can persist for
centuries (25-27), there is potential for wolves to affect large-scale
ecological processes through predation on beavers. For wolves to have
such an effect, they would likely have to either (i) decrease beaver,
and therefore impoundment, densities through predation (i.e., re-
ducing survival and reproduction); (ii) kill dispersing beavers, thereby
altering the spatial and temporal distribution of newly created or
recolonized beaver impoundments; (iii) kill certain beaver colony
members (e.g., breeding individuals) that lead to increased colony
abandonment and consequently, pond/dam failure (28); or (iv) alter
the foraging or pond-creating behavior of beavers via a landscape of
fear [i.e., nonconsumptive risk effects; (29)]. Given that both wolves
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Table 1. Summary of the ecological benefits that ecosystem engineering by beavers creates in wetland and riparian ecosystems. All values (e.g., 200%
greater, 2x higher) are in relation to reference (unmodified) sites sampled from the same study or are in relation to sampled characteristics before ecosystem
engineering by beaver. Although beavers can have deleterious (or no) effects on ecosystems, we focus on the ecological benefits here for simplicity.

Ecological benefits Description of benefits due to ecosystem engineering by beavers

Ecosystem services

Water runoff attenuation

Groundwater recharge

Water purification

Sediment deposition

Carbon (C) sequestration

Nitrogen (N) sequestration

Habitat alterations

Stream geomorphology

Reduce incision

Channels and pools

Habitat heterogeneity

Water storage

Benefits to plants and animals

Mitigate effects of climate
Wildlife

Large mammals

Semi-aquatic mammals

Small mammals

Bats

Raptors

Waterfowl!

Passerines

Amphibians

Reptiles
Fish

Salmonids

Other species

Invertebrates

Aquatic

Terrestrial

Both

Plants

Aquatic

Herbaceous

Undifferentiated Increase cumulative (148%) and mean (46%) species richness (717)

and beavers are well studied and sympatric throughout most cir-  ver ponds in a southern boreal ecosystem through predation on dis-
cumpolar boreal ecosystems, it is surprising that there is no infor-  persing beavers. By affecting where and when beavers can engineer
mation about how this apex predator-ecosystem engineer dynamic  ecosystems, wolves alter all of the ecological processes (e.g., water
influences ecological processes (28). Here, we describe how wolves  storage, nutrient cycling, sediment deposition, and forest succession;
directly alter the persistence, and likely spatial distribution, of bea-  Table 1) that beaver-created impoundments affect.
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Study area

This research was conducted as part of the Voyageurs Wolf Project,
a research project studying wolf-prey interactions in the Greater
Voyageurs Ecosystem (GVE), which is a 1812-km” southern boreal
ecosystem in northern Minnesota, USA (Fig. 1). The GVE (48°30'N,
92°50"W) borders Ontario, Canada to the north and the Boundary
Waters Canoe Area Wilderness to the east. Voyageurs National Park
constitutes the northern portion of the GVE, whereas the central
and southern portions of the GVE are predominantly a mix of U.S.
Forest Service, state-owned, and commercial forest land (30). The
GVE is part of the Laurentian Mixed Forest Province and is typified
by dense forests (coniferous, deciduous, and mixed) and abundant
wetlands, lakes, and bogs interspersed with rocky outcrops and ridges
from past glacial activity (31). Timber or wildlife harvest is not per-
mitted in Voyageurs National Park but is common outside of the
park. Annual precipitation varies relatively little in the GVE, with an
average precipitation of 62 cm (43 cm rain and 19 cm snow) (32).
Topographic relief is not substantial (maximum topographic relief
is ~90 to 95 m; Fig. 1) throughout the GVE, but the mosaic of rock
ridges, small draws, and lowlands provides ideal habitats for beavers
to create dams that impound large areas (33).

The GVE has sustained a dense beaver population for >40 years with
colony densities across the GVE generally >0.47 to 1.0 colonies/km”
(34, 35). As a result, beavers have markedly altered the landscape of
the GVE by creating dams and impounding waterways. For exam-
ple, a total of 7175 beaver-created impoundments (both occupied
and unoccupied) were visible from 2019 high-resolution aerial im-
agery of the GVE, and beavers have impounded ~13% of the terrestrial
landscape of Voyageurs National Park (36). The beaver population
has remained relatively stable for >30 years, suggesting that the pop-
ulation is at natural carrying capacity, although annual fluctuations
in beaver population density do occur (34, 37).

