Predators attract prey through ecosystem engineering in the Arctic
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Abstract. Predators can affect prey through mechanisms other than predation; for example, redistributing resources could modify habitats favorably for other organisms. We examined Arctic fox (Vulpes lagopus)
den use by lemmings, their primary prey, in winter during a year of low lemming densities. We found winter nests, which are built by lemmings under snow, on 69% of fox dens, whereas no control sites had nests.
In August, dens had twice the vegetation cover and 50% greater nitrogen content in grass than controls,
suggesting soil enrichment by foxes increased food quantity and quality for herbivores. Snow was ~4 times
thicker in April on dens than controls, and 1.4 times thicker on dens with lemming nests than dens without, suggesting lemmings choose thicker snow for thermal insulation. Snow cover thickness was positively
related to vegetation cover on dens, but not on control sites. Thus, Arctic foxes not only prey on lemmings
but also engineer productive habitat that attracts lemmings. During winters with low lemming densities,
when foxes often leave the denning area and predation risk is lower, fox dens may provide a refuge that
could buffer the effects of deteriorating snow conditions with Arctic warming. This additional mechanism
of predators interacting with their prey illustrates how ecosystem engineers potentially alter food web
interactions and highlights the importance of integrating these bodies of theory in attempts to understand
community dynamics.
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INTRODUCTION

and positive effects of predators through both
trophic and non-trophic interactions is essential for
understanding the broader role of predators in an
ecosystem.
One of the most prominent generalist predators
of the Arctic is the Arctic fox (Vulpes lagopus).
Arctic fox population dynamics often follow the
multiannual, high-amplitude cyclic population
dynamics of lemmings (Dicrostonyx and Lemmus
spp.), particularly in regions such as Canadian
Arctic, northern Alaska, and Fennoscandia where
lemmings are their primary terrestrial prey (Che€rn et al. 1995, Elmhagen
semore 1969, Angerbjo
et al. 2000, McDonald et al. 2017). Arctic foxes rely
on well-established dens to shelter pups from the

Predators often have strong impacts on ecological communities by regulating the abundance and
changing the dynamics of species in lower trophic
levels through predation (Soule et al. 2005). However, investigation of the role of predators has
evolved from focusing solely on prey–predator
relationships to trying to understand the impact of
predators on both the whole community of species
and the abiotic constituents within their system
(Ray 2005). For example, predators can enhance
ecosystem nutrient cycling strongly enough to
increase vegetation productivity (Schmitz et al.
2010). Thus, considering the simultaneous negative
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et al. 2012, Bilodeau et al. 2013b). At snow thickness above the hiemal threshold (20–30 cm), air
and ground temperatures are no longer coupled,
and the environment at the soil surface becomes
more stable and suitable for lemmings compared
to the highly ﬂuctuating air temperatures (Pruitt
1970, Huryn and Hobbie 2012). If Arctic fox dens
offer better thermal insulation to lemmings during
winter, we predicted that Arctic fox dens would
have a greater snow cover thickness than surrounding areas and that dens with lemming winter nests on them would have greater maximum
snow cover thickness than dens without lemming
nests. However, to reduce predation, risk lemmings may avoid dens currently occupied by Arctic foxes, so dens with signs of recent fox use may
be less likely to have lemming winter nests.
On the tundra, areas with thick snow accumulation usually occur on the lee side of topographical features such as slopes, banks, and ridges
where wind-blown snow drifts deposit (Reid and
Krebs 1996, Duchesne et al. 2011). Vegetation
stands can also increase snow cover thickness by
decreasing wind speed (Benson and Sturm 1993).
Shrub presence, for example, can increase snow
cover thickness up to about 30% independent
of local topographic heterogeneity (McFadden
et al. 2001). Arctic foxes concentrate nutrients on
their dens, leading to nearly three times greater
vegetation biomass than surrounding tundra
(Gharajehdaghipour et al. 2016). Thus, we predicted greater vegetation cover on dens would
trap blowing snow, leading to greater snow
cover thickness that would be positively related
to vegetation cover.
Higher quality vegetation could also attract
lemmings to Arctic fox dens. Herbivores, including lemmings, typically prefer to consume plants
with higher nitrogen content [N] (Mattson 1980,
Rodgers and Lewis 1985). Fertilization experiments on heath tundra have shown that lemmings and voles prefer fertilized areas during
winter and consume graminoids and vascular
plants considerably (Grellmann 2002). Similarly,
nutrient addition by Arctic foxes leads to much
higher nutrient levels in soils on fox dens than
surrounding tundra (Gharajehdaghipour et al.
2016). These nutrient additions could also translate to higher quality vegetation on dens that
make them attractive nesting and feeding sites
for lemmings in winter. Therefore, we predicted

