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Abstract With ecosystems increasingly having co-
occurring invasive species, it is becoming more
important to understand invasive species interactions.
At the southern end of the Americas, American
beavers (Castor canadensis), muskrats (Ondatra
zibethicus), and American mink (Neovison vison),
were independently introduced. We used generalized
linear models to investigate how muskrat presence
related to beaver-modified habitats on Navarino
Island, Chile. We also investigated the trophic inter-
actions of the mink with muskrats and beavers by
studying mink diet. Additionally, we proposed a
conceptual species interaction framework involving
these invasive species on the new terrestrial commu-
nity. Our results indicated a positive association
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between muskrat presence and beaver-modified habi-
tats. Model average coefficients indicated that musk-
rats preferred beaver-modified freshwater ecosystems,
compared to not dammed naturally flowing streams. In
addition, mammals and fish represented the main prey
items for mink. Although fish were mink’s dominant
prey in marine coastal habitats, muskrats represented
>50 % of the biomass of mink diet in inland
environments. We propose that beavers affect river
flow and native vegetation, changing forests into
wetlands with abundant grasses and rush vegetation.
Thus, beavers facilitate the existence of muskrats,
which in turn sustain inland mink populations. The
latter have major impacts on the native biota,
especially on native birds and small rodents. The
facilitative interactions among beavers, muskrats, and
mink that we explored in this study, together with
other non-native species, suggest that an invasive
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meltdown process may exist; however further research
is needed to confirm this hypothesis. Finally, we
propose a community-level management to conserve
the biological integrity of native ecosystems.

Keywords Cape Horn - Ecosystem changes -
Invasive meltdown - Invasive species interactions -
Sub-Antarctic Magellanic forests

Introduction

The movement of species around the globe mediated
by humans has been so persistent that currently almost
all ecosystems, even in remote places, include multi-
ple invasive species (Hobbs et al. 2006). While most
studies focus on the relationships of single invasive
species with native ones, it is becoming more impor-
tant to understand the interactions among invasive
species that coexist in the same colonized habitats
(Kuebbing et al. 2013). These interactions have crucial
implications for management and ecological restora-
tion of affected ecosystems (Zavaleta et al. 2001).
Interactions between invasive species can be neu-
tral, negative (antagonistic), or positive (facilitative)
with different implications for the net ecological
impact (Kuebbing and Nufiez 2014; Jackson 2015). In
neutral interactions, invasive species do not affect
each other and their ecological impacts remain
independent, whereas in antagonistic interactions
invasive species affect each other through competi-
tion, predation, or parasitism, resulting in a net impact
that is less than the sum of their independent effects
(Kuebbing and Nuiiez 2014; Jackson 2015). In con-
trast, facilitative interactions tend to increase the net
negative impacts of coexisting invaders. These
impacts can be additive, the sum of their independent
effects, or synergistic. Synergistic interactions are
known as “invasional meltdown,” a complex com-
munity-level process in which one invasive species
increases the likelihood of survival and/or the magni-
tude of impacts of other invasive species that are
greater than the sum of their independent effects
(Simberloff and Von Holle 1999; Simberloff 2006).
Two recent meta-analyses have shown that inter-
actions between co-occurring invasive plants or ani-
mals are mostly neutral or antagonistic (Kuebbing and
Nuiiez 2014; Jackson 2015). Nevertheless, an increas-
ing number of studies are documenting facilitative
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additive interactions (Johnson et al. 2009; Tella et al.
2016) and synergistic interactions among invasive
species with broad ecological impacts (Heimpel et al.
2010; Green et al. 2011; Nuifiez et al. 2013; Hayward
et al. 2015). As Jackson (2015) points out, more
research is needed to examine the complex interac-
tions among multiple invaders, especially for invasive
animals in terrestrial ecosystems, including a broader
taxonomic and geographic spectrum to overcome a
bias toward studies of arthropods and aquatic ecosys-
tems in the USA. In this context, the mosaic of forest
and wetland ecosystems at the southern end of the
Americas provides an ideal case.

Several non-native species have established in the
Magellanic Sub-Antarctic ecoregion of South Amer-
ica, one of the less directly human-impacted regions of
the world (Rozzi et al. 2006). Today, non-native
mammalian species outnumber natives (Anderson
et al. 2006a; Valenzuela et al. 2014). Three out of
the 12 documented non-native mammals in this region
are considered the most invasive and harmful: the
American beaver (Castor canadensis), the muskrat
(Ondatra zibethicus), and the American mink (Neovi-
son vison) (Anderson et al. 2006b). These three
species, which naturally interact in their native range
in North America and Canada (Viljugrein et al. 2001;
Shier and Boyce 2009; Mott et al. 2013), create an
assemblage that has a large impact on biodiversity
(e.g. Schiittler et al. 2008, 2009) and the structure and
function of Magellanic Sub-Antarctic ecosystems (e.g.
Anderson et al. 2006b; Anderson and Rosemond
2007).