The GVE has maintained high wolf densities (35 to 45 wolves/
1000 km?) for >30 years (38-40) with wolf packs occupying the en-
tirety of the GVE. White-tailed deer (Odocoileus virginianus) are the
primary annual prey of wolves in the area. Beavers, because of their
abundance, are important seasonal prey for wolves in the GVE, with
beaver constituting up to 42% of wolf pack diets during the ice-free
season (April to October) when beavers are vulnerable to predation
(41). Predation of beavers is widespread among wolf packs despite
variation in beaver density between wolf pack territories (41). For
example, beaver constituted 33% of the ice-free season diet of a pack
in the lowest beaver density area (0.47 colonies/km?) of the GVE
(35). Although individual wolf packs can remove an estimated 38 to
42% of the beaver population within their territory, there is no evi-
dence to suggest that wolves suppress or reduce beaver population
densities in the GVE (28, 35).

MATERIALS AND METHODS

To assess the ecological effects of wolf predation on dispersing bea-
vers, we (i) quantified wolf predation on dispersing beavers; (ii) es-
timated how wolf predation affects the creation, recolonization, and
persistence of beaver ponds; and (iii) examined how wolf predation
affects the number of ponds and volume of surface water stored in
the GVE. To do so, we searched clusters of GPS locations (20-min
fix interval) from GPS-collared wolves to locate where wolves killed
dispersing beavers and to estimate kill rates of wolves on dispersing
beavers. When wolves killed dispersing beavers that had recently
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Fig. 1. Map of the GVE (yellow polygon) in northern Minnesota, USA, which is
a 1812-km? southern boreal ecosystem (48°30'N, 92°50'W). Voyageurs National
Park (black polygon) constitutes the northern portion of the GVE, whereas the
central and southern portions of the GVE are predominantly U.S. Forest Service,
state-owned, and commercial forest land. The GVE is typified by dense forests
(coniferous, deciduous, and mixed) and abundant wetlands, lakes, and bogs inter-
spersed with rock outcrops and ridges from past glacial activity. The GVE has
sustained high densities of wolves (35 to 45 wolves/1000 km?) and beavers (>0.47 to
1 colony/km?) for >30 years.

settled in an area—as determined by a newly constructed dam or a
repaired existing dam—we monitored the fate and occupancy of that
pond annually both on foot and through aerial surveys. We com-
pared the fate of these “wolf-altered ponds” (i.e., where a dispersing
beaver created or recolonized a pond and was subsequently killed
by a wolf) with newly established “reference ponds” (i.e., where a
dispersing beaver created or recolonized a pond) to assess how wolves
affected the creation, recolonization, and persistence of beaver ponds.
To evaluate the ecological effects of this process, we estimated the
number of ponds that wolves alter annually in the GVE by using
mean wolf density in the GVE, kill rates of wolves on dispersing
beavers that had recently created or recolonized ponds, and the
mean number of ponds maintained by a beaver colony in the GVE.
We then used bootstrapping to bound the uncertainty around our
estimates and to describe how the number of beaver ponds altered
by wolves would be expected to change with parameter variability
(details below).

Clusters and kill rates

During 2015 to 2019, we captured 30 wolves and fit them with
20-min fix-interval GPS collars (Institutional Animal Care and Use
Committee protocol: MWR_VOYA_WINDELS_WOLEF). In 2015,
two wolves were fitted with collars that took fixes every 4 to 12 hours
[see (40) for more details]. We searched clusters of GPS locations
from collared wolves during April to November to identify preda-
tion events. We considered a cluster to be >2 consecutive locations
within a 200-m radius of one another (42). When at clusters, we sys-
tematically searched for evidence of a predation event (40). When
we found remains of a wolf-killed beaver, we assessed whether the
beaver was a colony beaver (i.e., associated with an established beaver
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colony), a not-settled dispersing beaver (i.e., not associated with a
colony or pond), or a settled dispersing beaver (i.e., associated with
a recently created or recolonized dam/pond and occupying a wet-
land). Criteria used to classify a wolf-killed beaver in this way are
outlined in Supplementary Materials and Methods. Because we were
conservative in our assessment of what classified as a dispersing
beaver and the status (settled versus not settled) of the disperser, we
are confident that the beavers examined in our analysis were dis-
persing individuals. Because of our criteria, we likely excluded some
dispersing beavers from our analysis. We used this information to
estimate the percent of wolf-killed dispersing beavers that were set-
tled when killed (denoted as Psetleq in the modeling approach de-
scribed below).

