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Adaptive response in waterbirds
after mink introduction in
subantarctic ecosystems

Valeria Gomez-Silva'»?*, Fabian M. Jaksic?, Ramiro D. Crego*, Gabriela Flores-Benner’ &
Elke Schittler'2

Ground-nesting birds on islands are particularly vulnerable to the introduction of terrestrial carnivores
because the former often lack defensive behaviors, displaying high levels of naivety under absence of
co-evolutionary history. Relatively few studies have addressed such potentially adaptive responses. In
this study, we investigated whether two bird species, upland geese (Chloephaga picta) and flightless
steamer ducks (Tachyeres pteneres) have modified their nesting strategies as a response to the novel
predatory pressure imposed by the invasive American mink (Neogale vison) on Navarino Island,
southernmost Chile, since its arrival in 2001. We used discriminant analysis and pairwise Wilcoxon
tests to compare two data sets (n =140 nests in total) regarding the macro- and microhabitat where
nests were placed, separated by a time span of 15 years. We found that upland geese currently nest

in less dense habitat (macrohabitat), hide their nests in shorter shrubs with lower top and side cover
(microhabitat), and breed later in the season. In contrast, flightless steamer ducks retain almost

the same nesting habitat characteristics. We discuss our findings in the context of ecological and
evolutionary restrictions to adaptation.

Keywords Cape Horn, Chloephaga picta, Flightless steamer duck, Invasive predator, Tachyeres pteneres,
Upland goose

Invasive terrestrial carnivores are of great conservation concern because they can modify an entire ecosystem
through predation!. They are the leading cause of extinction or endangerment of birds, mammals, and reptiles,
especially on islands®. The frequent lack of competitors or predators in insular environments often result in
invasive terrestrial carnivores rapidly achieving high population densities". On the other hand, native prey
species on islands often lack co-evolutionary history with terrestrial predators?, which may preclude the rise of
defensive traits against them">®. The resulting naivety seems to be the most likely explanation for the extreme
impacts on native prey by introduced predators on islands, compared to neighboring continental settings’.
Ground-nesting birds are generally more exposed to terrestrial predators than species nesting on trees or
cliffs, and particularly vulnerable during the incubation and fledgling periods when the adults constitute easy
prey due to their reduced mobility®. Thus, the presence of a novel predator can lead to breeding failure®!? and
mortality among adult birds during incubation!!. Consequently, predator avoidance or defensive behaviors
during incubation may evolve as reproductive strategies!>'*. A common predator avoidance strategy involves
multiple breeding attempts in several locations within and between seasons, given that predators might return to
nesting sites they have discovered'®. Other strategies include egg crypsis, an innate predator response where birds
lay eggs that resemble the colors and textures of their environment unspecific to the predator appearence!®, and
nest concealment'®, which varies depending on whether predators are raptors preying from above, or terrestrial
predators scanning the ground!”. Nesting birds responding to avian predators that use visual cues to find prey
while flying tend to place their nests inside dense vegetation!®. However, this strategy may be less effective for
hiding from terrestrial predators that often use olfactory cues to find their prey because dense vegetation may
obstruct escaping routes'*?. Also, heavily concealed nests may reduce the chance of detecting an approaching
terrestrial predator, resulting in an increased risk of predation while the bird is sitting on the nest!®. Therefore,
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concealing the nest in less dense vegetation may be a good compromise for responding to aerial and terrestrial
predators simultaneously (e.g., Gémez-Silva et al.?!).

Regardless of the concealment strategy, an antipredator response to novel predation pressures requires time to
evolve!S. Often, prey species fail to adapt to sudden increases of novel predators and become locally extirpated?.
The outstanding learning abilities of many birds may facilitate behavioral adaptation??, particularly for species
that have a co-evolutionary history with predator species similar to those introduced, i.e., their native relatives?3.
While some evidence suggests this (e.g., birds better adapting their nests to the return of foxes Vulpes lagopus to
Iceland than to the introduction of American mink Neogale vison®*), more research is needed to understand how
birds are coping with the expansion of novel predators across ecosystems.