The beaver is one of the best known and studied
invasive species in the Magellanic Sub-Antarctic
ecoregion. Since the introduction of beavers in 1946
to Tierra del Fuego Island (Jaksic et al. 2002), they
quickly colonized nearly every environment. Given
their nature as ecosystem engineers, their dam and den
building and foraging activities have altered stream
nutrient cycles and stream food webs (Anderson and
Rosemond 2007; Ulloa et al. 2012), and changed large
areas from closed southern beech (Nothofagus spp.)
forests to grass- and rush-dominated meadows (An-
derson et al. 2006b; Martinez Pastur et al. 2006).
These habitat alterations are extensive in spatial scale
and long-lasting with likely permanent changes from
forest to meadows (Martinez Pastur et al. 2006).

Beaver ponds are frequently used in North America
by muskrats (Mott et al. 2013); another species
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capable of altering invertebrate and plant abundance
and nutrient flow in aquatic habitats (Connors et al.
2000; de Szalay and Cassidy 2001). Muskrats were
introduced to Tierra del Fuego simultaneously with
beavers (Jaksic et al. 2002; Deferrari 2007); however,
there are no studies on their potential impact on stream
banks and wetlands. Additionally, the mink was
introduced to Tierra del Fuego during the 1940s,
becoming abundant along the Beagle Channel by the
end of the 1990s (Lizarralde and Escobar 2000).
Shortly after, they crossed the channel reaching
Navarino Island, in southern Chile (Rozzi and Sher-
riffs 2003). Mink are natural predators of muskrats
(Eagle and Whitman 1987) and correlated population
fluctuations in this predator—prey interaction have
been documented in Canada (Viljugrein et al. 2001;
Shier and Boyce 2009). On Navarino Island, muskrats
represent a substantial portion of mink’s diet, espe-
cially during winter (Schiittler et al. 2008; Ibarra et al.
2009) when other food sources diminish in abundance.
As Navarino Island was free of native terrestrial
mammalian predators, mink negatively affect native
avian (Schiittler et al. 2009; Maley et al. 2011;
Jiménez et al. 2014) and likely rodent populations
(Crego et al. 2014).

Although facilitation effects between beavers and
muskrats (Silva and Saavedra 2008) and muskrats and
mink (Schiittler et al. 2008) have been suggested, no
study has investigated the association among these
three mammalian species and the community-level
effects of their interactions. In this study, we inves-
tigated beaver, muskrat, and mink interactions in
forest-dominated areas of northern Navarino Island,
Chile. We asked three questions. First, does the
muskrat presence depend on beaver-modified habi-
tats? Second, is there a current strong trophic
relationship between mink and muskrats and/or mink
and beavers in the marine coast and in inland habitats?
And third, based upon this and on previously pub-
lished studies on Navarino Island, are these three
species interacting in an “invasive meltdown” pro-
cess, incurring a larger negative impact on the native
and non-native terrestrial community as compared to
each species’ impact independently?

Low variations in water levels found in standing
waters, such as ponds (lentic waters), and aquatic
vegetation make habitats suitable for muskrats (Ar-
timo 1960). However, on Navarino Island, streams are

steep mountain rivers with narrow river beds and high
water velocities (lotic or running waters) (Contador
et al. 2015). Given that beaver transform riparian
forests into meadows resulting in a transformation
from a lotic aquatic system into a lentic one with
abundant grass and rush vegetation (Anderson et al.
2006b), we predict that muskrats will be present in
beaver-modified habitats and will be absent in non-
modified lotic streams. In addition, given the known
predator—prey interaction between mink and muskrats,
we expect that muskrats will be well-represented in
mink diet in inland rivers and ponds, as a more sea-
dominated diet would be expected nearer the marine
shoreline (Gomez et al. 2010). As beavers do not
represent natural prey of mink (Schiittler et al. 2008)
no predation on beaver will be expected. Overall, we
propose the existence of facilitative interactions
between beavers and muskrats, which otherwise
would not be present in the study region, and between
muskrats and mink, since muskrats could provide a
substantial component of the diet for mink population
inhabiting inland environments. By forming a syner-
gistic sympatric trio, these three invasive species will
have a greater impact on the Magellanic Sub-Antarctic
biota and ecosystems.