harsh Arctic climate and predators (Tannerfeldt
et al. 2003). Climate, soil type, and permafrost can
hinder developments of new dens spatially and
temporarily (Smits et al. 1988, Tannerfeldt et al.
2003). Arctic fox dens are mostly dug on raised
topographical features (e.g., ridges, banks,
mounds, moraines). Speciﬁc sites are chosen
because of their greater depth to permafrost and
well-draining coarse sediment composition, which
assist in less energetically costly excavations (Smits
et al. 1988, Szor et al. 2008). Dens can persist for
years, with some dens estimated to be hundreds
of years old (Macpherson 1969). These dens can
support lush green vegetation due to nutrient
addition by Arctic foxes (Smits et al. 1988, Bruun
et al. 2005, Gharajehdaghipour et al. 2016), and
the greater vegetation productivity on dens compared to surrounding areas could attract herbivores to these dens (Gharajehdaghipour et al.
2016). Lemming latrines can occur in vicinity of
Arctic fox dens on alpine tundra (Bruun et al.
2005), and lemming winter nests have been
observed on Arctic fox dens in the Hudson Bay
region of Canada (J. D. Roth, unpublished data).
The presence of lemming winter nests and latrines
suggests that lemmings make use of Arctic fox
dens during winter despite the presumably higher
predation risk and that predators (Arctic foxes)
could positively inﬂuence their main prey (lemmings) through their engineering activities.
Lemmings remain active during winter and
reproduce under the snow (Millar 2001). Therefore, conditions that promote reproduction in winter (which can last up to 9 months in Arctic
regions) could be critical for the occurrence of regular peaks in these species’ population dynamics
(Reid and Krebs 1996, Kausrud et al. 2008). In
winter, lemmings inhabit a layer of lightly packed
snow crystals close to the soil surface called the
subnivean space (Korslund and Steen 2006), and
use of this space provides thermal insulation
against the harsh arctic ambient air temperatures,
protection against predators, and access to food
(Scott 1993). In the subnivean space, lemmings
make winter nests from vegetation, which they
use for further thermal insulation (Chappell 1980,
Casey 1981), breeding, and raising litters (Krebs
et al. 1995, Sittler 1995, Duchesne et al. 2011). Winter nests are typically found in locations forming a
thick snow cover, providing lemmings with better
thermal insulation (Reid and Krebs 1996, Reid
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In June 2014, we surveyed a subset of dens for
the presence of lemming winter nests. Similar to
April, for each den site, we also surveyed a
paired control site with a similar area, elevation,
slope, and aspect. The center of the control site
was designated 50 m away from the center of the
den (the midpoint of a straight line connecting
the two farthest open burrows) to ensure that
control area was not overlapping with the fox
denning area. We also examined nests for evidence of predation by weasels, which leave a
dense carpet of hair or lemming body fragments
and partly consumed carcasses in the middle of
the nest (MacLean et al. 1974, Sittler 1995). Additionally, presence of willow scars made by lemmings during winter (Predavec et al. 2001) and
lemming latrines were recorded haphazardly. We
also counted lemming nests in two strip transects
(10 9 2 km) along a large beach ridge (~3 m
high) in the middle of our study area, one on the
top of the ridge in habitat similar to our control
sites and the other in the middle of the slope on
the lee (east) side of the ridge, where snow accumulates in winter and lemming nests are commonly observed (J. D. Roth, unpublished data). We
also estimated lemming density using mark–
recapture estimates on two trapping grids (8 9 8;
15 m between stakes) and two transects (300 m;
15 m between stakes) following previously published protocols (McDonald et al. 2017).
In August 2014, we estimated vegetation cover
and den area by taking aerial photographs from
den and control pairs (with a DJI Phantom 2
Vision+ drone). Centers of dens and paired control
sites were designated following the same protocol
as in June. To ensure the visibility of den and control centers in aerial photographs, a stake and a 1m2 quadrat were placed at the center of each den
and control site. To compare the vegetation quality
on and off dens, L. mollis samples were collected
from den and surrounding areas when available.
To compare snow depth between den and control pairs, we used linear mixed effect analysis in
R (R Core Team 2015), applying the lmer function
of the lme4 package (Bates et al. 2015). Site (den
vs. control) was entered as a ﬁxed effect into the
model. As a random effect, we let intercepts vary
for individual sites. The measurements for each
site were averaged and log10-transformed to meet
the normality and homoscedasticity assumptions.
Likelihood ratio test of the full model against a