We were only able to estimate kill rates of wolves on dispersing
beavers (dispersing beavers per wolf per day) in 2018 and 2019, which
is when we searched all clusters of GPS locations from 12 collared
wolves. Individual kill rates were determined by dividing the num-
ber of dispersing beavers killed by a wolf in 2018 and 2019 by the
number of days we searched clusters for that wolf. The mean kill
rate (denoted as KRy|¢ below) was assumed to be representative of
the wolf population in the GVE for 2018 and 2019. We determined
the total number of dispersing beavers a typical wolf would kill in the
GVE by multiplying the kill rate by the typical number of days a
year that beavers are available to wolves (213 days; average ice-free
season, 1 April to 31 October) (beavers are rarely killed during win-
ter months). We did not determine kill rates for wolves followed
from 2015 to 2017 because we only searched a subset of GPS clus-
ters, and there is currently no reliable method to extrapolate wolf
kill rates of small prey in summer from only a subset of searched
GPS clusters. We used a nonparametric bootstrap to construct
percentile-based 95% confidence intervals (Cls) for our estimate of
kill rate.

Beaver pond fate

To understand how wolf predation of recently settled dispersing bea-
vers affected the persistence of newly created or recolonized ponds,
we compared the fate of “wolf-altered” and “reference” ponds. Refer-
ence ponds were newly created or recolonized ponds (<6 months
old) with fresh beaver activity. Specifically, we considered a reference
pond to be either (i) a newly created impoundment that was >100 m
from the nearest active pond and in habitat that had not been previ-
ously impounded by beavers based on aerial imagery and evidence at
the impoundment (e.g., old cuttings and berm from an old dam) or
(ii) a recolonized impoundment that had drained due to dam failure
>1 year before being recolonized and was >500 m from the nearest
active colony identified during the previous fall’s aerial survey. We
used these criteria to ensure that reference ponds were those estab-
lished by dispersing beavers and not beaver colonies that simply
moved a small distance up or downstream. Because of our criteria,
which were conservative, we likely excluded ponds established by
dispersing beavers from our analysis. Reference ponds were identi-
fied opportunistically on foot during May to September from 2015 to
2019 when searching clusters and conducting other fieldwork (we
hiked >25,000 to 27,000 km in >15,000 hours of fieldwork over this
5-year period). Hence, reference ponds should be a representative
sample of newly created or recolonized ponds and represent the fate
of all newly created/recolonized ponds in the GVE during the study
period. We used data from reference ponds to estimate the propor-
tion of newly created or recolonized beaver ponds in the GVE that
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remain occupied until fall of the year they are created or recolonized
(denoted as P, below). Reference ponds could become inactive for
avariety of reasons (e.g., secondary dispersal or death of disperser via
predation, disease, or starvation), but we had no way to assess this.
Still, it is likely that a certain, potentially substantial, proportion of
reference pond failure is attributable to wolf predation.

We assessed the fate of wolf-altered and reference ponds using
aerial surveys in mid-to-late October during 2015 to 2019 (see Sup-
plementary Materials and Methods for details of aerial survey method).
We also assessed the status of all wolf-altered ponds on foot 2 to
6 months after the predation event occurred, and reference ponds
were visited multiple times per ice-free season. We quantified pond
persistence by determining the percent of wolf-altered and refer-
ence ponds that remained active from the summer (May to Septem-
ber) until the fall aerial survey of that year. Further, we monitored
the status of wolf-altered and reference ponds via fall aerial surveys
in each subsequent year after the pond was colonized, which allowed
a preliminary examination of the potential longer-term (1 to 4 years)
effects of wolf predation on pond persistence and colonization.