Materials and methods
Study area

This study was conducted on the northern slope of
Navarino Island (68°W, 55°S, ca. 2500 kmz), in the
southern end of South America. Navarino Island is
part of the Cape Horn Biosphere Reserve (Fig. 1),
which protects the southernmost ecosystems of the
Sub-Antarctic Magellanic forest ecoregion (Rozzi
et al. 2012). The forests are dominated by Nothofa-
gus betuloides, N. pumilio, N. antarctica and
Drimys winteri, which are embedded in the Mag-
ellanic moorland complex, comprised of a matrix of
peatlands and meadows (Rozzi et al. 2006). The
rugged topography presents a mountain landscape,
with maximum altitudes <1000 m.a.s.l. The climate
is oceanic and cold, with a mean annual temper-
ature of 6 = 5 °C. Precipitation is uniform with an
annual average of 467.3 mm (Rozzi and Jiménez
2014).
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Fig. 1 Location of 75 sampling units used to survey presence or absence of muskrats in streams and beaver ponds along the northern
slope of Navarino Island, within the Cape Horn Biosphere Reserve, southern Chile

American beaver—muskrat interaction
Data collection

In 2014 and 2015, from February to April (austral late
summer-early fall), we documented the presence/
absence of muskrats by sampling their tracks, scats,
and burrows along 75,200-m transects >100 m apart
(Engeman and Whisson 2005) in an area of approx-
imately 70 km?”. Transects were run parallel along the
banks of streams and beaver ponds non-randomly, as
they were surveyed while developing another research
project to study mink with camera traps (Crego et al.
unpublished data). However, while walking through
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the diverse habitats between random points where
cameras were deployed, we decided the starting point
of transects where a stream or a beaver pond was
crossed (Fig. 1). We sampled 14 different streams
ensuring starting points of transects were >100 m
apart from starting or ending point of other transects.
We avoided placing two transects in the same beaver
pond. Transects were walked following the coast of
streams or ponds by two observers, one on each side of
the stream, or walking together along the shore on
beaver ponds. For transects located alongside a beaver
pond, we searched for fresh tree cuts or tracks to
determine recent beaver activity. The 75 transects
were classified into four types of aquatic systems: 15
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were active beaver dams with a lentic pond system, 21
inactive beaver dams with a lentic pond system, 18
inactive beaver dams with a lotic system (i.e., old
beaver dams with recovered stream flow), and 21 lotic
streams with no beaver activity.

The high altitudinal gradient of the region is
important in shaping the fresh-aquatic system and
determining streams water flow, with steeper streams
found at higher altitudes (Contador et al. 2015). To
account for the potential effect of altitude and water
flow on muskrat presence we recorded the mean
altitude between the starting and ending point of each
transect using a GPS unit. In addition, muskrats
arrived to Navarino Island likely on the north coast
crossing the Beagle Channel from Tierra del Fuego
(Jaksic et al. 2002). To account for a possible effect on
distance from the Beagle Channel on muskrat pres-
ence, we calculated the shortest distance to the sea
shoreline from the center point of each transect using
ArcGIS 10 (ESRI, Redlands, California, USA).
Finally, we categorized riparian habitat by the pre-
dominant vegetation observed at each transect either
as forest or meadow. Forest was primarily composed
of mature evergreen (N. betuloides, D. winteri) or
deciduous (N. pumilio, N. antarctica) tree species,
while meadows were dominated by Sphagnum spp.
mosses and the rush Marsippospermum grandi, native
and non-native grasses, and sometimes N. antarctica,
the only tree species adapted to flooded zones (Rozzi
et al. 2006).

Statistical analysis

We fit generalized linear models (GLMs) with bino-
mial distributions and logit functions to study how
muskrat presence was related to the four predefined
aquatic system types, altitude, distance from marine
shoreline, and habitat type (forest or meadow). We
first examined correlations among variables based on a
cluster analysis using package Hmisc in R program-
ming language (R Development Core Team 2013).
Altitude and shortest distance to marine shoreline
were highly correlated (rho = 0.76). Therefore, we
decided to discard shortest distance to sea shoreline
and used altitude given the importance of the high
altitudinal gradient of the region determining streams
water flow and the importance of water flow on
muskrat establishment (Artimo 1960). Data in the full
model presented a good fit (c-hat = 1.06); thus, there

was no need to account for overdispersion (Crawley
2002). To select the most parsimonious models, we
used Akaike’s Information Criterion corrected for
small sample sizes (AICc; Burnham and Anderson
2002). We performed model average within models of
AAIC, < 2 to calculate parameter estimates, uncon-
ditional standard errors, and 95 % confidence intervals
(CI) for each explanatory variable (Burnham and
Anderson 2002). We used the package AICcmodavg in
R programming language for model selection analysis
(R Development Core Team 2013).

American mink trophic interaction
Data collection

We analyzed the trophic relationship of minks with
beavers and muskrats by examining 202 mink scats
collected between February 2014 and April 2015 at 24
sites. Collection sites were >1 km apart to ensure that
scats represented different individuals.

We washed each sample with warm water, sieved it
through a 0.3 mm mesh, and dried it on a stove. We
identified undigested remains using a binocular
microscope to the lowest taxonomic level possible
and classified items into seven categories: mammals,
birds, fish, insects, crustaceans, mollusks, and seeds.
For prey identification, we used different techniques:
arthropods were identified by local entomologists;
small mammalian hairs, bones, and teeth were com-
pared with voucher specimens, photographs, and
guides (Chehébar and Martin 1980; Pearson 1995);
barbules of bird feathers were compared with keys
(Rau and Martinez 2004) and local references; and fish
scales and bones, as well as seeds, were compared to
local references. We excluded plant material and
crustaceans <5 mm in length as they were considered
as secondary prey, incidental intake, or adhesion after
defecation (Valenzuela et al. 2013). Each scat was
weighted to the nearest 0.1 g and the percentage
volume of each prey category was estimated to the
nearest 5 % (Schiittler et al. 2008).