that vegetation on dens would have higher N
content than vegetation on surrounding areas.

METHODS
Our study was conducted on the tundra adjacent to western Hudson Bay, in and around
Wapusk National Park in Manitoba, Canada, in
conjunction with our long-term monitoring of
Arctic fox and lemming populations in this area
(Berteaux et al. 2017, McDonald et al. 2017). The
region is an extensive ﬂat coastal plain that is part
of the Hudson Bay lowlands (Brook and Kenkel
2002). Arctic fox dens in this area are almost
exclusively found on north–south oriented beach
ridges, one of the main landform features in this
region that are made by post-glacial rebound of
the land, separated by peat lowlands with many
shallow lakes and ponds (Ritchie 1957, Roth
2003). Low moisture levels due to the sandy soils
and greater depth to permafrost make these beach
ridges suitable denning habitats for Arctic foxes
(Chesemore 1969, Smits et al. 1988, Dalerum et al.
2002). Vegetation on beach ridges is characteristic
of low-growing heath communities (Johnson
1987), speciﬁcally Dryas heath (Brook and Kenkel
2002), due to the dominance of Dryas integrifolia.
However, Arctic fox dens are usually covered
with lush green vegetation, dominated by fastgrowing species such as Leymus mollis and Salix
planifolia (Gharajehdaghipour et al. 2016). Based
on trapping efforts (Roth 2002, McDonald et al.
2017), the only lemming species inhabiting this
area is the collared lemming (Dicrostonyx
richardsoni).
In April 2014, we measured snow thickness on
60 dens and paired control sites. Using an avalanche steel probe, we measured snow thickness
at the point on the den with highest elevation
and at four additional points 5 m from the center, approximately in the four cardinal directions
(two parallel to the beach ridge and two perpendicular to the beach ridge). For each den, a
paired control area was chosen 50 m from the
center of the den at a similar elevation, slope,
and aspect, and ﬁve snow thickness measurements were taken following the same protocol as
den measurements. We also assessed the activity
status of each den based on the presence of burrows (i.e., active dens had tunnels dug by foxes
through the snow to the den).
❖ www.esajournals.org
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null model was used to obtain a P-value for the
ﬁxed effect. Marginal R2 (proportion of variance
explained by the ﬁxed factor) and conditional R2
(proportion of variance explained by both the ﬁxed
and random factors) values were calculated based
on Nakagawa and Schielzeth (2013). To compare
the maximum snow cover thickness measurements
(taken in April) between dens with and without
lemming winter nests, we used Welch’s t-test. To
test whether fox activity affects lemming winter
nest presence on dens, we used Fisher’s exact test.
Den areas were calculated from aerial drone
photographs using Photoshop CS6 (Adobe Systems Inc., San Jose, California, USA). For each
den, a circular selection that encompassed the farthest S. planifolia and/or L. mollis stands was made
using the Marquee tool. Area of this selection was
measured in pixels (D). The area of the 1-m2
quadrat (placed on the center of each den) was
also measured in pixels (Q). Area of each den in
m2 was then calculated by dividing D by Q. Lemming nest density at each den was calculated by
dividing nest counts by den area. To calculate nest
densities along transects, we assumed all nests
within 5 m of the transect line were detected and
divided nest counts by 10 9 transect length.
Vegetation dominated by S. planifolia, L. mollis,
and D. integrifolia and total vegetation cover estimates were calculated from aerial photographs
using Photoshop CS6. For each photograph, the
length of one side of the 1-m2 quadrat visible in
the photograph was measured in pixels (L), and
the photograph was then cropped into a circle
with a diameter of 10 9 L centered on the stake
(placed on the center of the den or control site).
The total area of the circle was measured in pixels.
The number of pixels belonging to S. planifolia,
L. mollis, and D. integrifolia was measured using
the lasso and color range tools. We chose the same
level of sensitivity (fuzziness) of the color range
tool for all species. The cover for each species was
then measured by dividing the number of pixels
of each species by the total area of the circle. For
photographs with only one plant species, the area
of barren ground (including dead vegetation) was
determined and subtracted from the total area.
Measurements were then compared between den
and control sites using paired t-tests. To test
whether S. planifolia, L. mollis, and D. integrifolia
trap snow and result in thicker snow cover, we ran
a multiple linear regression analysis for den and
❖ www.esajournals.org