Impact of wolf predation on pond creation and

water storage

We then estimated how wolves affect annual beaver pond creation/
recolonization and surface water storage in the GVE. Our general
approach was to estimate the number of ponds altered per year (PA)
by wolves by estimating the number of ponds that would have been
created or recolonized by dispersing beavers had they not been
killed by wolves. Specifically, we first estimated the total number of
dispersing beavers killed by wolves per year in the GVE, then deter-
mined what proportion of those wolf-killed dispersers had started
creating or recolonizing ponds, and from there estimated the num-
ber of ponds (PA) those dispersers would have created or recolo-
nized had they not been killed; this is represented by Eq. 1

PA = Wpop X KRyolf X Pgettled X BPbeaver X Poce (1)

where Wi, is the number of wolves in the GVE, KRyt is the num-
ber of dispersing beavers killed per wolf per year, Pgettled is the pro-
portion of wolf-killed dispersing beavers that started creating or
recolonizing a pond before being killed, BPpeyyer is the number of
ponds maintained per active beaver colony in the GVE, and Py is
the proportion of newly created or recolonized beaver ponds that
remain occupied until fall of that year in the GVE. We estimated the
average number of wolves in the GVE by multiplying the average
annual wolf density in the GVE [40 wolves/1000 km?; (38, 39, 43)]
by the total area of the GVE (1812 km?). We estimated BPpeaver by
recording the number of ponds actively maintained by a beaver col-
ony (we sampled 74 colonies) during summer 2017 and 2018. Bea-
ver colonies commonly maintain one or more ponds that are directly
adjacent to the primary pond where their lodge is located.

We then used a parametric and nonparametric bootstrapping
approach to bound the uncertainty around our PA estimate and to
understand how our estimate of PA changed with different, plausible
parameter values. We did this to minimize the possibility of overes-
timating the magnitude of the effect wolves might have and to min-
imize the possibility of erroneously concluding that wolves affected
pond creation when they did not. For the nonparametric bootstrap-
ping approach, we generated 100,000 plausible values, given the data
collected, for each parameter by doing 100,000 bootstrapping iterations
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(i.e., resampling with replacement). In other words, we used the
variability in the data collected on each parameter to generate plau-
sible values of those parameters. We also incorporated variability in
wolf population size (Wpop) in the GVE by generating 100,000 plau-
sible wolf density values. We assumed that wolf densities were uni-
formly distributed between 35 and 45 wolves/1000 km? [wolf den-
sities in the GVE generally fluctuate between 35 and 45 wolves/
1000 km?; (38, 39, 43)] and selected a value from that distribution
per each of the 100,000 bootstrap iterations. We then multiplied the
values generated during each bootstrap iteration (Wpep, KRyolts Peettleds
BPpeaver, and Pocc) together (Eq. 1) to yield 100,000 plausible esti-
mates for the total number of ponds that wolves altered (PA) in the
GVE. We then selected the 2.5 and 97.5% highest values for our
95% CI of PA. We calculated a 99% CI using the same approach.

The parametric bootstrap approach consisted of generating plau-
sible parameter values from a sample distribution—created using
the mean and SE for each parameter—which could be multiplied
together to yield plausible estimates of PA. That is, we generated
plausible values for each parameter (Wyop, KRuolfs Peettteds BPpeavers
and P,.) and multiplied those values together (Eq. 1) to yield a plau-
sible estimate of PA in the GVE. We repeated this 100,000 times to
get 100,000 estimates of PA. We should note that plausible W, val-
ues were generated from uniform distribution (distribution range,
35 to 45 wolves/1000 km?). We then selected the 2.5 and 97.5% highest
values for our 95% CI of PA. We calculated a 99% CI using the same
approach.

We estimated the volume of surface water wolves displaced by
preventing beaver pond creation and recolonization by multiplying
the number of ponds wolves altered by the average volume of water
stored in beaver ponds in the GVE [2197 m’ per pond; (44)]. We
used this singular estimate of surface water storage from Karran et al.
(44)—who only measured a small sample of ponds—to coarsely es-
timate the overall magnitude of the effect wolves have on water
storage; a more intensive study would be needed to provide a more
precise estimate of the surface water volume wolves displace each
year by killing dispersing beavers.

RESULTS

By visiting 11,817 clusters of GPS locations from 32 wolves in the
GVE from 2015 to 2019, we documented 58 dispersing beavers
killed by wolves. Eleven of these dispersing beavers (19%; 95% CI =
9 to 29%) had either constructed rudimentary dams (n = 6) in an
attempt to create a new pond or started to recolonize drained ponds
by repairing dams (n = 5) that had blown out >1 year prior (i.e., the
dam was not functional, and water was freely flowing downstream).
Wolves, on average, killed 0.021 dispersing beavers per wolf per day
(n =12 wolves in 2018 to 2019), which is 4.5 dispersing beavers per
wolf per year (95% CI = 2.7 to 6.4 beavers per wolf per year).