Statistical analysis
To compare with previous studies in Navarino Island,
we followed Schiittler et al.’s (2008) analyses. We

calculated two indices that quantified relative impor-
tance of each prey group on mink’s diet: the relative
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frequency of occurrence (RFO) expressed as a
percentage (number of occurrences of a prey category
divided by the number of occurrences of all prey
categories) and the percentage of biomass (BIO) (dry
mass of prey item multiplied by its empirically-
determined coefficients of digestibility divided by the
total corrected mass of scats). The coefficient of
digestibility represents the ratio between the biomass
of prey consumed and the dry mass of undigested
remains in scats, enabling more accurate estimations
of real prey intake of different size and digestibility
(Brzezinski and Marzec 2003). We used the following
correction factors obtained from the literature: mam-
mals (17.3), birds (17.2), eggs (687.5), fish (30.8),
crustaceans and mollusks (14.8) (from Brzezinski and
Marzec 2003), insects (5.0) and seeds (14.0) (from
Lockie 1961).

We differentiated scats found along the marine
coast (n = 92; <100 m from the marine shoreline)
from those found on inland rivers and ponds located in
forests and meadows (n = 110; >100 m from the
marine shoreline). We tested for differences in diet
composition between habitats using Chi squared tests
with Yates’ continuity and Bonferroni corrections, and
Fisher’s exact tests when expected values were <5.

Conceptual framework of community interactions

To describe a proposed scenario of direct pairwise
interactions in the recently-formed terrestrial commu-
nity, we conducted a literature review of peer-
reviewed studies on Navarino Island regarding the
effects of the three invasive mammal species. Then,
following Simberloff and Von Holle (1999) defini-
tions of species interactions in an invasive meltdown
framework, we defined four types of interactions: “+/4-":
individuals of two species benefited from the presence
of one another; “+4-/0”: individuals of the first species
benefited from the presence of the other, whereas
individuals of the second species were not known to be
affected by the presence of the first; “+/—": individ-
uals of the first species benefited by the presence of the
second, whereas individuals of the second were
negatively affected by the first (Simberloff and Von
Holle 1999); and we added, “0/0”: no effects of one
species on the other. Beaver effects on aquatic
invertebrates were not included given that for the
scope of this analysis the interactions are complex and
numerous, and also depend on the species, where some
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are benefited and others are affected (see Anderson
and Rosemond 2007; Ulloa et al. 2012).

Results
American beaver—muskrat interaction

We detected muskrat signs in 41 % of transects.
Muskrat activity signs were found 39 % in forest
habitat and 61 % in meadows; 97 % were in beaver-
modified habitats. Based on AICc, we found two best-
supported models that best explained the presence of
muskrats (Table 1). Together these models accounted
for 76 % of model weight, and included the three co-
variables: altitude, habitat type, and type of aquatic
system. On the base of the averaged model, the
probability of finding muskrats showed a decreasing
trend with altitude (Fig. 2), however 95 % Cl included
zero (Table 2). Similarly, meadows presented higher
probability of muskrat presence than forests; never-
theless 95 % CI of the parameter included zero and
this variable was present only in one of the two best-
supported models (Table 2). The most influential
factor on the probability of muskrat presence was the
type of aquatic system, being higher for inactive and
active beaver ponds, lower for beaver-modified habi-
tats where the river flow was recovered, and almost
nonexistent in lotic streams with no beaver interven-
tion (Fig. 2). The lotic streams parameter estimate and
95 % CI presented negative values in relation to active
beaver dams, whereas the lotic inactive beaver dams
parameter estimate was negative, but with 95 % CI
including zero (Table 2).

American mink trophic interaction

Mink feces analysis showed that overall, mammals
represent the main prey item (relative frequency of
occurrence [RFO] = 27.21 %; percentage of biomass
[BIO] = 4191 %), followed by fish (RFO =
23.54 %; BIO = 36.11 %), and birds (RFO =
20.18 %; BIO = 12.94 %; Fig. 3). Relative frequency
of occurrence of mammals, fish, and birds were not
significantly different (x> = 1.04, df = 2, p = 0.59),
but mammals and fish biomass represented a signifi-
cantly higher intake than birds (x> = 15.301, df = 1,
p < 0.0001; ¥* = 10.95, df = 1, p < 0.0009, respec-
tively). Insects and seeds were frequent (13.14 and
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Table 1 Model selection results to investigate muskrat presence on Navarino Island, Chile