control sites separately. Snow cover measurements
were log10-transformed to meet the normality and
homoscedasticity assumptions. Multicollinearity
between predictor variables was not an issue (all
variance inﬂation factor values were <2.5).
Samples of L. mollis were dried to constant
weight, and a portion of each was homogenized
with a ball mill. Nitrogen content (%N based on
mass) in 3-mg sub-samples was measured using
an elemental analyzer at University of Windsor.
N content of plants was compared between dens
and controls using a paired t-test.

RESULTS
Lemming density was 0.60 ha1 (0.32 SE),
similar to the low-density years measured previously (Roth 2002, McDonald et al. 2017). We
found lemming winter nests on 69% of the dens
surveyed (25 out of 36, mean = 1.39, SE = 0.23),
but no nests on control areas (i.e., 0 ha1). Predation by weasels occurred on only one den (two of
50 nests). The area covered by dens averaged
563.2 m2 (112.0 SE). Nest density on dens averaged 33.9 ha1 (n = 19, SE = 12.0), compared to
36.1 ha1 on the ridge slope and 5.4 ha1 on the
ridge top. Fox activity was present on 28% of our
surveyed dens (n = 60) and did not affect the
presence of lemming nests on dens (Fisher’s exact
test, n = 36, P = 0.353). We found willow scars on
36% (ﬁve out of 14) of the dens that had willows
growing on them, and latrines on 19% of the surveyed dens (seven out of 36). Latrines were only
present on dens that had lemming nests.
Total vegetation cover differed between den and
control areas (t17 = 4.363, P = 0.0002), with dens
having nearly twice as much vegetation cover as
control sites (Fig. 1). Salix planifolia and L. mollis
were not found on control sites. Dryas integrifolia
cover was about three times greater on control sites
than on den sites (t17 = 3.535, P = 0.001). N content in vegetation was signiﬁcantly greater on dens
than on control sites (t13 = 8.185, P < 0.0001; Fig. 2).
Snow cover was about four times thicker on den
sites than on control sites (Fig. 3a; v2ð1Þ = 115.616,
P < 0.0001, b = 0.657). The full model had a
marginal R2 = 0.599 and conditional R2 = 0.728.
Furthermore, dens with lemming winter nests
had about 1.4 times greater maximum snow
thickness than dens without lemming winter
nests (t22.1 = 2.259, P = 0.034; Fig. 3b).
4
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Fig. 1. Vegetation cover percentage (mean  SE) on
18 fox dens and paired control sites in Wapusk
National Park, Canada, in August 2014.

Snow thickness on den sites (T) was affected
by vegetation cover (F3,14 = 41.632, P < 0.0001,
R2Adjusted = 0.877; log10T = 0.006CS + 0.003CL 
0.0002CD + 1.301), increasing with cover of
S. planifolia (CS, t17 = 8.89, P < 0.0001) and
L. mollis (CL, t17 = 4.30, P = 0.0007), but D. integrifolia (CD) had no effect (t17 = 0.17, P = 0.869;
Fig. 4a). Likewise, D. integrifolia cover did not

Fig. 3. Snow thickness (mean  SE) on (a) 60 fox
dens and paired control sites and (b) fox dens with
(n = 24) or without (n = 11) lemming winter nests, in
the greater Wapusk ecosystem in April 2014.

affect snow thickness on control sites (n = 18,
F1,17 = 0.005, P = 0.947; Fig. 4b).