We compared the fate of wolf-altered ponds (i.e., where a dis-
persing beaver started creating or recolonizing a pond and then was
killed by a wolf) with reference ponds (i.e., where a dispersing bea-
ver started creating or recolonizing a pond) to assess how wolves
affected the creation, recolonization, and persistence of beaver ponds
(Figs. 2 and 3). Of 31 reference ponds, 84% (26 of 31; 95% CI = 71
to 97%) persisted to the fall after beaver colonization in the sum-
mer, whereas 0% (0 of 11) of wolf-altered ponds persisted to the fall
(Fig. 2). All 11 wolf-altered ponds were nonfunctional by the fall, as
the newly constructed or repaired dams had failed, and water was
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flowing freely downstream. In other words, after a wolf killed a
dispersing beaver that had created or recolonized a pond, our data in-
dicate that the pond remained inactive for >1 year 100% of the time
(Figs. 3 and 4). Of 23 reference ponds monitored for >1 year, 57%
(13 0£23;95% CI = 38 to 78%) were active in the fall of the following
year, and 69% (11 of 16; 95% CI = 44 to 88%) of reference ponds
monitored >2 years were active after the second fall following cre-
ation or recolonization (Fig. 2). All wolf-altered ponds were inactive
as of fall 2019, except for two pre-existing ponds that were recolo-
nized 1 and 3 years after a wolf killed a dispersing beaver in that
pond. Beaver colonies in the GVE maintained an average of 1.7 ponds
(95% CI =1.54 to 1.88).

In total, we estimate that wolves altered the establishment of
~88 ponds per year (95 and 99% nonparametric bootstrap CI = 36
to 162 ponds and 24 to 194 ponds, respectively) and the storage of
~194,000 m” of water per year [95% CI = 79,100 to 355,900 m’; this
assumes 2197 m? of water stored per pond (44)]. Notably, Cls gen-
erated via the nonparametric and parametric bootstrap approaches
were nearly identical. Our modeling suggests that these results de-
pend primarily on the number of dispersing beavers killed by wolves
and the proportion of wolf-killed dispersing beavers that had started
creating or recolonizing ponds (Fig. 4).

DISCUSSION

We have demonstrated that wolves, by killing dispersing beavers
that are unable to maintain the dams and ponds they had started
creating or recolonizing, are able to alter wetland creation (i.e., bea-
ver pond creation, recolonization, and persistence and water stor-
age; Figs. 2 and 4). Because dispersing beavers are primarily solitary
individuals (45), the only way for a newly created or recolonized
pond to persist once a wolf kills a dispersing individual is if another
dispersing beaver reaches that pond and continues to maintain the
dam. Our work suggests that such a scenario is rare and that once a

75
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®Wolf-altered

i 2 3 4
Year since colonization

Fig. 2. Occupancy of beaver ponds after creation or recolonization by dispers-
ing beavers in the GVE, Minnesota, USA during 2015 to 2019. Wolf-altered
ponds (turquoise line) were ponds where dispersing beavers started creating or
recolonizing a pond and then were subsequently killed by a GPS-collared wolf,
whereas reference ponds (red line) were ponds that were created or recolonized
by dispersing beavers during April to September of that year and identified while
conducting fieldwork. Reference ponds are a representative sample of newly cre-
ated and recolonized ponds in the GVE and thus should reflect the fate of all newly
created and recolonized ponds in the GVE. Sample sizes for 1, 2, 3, and 4 “years
since colonization” were 31, 23, 16, and 9 for reference ponds and 11, 8, 5, and 4 for
wolf-altered ponds, respectively.
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Fig. 3. Relationship between the number of beaver ponds wolves altered per
year and the proportion of wolf-killed dispersing beavers that created ponds.
Wolf kill rates of dispersing beavers (beavers per wolf per year) are represented in
the color spectrum. Mean wolf kill rates of dispersing beavers in the GVE was 4.5
beavers per wolf per year (95% Cl = 2.7 to 6.4 beavers per wolf per year), and the
proportion of wolf-killed dispersing beavers that created ponds was 0.19 (95% Cl =
0.09 to 0.29). The yellow triangle represents our point estimate for the number of
beaver ponds prevented (point estimate, 88 ponds). The solid black and orange
lines represent the 95 and 99% Cl, respectively, of the beaver ponds prevented by
wolves. Results were obtained by performing 100,000 parametric bootstraps.

wolf kills a dispersing individual, that newly created or recolonized
pond remains unoccupied for the rest of that year. Furthermore, our
data suggest that the ecological effects caused by wolves disrupting
beaver-mediated wetland creation might last for several years
(Fig. 2), but longer-term research is needed to assess the duration
of effects.