Model K AlCc AAICc AICc W Cum W
Aquatic system + altitude 5 85.16 0.00 0.54 0.54
Aquatic system + habitat 4 altitude 6 86.85 1.70 0.23 0.76
Aquatic system 4 87.59 2.44 0.16 0.92
Aquatic system + habitat 5 89.07 391 0.08 1.00
Habitat + altitude 3 99.20 14.04 0.00 1.00
Habitat 2 100.40 15.25 0.00 1.00
Altitude 2 102.12 16.96 0.00 1.00
Null model 1 103.76 18.61 0.00 1.00

K number of estimated parameters, AICc Akaike’s information Criterion corrected for small samples, 4AICc differences in AlCc,

AAICc W akaike weight, Cum W cumulative Akaike weight

All candidate models and the null model are presented. The explanatory variables are aquatic system (active beaver dam with pond
lentic system, inactive beaver dams with a pond lentic system, inactive beaver dams with a lotic system, lotic stream with no beaver),

habitat type (forest or meadow), and altitude
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Fig. 2 Predicted muskrat presence (&1 SE) based on average
model of best-supported models on the northern slope on
Navarino Island, Chile (February—April 2014 and 2015), for
meadow and forest habitats in relation to altitude for four
different aquatic systems: inactive beaver dams with a pond

10.09 %), but represented a small amount of the biomass
intake (2.43 and 3.38 %, respectively; Fig. 3). Within
mammals, muskrats were the most frequent prey,
representing 25.57 % of the biomass consumed. In
contrast, beavers were almost completely absent in the
mink’s diet (RFO = 0.3 %; BIO = 0.09 %).

We found a significant difference between mink’s
diet in marine vs inland habitats (RFO: Fisher’s exact
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system (green), inactive beaver dams with a lotic system (i.e. old
beaver dams with recovered stream flow; blue), and lotic
streams with no beaver activity (orange)

test, p < 0.0001; BIO: Fisher’s exact test, p <
0.0001). While fish represented 70.34 % of the
biomass intake by mink in marine habitats, mam-
malian biomass was 69.65 % in inland habitats. Diet
within marine habitat concentrated specifically on sea-
shore fishes of the family Nototheniidae (RFO =
36.25 %; BIO = 67.75 %; Online Resource 1).
Muskrats were nearly absent in scats collected along
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Table 2 Model averaged coefficients, unconditional standard errors (& SE), and 95 % confidence intervals for the best-supported
models (AAICc < 2) relating muskrat presence in aquatic systems, habitat types, and altitude on Navarino Island

Variable Parameter estimate +SE 95 % CI

Aquatic system-lentic inactive beaver dam 0.21 0.74 —1.25 1.66
Aquatic system-lotic inactive beaver dam —1.17 0.78 —2.71 0.37
Aquatic system-lotic stream no beaver —3.53 1.20 —5.89 —1.18
Altitude —0.01 0.00 —0.02 0.00
Habitat-meadow 0.49 0.61 —0.69 1.68

Variables of aquatic system were compared to the base factor, lentic active beaver dam; whereas habitat type meadow was compared

to the base factor forest

the marine coast (RFO = 0.62 %; BIO = 0.14 %);
however, they represented not only the most important
mammalian prey (75.62 % of mammal prey biomass),
but also the most important mink prey item in inland
habitats (RFO = 20.95 %; BIO = 52.67 %; Fig. 3).

Conceptual framework of community interactions

We found and evaluated 9 published research articles
on the effects of beaver, muskrat, or mink on other
biota conducted on Navarino Island that complement
this study (Table 3). Based on the data from these
sources combined with those of our study, we propose
an interaction network among the three invasive core
species, as well as with other species or group of
species that are part of the new terrestrial community
assemblage (Table 3; Fig. 4). Our study suggests that
beavers directly benefit (0/4) muskrats by creating
new habitat. Mink benefit from the presence of
muskrats in a predator/prey interaction (+/—), as
muskrats are affected by this predation pressure.
Beavers have no direct effect (0/0) on mink; however,
mink benefit indirectly through the habitat provided
for the muskrat.

By examining direct interactions with the rest of the
community, we can conclude that beavers negatively
affect southern beech forests (+/—), whereas they
have neutral effects (0/0) on invasive trout species
[brook trout (Salvelinus fontinalis), and rainbow trout
(Oncorhynchus mykiss)]. Beavers positively affect (0/
+) a native fish species (Galaxias maculatus), and
exotic grasses by creating suitable habitat. Beavers
also appear to favor Magellanic Woodpeckers (Cam-
pephilus magellanicus) (0/+) by temporarily increas-
ing foraging opportunities; however, this benefit
diminishes over time through habitat loss. Addition-
ally, mink potentially benefit by the presence of trout
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(+/-), as it comprises a small portion of mink’s diet;
however, trout negatively affect the native fish, G.
maculatus (4+/—). Moreover, mink negatively affect
(4+/—) several native vertebrate species including,
geese, ducks, forest birds, and two species of small
rodents by preying upon them.