DISCUSSION
The much greater snow thickness on Arctic fox
dens compared to control sites suggests den sites
offer enhanced thermal insulation against the
harsh Arctic climate, making them attractive sites
for lemmings during winter. Furthermore, 90%
of the den sites (compared to only 10% of the
control sites) had average snow thickness greater
than the hiemal threshold. Thus, dens sites not
only provide better thermal insulation, but they
also offer maximal dampening of the diurnal
temperature ﬂuctuations at ground level compared to ambient air (Pruitt 1970, Reid et al.
2012). The inﬂuence of snow on lemmings’
choice of winter habitat is further supported
when snow thickness on dens with and without

Fig. 2. Percent nitrogen (mean  SE) in Leymus mollis
leaf samples collected from 14 fox dens and control areas
in Wapusk National Park, Canada, in August 2014.
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Fig. 4. Relationship between snow cover thickness (log-transformed) and vegetation cover on (a) fox dens and
(b) on control sites (n = 18 sites in each category).

nests are compared; dens with winter nests had
greater snow cover thickness, thereby providing
lemmings with better thermal protection than
dens without nests. Even though lemming densities were low, with presumably little competition
for winter nesting sites, lemming nest densities
on Arctic fox dens were comparable to nest densities in preferred habitats on the lee side of
❖ www.esajournals.org

ridges where snow drifts accumulate, suggesting
that Arctic fox dens are comparable in quality to
preferred nesting sites.
Deeper snow also increases soil temperature,
which in turn results in greater over-winter nitrogen mineralization rates and available nitrogen
in tundra ecosystems by causing increased
microbial activity (Schimel et al. 2004). Thus,
6
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lemmings consume the vegetation on dens. Control areas, where D. integrifolia is the dominant
vegetation, could be considerably less attractive
lemming feeding sites than den areas because elevated catechin (a plant secondary metabolite) concentrations in Dryas spp. negatively affect their
consumption rates by collared lemmings (Berg
2003). Thus, higher quality and quantity of food, in
addition to better thermal insulation, could make
Arctic fox dens attractive nesting sites for lemmings. As mammalian herbivores in Arctic tundra
can elevate soil nitrogen and phosphorus concentrations through deposition of their waste products
(McKendrick et al. 1980), lemming use of Arctic
fox dens (and the lemming latrines we observed
on dens) could further enhance local nutrient
dynamics. Increased vegetation quality may attract
other herbivores (geese, caribou, or hares) to these
dens, adding additional nutrients that further
enhance plant growth. This positive feedback
between nutrient enhancement and herbivores
attraction suggests improved vegetation quality
and quantity would persist even if den use by
foxes decreased, either due to a long-term population reduction or just a cyclic prey decline.
In years with low lemming densities, Arctic
foxes in coastal areas often leave their dens and
venture on to sea ice to feed on ringed seal (Phoca
hispida) pups and seal carcasses killed by polar
bears (Ursus maritimus; Roth 2002, Lai et al.
2017). In such years, predation risk on dens may
be lower, allowing dens to become good winter
refuges. Foxes produce a volatile rodent-carnivore kairomone (2-phenylethylamine) resulting
in fear-like or aversive behavior in rodents (Ferrero et al. 2011). Such compounds aerosolize and
enable rodents to detect carnivores from a distance. Although not examined in lemmings
speciﬁcally, receptors for these widely produced
kairomones could allow lemmings to mitigate
predation risk by selecting dens that are not currently occupied by foxes. However, fox activity
on dens did not affect lemming nest presence,
suggesting that either lemming could not detect
the presence of foxes, or the perceived beneﬁts
associated with these dens outweighed the predation risk from foxes. Thick snow cover has
been suggested to reduce predation rates on lemmings (Gilg et al. 2006), but a recent study found
that thick snow cover only weakly limited fox
predation attempts made by jumping through