Although wolves appear to alter beaver pond dynamics, we are
not convinced that wolves reduce the total number of newly created
and recolonized ponds at the landscape scale. Instead, we think that
wolves alter the spatial distribution of newly created and recolo-
nized ponds through time. There is little evidence to suggest that
wolf populations are able to control or suppress beaver population
densities in the GVE (35) or any other system as beaver population
change appears to be independent of wolf predation (28, 37). In-
stead, wolf predation appears compensatory in the GVE beaver pop-
ulation at the landscape scale (35). Given this, we suggest that wolves
likely alter the spatial distribution of 88 (95% CI = 36 to 162) ponds
per year, which equates to ~194,000 m’ of total surface water stor-
age or one beaver pond per 21 km?” in the GVE. Thus, the ecological
importance of wolf predation on beavers might not be in influenc-
ing beaver population size but rather by altering the spatiotemporal
dynamics of where beavers engineer ecosystems. However, if wolf
predation was additive or partially compensatory, then the ecologi-
cal magnitude of wolf predation on wetland creation and recoloni-
zation would only increase because wolves would alter not only the
spatial distribution of ponds but also the total number of ponds on
the landscape. Hence, wolves appear to alter wetland creation regardless
of whether predation is compensatory, partially compensatory, or
additive; it is only the magnitude of the effect that would change.
Notably, while we assumed that wolves in the GVE are solitary
predators that kill beavers individually during the summer (28, 46),
the number of ponds wolves alter could change if prevalence of co-
operative hunting by wolves during summer increased.

Gable et al., Sci. Adv. 2020; 6 : eabc5439 13 November 2020

At the pond site scale, wolves radically alter the environment when
they prevent the establishment of a new beaver pond or the recolo-
nization of an old pond (Fig. 4). Beavers are predictable agents of
disturbance within boreal forest ecosystems (47, 48) due to the flood-
ing associated with beaver engineering (49), and the diverse ecolog-
ical effects that result from beaver disturbance are exceptionally well
documented (Table 1). Wolves, by preventing the creation of entirely
new ponds for at least 1 to 2 years, can inhibit site-specific distur-
bances in boreal forests. That is, wolves prevent the conversion of a
forest to a wetland and riparian ecosystem for >1 to 2 years. When
wolves kill a dispersing beaver that has recolonized an old pond, they
directly affect the trajectory of ecological succession within that site
and contribute to the increased environmental heterogeneity common
within beaver-altered landscapes (50). Ecological succession generally
“resets” with beaver activity (51); thus, wolf prevention of beaver
pond recolonization allows succession within that site to continue
unabated for at least one to two more years and possibly longer
(Figs. 2 and 4).

Although wolf alteration of beaver pond dynamics operates on a
localized scale, the effects are likely influential at greater spatial and
temporal scales. By influencing pond creation and recolonization,
wolves contribute to the dynamic mosaic of abandoned and inun-
dated ponds that increases environmental heterogeneity across space
and time (50), ultimately influencing the spatial variation (52), di-
versity (53), and richness (54) of species. This is similar to other
small-scale ecological disturbances, such as tree tip-ups and the forest
gaps they create (55, 56), predator-killed carcasses (57-59), predator
dens and burrows (60, 61), termite mounds (62), and ant hills (63, 64)
that, due to their outsized ecological effects, influence landscape het-
erogeneity despite operating at small, seemingly trivial scales (57). Even
short-term, ephemeral disturbances such as vernal pools are impor-
tant for biotic communities on landscape scales (65, 66).