Discussion

The fur industry catalyzed the introduction of three of
the most invasive and harmful species to the Cape
Horn Biosphere Reserve and Tierra del Fuego: the
beaver, the muskrat, and the mink (Anderson et al.
2006a). These three species form a natural assemblage
in their native ranges at temperate and subpolar
latitudes in North America. Our results suggest that
this same assemblage is now successfully established
at subpolar latitudes of South America, synergistically
interacting to invade and change the terrestrial com-
munity of the once “pristine” sub-Antarctic Magel-
lanic forests.

Conforming to our first hypothesis, muskrats are
more likely to be found in beaver-modified habitats,
where conditions are more suitable than in naturally-
occurring fast flowing streams, where muskrats are
almost completely absent. Beaver ponds appear to
facilitate muskrat’s establishment by creating suit-
able habitat. The probability of muskrat presence was
equally high for lentic beaver ponds, whether or not
beavers were present. Thus, the association between
the muskrat and the presence of beaver appears to be
facultative after beaver have modified the hydrolog-
ical system. The effect of beaver on the river bed is
long lasting in time; however, when the river recovers
its flow dynamic, the probability to find muskrats
becomes lower than in lentic ponds, but still important,
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likely due to the remaining abundant vegetation in the
river bed. In this study, we did not assess large lakes
that are common to Navarino, especially on the
southern part of the island, because lakes are not
abundant on the northern slope of Navarino and
because our goal was to compare rivers with and
without beaver impact. Moreover, the literature indi-
cates that muskrats cannot establish viable populations
on oligotrophic lakes due to the lack of vegetation

Birds Insects Crustaceans Mollusks Seeds

productivity needed for their own survival (Artimo
1960). Further research should address this; however,
it is important to note that during the course of our
study, besides observing many beavers and beaver
dens on lakes, no muskrat nor muskrat track, scat, or
burrow were observed.

At a regional scale, a distribution analysis of
muskrats and beavers shows that both species occur
on the same major islands in the archipelagoes of the
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Table 3 Types and nature of direct interactions based on
literature and present study among the three invasive species,
American beaver, muskrat, and American mink and with other
non-native species [Exotic grasses, brook trout, and rainbow
trout] and native species [Trees of the genus Nothofagus,

Magellanic woodpecker, several species of Anseriform and
Passeriform birds, two species of rodents (Abrothrix xan-
thorhinus and Oligoryzomys longicaudatus), and one species of
native fish (Galaxias maculatus)] in the new terrestrial
community of Navarino Island, Chile

Species Interaction  Nature of interaction ~ Source
type
American beaver— +/— Foraging, soil (Anderson et al. 2006b)
Nothofagus spp. modification
American beaver—exotic +/+ Foraging, soil (Anderson et al. 2006b)
grasses modification
American beaver— 0/+ Increase of foraging (Soto et al. 2012)

Magellanic Woodpecker opportunities
Creation of

suitable habitat

American beaver—muskrat  0/4+

American beaver— 0/0 Neutral effects

American mink

American beaver—trout 0/0 Neutral effects

American beaver—native 0/+ Creation of
fish suitable habitat

American mink—Muskrat +/— Predator/prey

American mink— +/— Predator/prey
anseriformes

American mink— +/— Predator/prey
passeriformes

American mink— +/— Predator/prey
Magellanic Woodpecker

American mink—small +/— Predator/prey
rodents

American mink—trout +/— Predator/prey

This study
(Schiittler et al. 2008; Ibarra et al. 2009; This study)

(Moorman et al. 2009)
(Moorman et al. 2009)

(Schiittler et al. 2008; Ibarra et al. 2009; This study)
(Schiittler et al. 2008, 2009; Ibarra et al. 2009; This study)

(Schiittler et al. 2008; Ibarra et al. 2009; Maley et al. 2011;
Crego et al. 2014; This study)

(Jiménez et al. 2014; This study)

(Schiittler et al. 2008; Ibarra et al. 2009; Crego et al. 2014;
This study)

(Schiittler et al. 2008; Ibarra et al. 2009; This study)

Cape Horn and Tierra del Fuego region (Deferrari
2007; Valenzuela et al. 2014; Crego et al. 2015).
Moreover, muskrat expansion history from its initial
point of release in Tierra del Fuego followed beaver
expansion (Jaksic et al. 2002). For instance, estimates
suggest beavers and muskrats crossed the Beagle
Channel to Navarino Island around 1962 (Jaksic et al.
2002). Even if other factors may explain this biogeo-
graphical pattern, the sympatric distribution provides
another strong evidence for the facilitative interactions
between beavers and muskrats at the southern end of
the Americas.

In line with our second hypothesis, our results show
a strong trophic interaction between mink and
muskrats in inland habitats, with muskrats representing
>50 % of its total biomass intake. In contrast,
similarly to results from previous studies on Navarino
(Schiittler et al. 2008; Ibarra et al. 2009) and in its
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native range (Dunstone 1993), mink did not prey on
beavers, and beaver consumption may be only
opportunistic.