dens have greater inorganic nitrogen concentrations because of both deposition of nutrients by
foxes (Gharajehdaghipour et al. 2016) and deeper snow. Higher amounts of nutrients in turn
increase plant biomass (Gharajehdaghipour et al.
2016) and cover, as well as changing the plant
community toward more nutrient-demanding
species such as Leymus mollis and Salix planifolia.
As our results demonstrate, snow cover thickness increases as the cover of S. planifolia and
L. mollis increases, conﬁrming that vegetation on
dens can trap the blowing snow and increase
snow cover thickness in a positive feedback
mechanism. Dryas integrifolia did not affect snow
thickness on dens or on control sites, possibly
because it is a shrub species that is only found
dwarfed in our study area (Johnson 1987) and
therefore would not trap a signiﬁcant amount of
snow. Given that 2014 was a low lemming density year and that average snow thickness on
90% of control sites did not reach the hiemal
threshold, it is not surprising that we did not ﬁnd
any lemming nests on control sites. Similarly,
lack of thermal insulation is likely the reason nest
densities on ridge tops were very low. Our
results are consistent with studies on the effects
of height of erect shrubs such as willows on the
amount of snow accumulation in tundra areas
(McFadden et al. 2001). However, based on our
model, L. mollis, which is a perennial grass, also
traps snow (even on dens where willows are
absent). Due to its extensive rooting system,
L. mollis acts as a stabilizer in sub-Arctic coastal
dunes (Gagne and Houle 2002), and therefore,
the dense L. mollis cover on Arctic fox den could
resist the wind during winter and trap the blowing snow.
N content of vegetation was higher on dens than
control sites, suggesting that the greater inorganic
N in soil on den sites also increases vegetation
quality. N content of plant species is positively correlated with the diet preference of Dicrostonyx
groenlandicus (Rodgers and Lewis 1985). Moreover,
collared lemmings have a preference for Salix species (Batzli and Pitelka 1983, Batzli 1993), which
are commonly found on dens (Gharajehdaghipour
et al. 2016). Salix planifolia and L. mollis are both
perennial species, and their higher N content
makes them valuable food sources during winter,
and the presence of scars on S. planifolia plants
growing on fox dens further suggests that
❖ www.esajournals.org
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lemming populations, Arctic fox engineering activities could also indirectly affect other predators.
Non-trophic indirect interactions are not
uncommon and often inﬂuence species biodiversity and the structural integrity of communities
(Ohgushi 2008). Our study suggests that combining both trophic and ecosystem engineering
impacts of predators into interaction webs would
provide a better representation of their role in
ecosystems than focusing solely on their impacts
through predation.

the snow, did not affect attempts made by digging, and did not provide lemming protection
against ermine predation (Bilodeau et al. 2013a).
These observations suggest in years with high
lemming densities, when foxes continue to
occupy dens consistently during winter (Lai
et al. 2017), enhanced snow depth on dens may
not protect lemmings from predators and predation risk on dens could be high. In such years,
fox dens may act as ecological traps (reviewed in
Hale and Swearer 2016), where net ﬁtness is
reduced by increased predation risk despite the
beneﬁts of enhanced thermal protection and
improved quality and quantity of forage.
Whether predation risk on dens is inversely
related to lemming density certainly warrants
further investigation.
This study provides additional evidence that
Arctic foxes engineer arctic ecosystems on local
scales: By enhancing the nutrient dynamics, foxes
create a vegetation community with more erect
species that trap snow during winter. Increased
snow cover thickness can in turn increase the
availability of nutrients to plants by increasing
the mineralization rates. Higher concentration of
nutrients in soil also increases vegetation biomass and cover on dens. Our results suggest
thicker snow and increased quantity and quality
of food are all features that could attract lemmings to Arctic fox den sites during winter,
regardless of fox activity on dens. Although we
were unable to isolate the beneﬁt of den vegetation to lemmings from beneﬁt of increased insulation, future investigations of lemming diets on
fox dens may be able to disentangle these mechanisms of attracting lemmings to fox dens.
Arctic foxes as predators can negatively affect
lemming populations through predation, but our
study illustrates that by enhancing winter habitats
for lemmings, Arctic foxes could potentially inﬂuence lemming populations positively. Arctic fox
den sites could be local refugia for collared lemmings at low densities or for populations whose
cycles have dampened due to climate change
effects, such as increasing temperatures affecting
snow characteristics in a number of Arctic areas
(Ims et al. 2008, Kausrud et al. 2008). Arvicoline
rodents such as lemmings support a number of
mammalian and avian predators in the Arctic
(Korpim€
aki et al. 2005, Gilg et al. 2006, Gauthier
et al. 2011). Thus, by helping sustain low-density
❖ www.esajournals.org
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