Even if wolves only prevent pond creation or recolonization for
short-time scales (<2 years), wolves’ effect on the spatial distribution
of ponds at the landscape scale likely compounds over time because
where wolves alter pond creation and recolonization almost cer-
tainly varies annually. In other words, wolves likely do not prevent
pond creation and recolonization at the same 88 sites year after year
but rather alter the creation and recolonization of different ponds
each year (although there may be sites where wolves do repeatedly
prevent beaver creation or recolonization). Thus, we suggest that
wolves’ impact on pond creation and recolonization is akin to the
cumulative ecological effects of beaver pond creation articulated by
Johnston and Naiman (33): “Although the area disturbed by an in-
dividual beaver pond is small...the cumulative disturbance of many
beaver ponds over time results in extensive alteration” (p.1620). For
example, in a 1-year period, wolves might only alter the spatial distri-
bution of 1 pond per 21 km” (88 ponds/year), but over a 10-year period,
wolves might affect 1 pond per 2.1 km” (88 ponds/year*10 years).
While this example is almost certainly an oversimplification, it illus-
trates that wolves could have a substantial effect on the distribution
of wetlands over time in the GVE and in other systems where wolves
and beavers are sympatric [see figure 1 of (28)]. Further, it highlights
why long-term research is necessary to determine how interactions
between this apex predator and ecosystem engineer ultimately shape
wetland dynamics in boreal ecosystems.

Previous work from western North America suggests that wolves
facilitate long-reaching behaviorally mediated trophic cascades that
ultimately affect riparian ecosystems and the geomorphology of
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Outsized effect of predation

Wolves alter wetland
creation and recolonization
by killing ecosystem engineers

Beavers
disperse from a
colony...

...and create new
ponds or recolonize
old ponds.

/vwn =
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Fig. 4. The fate of ponds created by dispersing beaver in the GVE, Minnesota, USA. Dispersing beavers leave their colony (A) and eventually settle in an area where
they create a new dam and pond or recolonize an existing pond by repairing a nonfunctional dam on a stream (B), either of which creates a new pond. Dispersing beavers
in these newly created ponds continue to occupy the pond until the winter of that year 84% of the time (C). By creating and occupying the pond, dispersing beavers initi-
ate “ecosystem engineering”that affects multiple species, habitats, ecosystem processes, and aquatic food communities (Table 1). However, 16% of the time, beavers aban-
don the pond or die before winter of that year (D), which causes the dam to fail and the pond to drain (E and F). An unknown proportion of these pond failures are not
related to wolf predation but other causes such as disease, habitat quality, or other predators (e.g., black bears) that either kill the beaver or cause it to abandon the pond
(E). Wolf predation is responsible for an unknown, but potentially substantial, proportion of these pond failures. After a wolf kills a dispersing beaver that has created or
recolonized a pond, our data indicate that the pond remains inactive for >1 year 100% of the time (F). Note that photos in (B) to (F) are of the same pond. Photo credit:
Thomas Gable, University of Minnesota. Aerial imagery credit: St. Louis County, Minnesota. Infographic credit: A. Ostman.

waterways (16, 18), but this has been met with skepticism (11, 19). We,
however, have identified and provided evidence for a well-defined
mechanism by which wolves affect riparian ecosystems directly through
predation (Fig. 4). Beavers, through their prolific ecosystem engi-
neering, transform ecosystems wherever they establish ponds, cre-
ating abundant habitat for a variety of taxa and affecting large-scale
ecological processes such as water storage, sedimentation, nutrient
cycling, and carbon sequestration (Table 1) (26). If beavers are the
natural ecosystem “engineers,” creating wetlands across the circum-
polar boreal ecosystem, then wolves can be thought of as a factor
that directly influences such engineering by altering site-specific bea-
ver construction that, in turn, influences the spatial and temporal
distribution of wetlands.

Large predators are thought to primarily have landscape-level
ecological effects through density-mediated or behaviorally mediated
mechanisms. Here, we described a mechanism by which a large
predator, through the outsized effects of direct predation on an eco-
system engineer, affected ecosystems without altering the density or
behavior of their prey (although these mechanisms are not mutual-
ly exclusive). The functional and numerical responses of predators
to prey populations likely influence the ecological magnitude, but

Gable et al., Sci. Adv. 2020; 6 : eabc5439 13 November 2020

the mechanism itself is independent of predator and prey densities.
That is, predators can have outsized ecological effects by killing prey
that have a disproportionately large role in ecosystem functioning
(e.g., ecosystem engineers). Our work highlights yet another func-
tional role of direct predation in ecosystems and should be helpful
for understanding how the conservation and restoration of large
predator populations across the world might affect ecosystems.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabc5439/DC1
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