Mink are generalist predators, preying on a wide
range of items along its range in Patagonia (e.g.,
Previtali et al. 1998). However, only in the Cape
Horn Biosphere Reserve and Tierra del Fuego
region mink and muskrats are sympatric. In coinci-
dence with the findings by Gomez et al. (2010) and
Valenzuela et al. (2013) on Tierra del Fuego, our
results on Navarino Island showed that minks
specialize on terrestrial mammals when inhabiting
inland habitats, whereas mink specializes on marine
fish when inhabiting the marine coast. We could not
analyse mink diet seasonally because we could not
determine the exact time in which the scats were
dropped. However, previous studies demonstrated
that muskrats are particularly important in mink’s
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Fig. 4 Proposed representation of direct interactions of Amer-
ican beaver, muskrat, and American mink, among them, with
native species, and with other non-native species on Navarino
Island, Chile. Interactions are defined based on Simberloff and
Von Holle (1999): “+/4”: individuals of two species benefit
from the presence of the other; “+/0”: individuals of first
species benefit from the presence of the other, while individuals
of the second species are not known to be affected by the
presence of the first; “4/—"": individuals of the first species

diet during winter, when the availability of other
prey items decreased (Schiittler et al. 2008; Ibarra
et al. 2009). Therefore, muskrats, together with sea
food, may play an important role in allowing mink

Th
invasive species

American mink

Muskrat

e three Other non-native -
species .

benefit by the presence of the second, whereas individuals of the
second are negatively affected by the first; “0/0”: no effects of
one species on the other. Continuous-line arrows represent
interactions documented by this study, dashed-line arrows
represent interactions documented by other studies, and dashed-
line-point arrows represent interactions documented by both,
others and this study. See text for a discussion on strength of
interactions and indirect effects

to survive winters and reproduce the following
springs.

One of our most interesting results regarding the
relevance of muskrats in the mink’s diet is its drastic
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increase in our study as compared to previous studies.
We report that muskrat biomass represents 25.6 % of
overall mink diet as compared to 13.9 % reported by
Schiittler et al. (2008); we report that 32 % of scats
contain muskrat in inland habitats compared to 19 %
as reported by Ibarra et al. (2009). We speculate on
two different hypotheses that could explain this. First,
an increase in muskrat depredation could result from a
decrease in native rodent and bird abundances (Crego
et al. 2014), which constituted important prey in
previous years shortly after the arrival of minks to
Navarino Island (Schiittler et al. 2008; Ibarra et al.
2009). This is also in accordance with studies in
Canada, where muskrat increased in mink’s diet as
other prey items decreased (Shier and Boyce 2009).
Moreover, mink inhabiting the marine coast now rely
more heavily on marine fish, which may also be a
response to lower abundances of native rodents and
birds in marine coastal habitats (Crego et al. 2014). A
second hypothesis is that prey species developed
antipredator behaviors over time. This may occur for
birds (Macdonald and Harrington 2003), but we know
it did not occur for native rodents (Crego et al.
unpublished data).

Conceptual framework of community interactions

Results from this study suggest that on Navarino
Island beaver activity favours the establishment of
muskrats, which in turn acts as the main prey for the
mink population inhabiting inland habitats, which also
affects native species through predation (Fig. 4). At a
broader community level, previous research has
shown that beavers and mink also affect other non-
native and native species of the terrestrial island
community, with muskrat effects thus far being
unknown.

Beaver activities, such as foraging and dam build-
ing, have a large impact on native forests, as native
Nothofagus trees cannot survive in flooded soils. The
riparian vegetation community is then replaced by a
meadow dominated by exotic grasses and rushes
(Anderson et al. 2006b). Helped by livestock that
forage freely in meadows, beavers facilitate exotic
grasses establishment in these new habitats, resulting
in ten exotic plant species inhabiting beaver meadows,
in contrast to only one species found in naturally-
forested riparian areas (Anderson et al. 2006b). Cows
and horses, which are non-native species, also likely
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have large impacts on the community structure;
however further research is needed to understand this
process. Similar community-wide beaver effects on
forest ecosystems were described in Tierra del Fuego
(e.g. Lizarralde et al. 2004; Martinez Pastur et al.
2006).

Beaver dams favor the native fish G. maculatus by
increasing its abundance; whereas, they do not have
significant effects on the abundance of invasive trout
(Moorman et al. 2009). Nevertheless, the abundance
of G. maculatus is reduced in beaver ponds by the
presence of invasive trout (Moorman et al. 2009).
Therefore, positive beaver effects on G. maculatus
might be compensated by the invasive trout.

Previous research also suggests that beavers
improve feeding opportunities for the Magellanic
Woodpecker (Soto et al. 2012). The abundance of
wood-boring insects may increase in senescent trees
with flooded roots; however, this is a short term
process, and feeding resources disappear sometime
after trees perish (Soto et al. 2012). Sielfeld et al.
(1980) suggested that beaver ponds favor several
aquatic avian species, claiming that such species
present higher abundances in beaver meadows than
non-altered habitat, as described for native habitat
(Edwards and Otis 1999). Nevertheless, these authors
did not present evidence to support this claim.
Similarly to their observations, we have repeatedly
observed Yellow-billed Teal (Anas flavirostris) using
beaver ponds. However, further research should be
conducted to determine these potentially positive
interactions. Moreover, positive interactions between
beavers and other aquatic species may be offset by
increasing mink depredation on them.

It has been well documented in various regions of
the world that the establishment of mink in new areas
produce significant negative impacts on other native
species (Macdonald and Harrington 2003). This is
particularly relevant for Navarino Island where mink
depredates on native species of small rodents and birds
that evolved in the absence of terrestrial mammal
predators. Hence, these vertebrates are potentially
naive to mink predation risk. High predation rates on
native species documented in this and other studies
(Schiittler et al. 2008, 2009; Ibarra et al. 2009; Maley
et al. 2011; Jiménez et al. 2014) may have important
consequences on population dynamics (Crego et al.
2014), even though more long term studies are needed
to evaluate mink impact.
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Overall, beaver impacts do not appear to depend on
synergistic interactions with other invasive species.
However, they favor the establishment of muskrats.
Muskrats then subsidize the diet of inland mink
populations that would allow for their survival during
winters when other prey items are less abundant.
Therefore, the creation of suitable habitat by beavers is
a key facilitative process regarding the synergistic
interactions among the three species, because musk-
rats will be less abundant or even absent without
beavers in the system, affecting also mink population,
especially in inland habitats during winters. Our data
are indicative of facilitative synergistic interactions,
however, to prove that an invasional meltdown exists
on Navarino Island our current evidence in not
sufficient. To demonstrate the possibility of an inva-
sional meltdown in the Cape Horn Biosphere Reserve,
future research will be needed to incorporate popula-
tion growth, spread, and impact of the three invasive
mammals.

Management implications

Species interactions among invasive species have
important implications for management and ecosys-
tem restoration (Zavaleta et al. 2001). Holistic
approaches may be more effective in conserving
native biodiversity than single-species management
approach, avoiding unexpected consequences on other
species that are intended to be protected (Ruscoe et al.
2011; Glen et al. 2013). Perhaps more importantly,
considering community level interactions in manage-
ment may be more beneficial for preserving native
biological integrity (Angermeier and Karr 1994). In
our specific case, based on the evidence and our
proposed interaction network (Fig. 4), a combination
of the control of beaver population and habitat
restoration to recover river flow together with the
control of mink population, would provide more
effective results to preserve the integrity of sub-
Antarctic Magellanic forest ecosystems. Forest regen-
eration in beaver dams is limited; thus, recovering
river-flow dynamics and tree cover needs human
action (Martinez Pastur et al. 2006). Such river flow
restoration would benefit not only the benthic ecosys-
tem structure and function (Anderson et al. 2009), but
also would reduce suitable habitat for muskrats. This
should trigger a reduction of muskrat population,
which in turn would also affect inland mink

populations, especially during winter when food
shortage occurs.

A release of the predatory pressure on native fauna
should be expected after the reduction in mink
abundance. However, the reduction of muskrat pop-
ulations might instead provoke an increase in the
predatory pressure of mink on native birds and
mammal populations. Therefore, mink trapping efforts
are critically necessary, especially on coastal marine
habitats. This habitat provides alternative food
sources, and may act as a source for mink that could
later disperse toward inland habitats. On the other
hand, trapping mink without control of beaver and
muskrat population will release predatory pressure on
muskrats, potentially trigging a muskrat population
outbreak. In sum, we propose a community-level
management and population monitoring approach in
contrast to a single-species one, to more effectively
protect the biological integrity of the ecosystems in the
Cape Horn Biosphere Reserve.

Concluding remark

The interactions among beavers, muskrats, and mink
that we explored in this study involving other native
and non-native species suggest a potential invasive
meltdown process. The presence of muskrat due to
beaver habitat modification, may be critical for mink
survival in inland habitats, resulting in a critical pillar
that supports the synergistic relationship among the
beaver, the muskrat, and the mink. However, the lack
of demographic data and experimental studies limit
our current capacity to demonstrate this invational
meltdown. For the Cape Horn Biosphere Reserve
action plan, we encourage the inclusion of further
experimental research and long-term studies to eval-
uate changes in the population dynamics and ecolog-
ical impacts of these invasive species. We expect that
our study will also encourage future research to allow
a better understanding of the interactions among
invasive species in similar systems of both the
northern and southern hemispheres, to further test
the hypothesis of invasional meltdown and its impli-
cations for the conservation of impacted ecosystems.
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