The naivety of prey to an invasive predator can be measured on an ordinal scale from 1 to 4, with: Level-1
meaning no recognition at all; Level-2, recognition of danger but adopting a wrong response; Level-3, adopting
a correct response but with an ineffective outcome; and Level-4, over-responding to predation, i.e., lethal effects
are reduced but at high cost from sublethal effects>. Studies on islands with American mink (hereafter mink) as
introduced predators have shown that birds may quickly identify them as predators, but with different outcomes.
For example, the Icelandic common eider (Somateria mollissima borealis) moved its nesting habitats to islands
farther from the shore and less accessible to mink, avoiding predation to some extent?, or switched to larger
islands to avoid mink encounters in the intertidal zones, which is relatively ineffective, i.e., Level-3 naivety?*.

Navarino Island, located in the Cape Horn Biosphere Reserve (CHBR), southernmost Chile (55°S, 67°W),
providesan ideal scenario to study the behavioral adaptation of ground-nesting birds to novel predatory pressures.
This island lacks native terrestrial predators?, and although two species of mustelids have been recorded in the
CHBR—southern river otter (Lontra provocax) and marine otter (L. felina)**—there are no records on Navarino
Island?, and they do not regularly prey on birds?®. Mink was first recorded on Navarino Island in 2001%’, and
since then, it has become a successful generalist predator’®-*!. Schiittler et al?® found that ground-nesting
upland geese (Chloephaga picta) and flightless steamer ducks (Tachyeres pteneres) were particularly vulnerable
to mink nest predation (18.2% and 52.6%, respectively) and concluded that higher levels of mink predation were
associated with greater nest concealment, nests built along rocky coastlines, and earlier breeders.

Our study aims to investigate whether upland geese and flightless steamer ducks remain naive or have
modified their nesting strategy after two decades of mink presence on Navarino island. We compared macro-
and microhabitat breeding characteristics using nest data collected by Schiittler et al.?® in 2005-2007 and by
Gomez-Silva et al.?! in 2021-2022, hereafter labeled + 5y and + 20y after mink invasion. We predicted that these
two bird species should currently recognize mink as a nest predator after two decades of co-existence and should
show an adaptive response, because there are four mink relatives in the distribution range of both bird species?,
including lesser grison (Galicitis cuja), Patagonian weasel (Lyncodon patagonicus), southern river otter, and
marine otter’2. Specifically, we predicted that after 15 years: (1) The area covered by vegetation around a nest will
show lower values of plant density, to improve ground predator detection'®; (2) shrub height and the percentage
of lateral and top cover of a nest will decrease, to provide a better view of the arrival of terrestrial predators'S;
(3) nests will be built preferentially on sandy versus rocky coasts, to avoid higher levels of mink presence?®; and
(4) nests will be built towards the end of the breeding season, when breeding success is expected to be higher?:.

Methodology

Study area

We worked along the northern accessible coastline of Navarino Island, located in the Cape Horn Biosphere
Reserve, Chile (55°S, 67°W) (Fig. 1). Common ecosystems present are Southern beech forests (Nothofagus
spp.), Magellanic tundra (Sphagnum spp.), shrublands and grasslands (particularly along the coastlines), as
well as high-Andean plant communities®®. The only native predators are avian®*¥: Southern crested caracara
(Caracara plancus), Chilean skua (Catharacta chilensis), Kelp gull (Larus dominicanus), and Chimango caracara
(Milvago chimango) are common in coastal habitats. All terrestrial predators are introduced mammals: Free-
ranging domestic cats (Felis silvestris catus), domestic dogs (Canis lupus familiaris), and mink®. Among these
predators, the mink is of greatest concern®*%3! and should therefore be prone to trigger adaptive responses in
prey. Although free-ranging dogs definitely prey on birds (10.2% of 59 prey occurrences in dog feces*), their
predation rates on nests are less compared to mink (i.e., 18.2% preyed nests of upland geese by mink vs 2.3% by
dogs, and 52.6% preyed nests of flightless steamer ducks by mink vs 10.5% by dogs?®). Regarding cats, camera-
trap data indicates that they are far less abundant than mink (Schiittler et al., unpublished data).

Target species

We focused our study on ground-nesting upland geese and flightless steamer ducks, from which we had
previously collected nest data?""?. Upland geese occur as residents from Patagonia and Tierra del Fuego to the
Malvinas (Falkland) Islands. During winter, they migrate to warmer zones, as far north as central Argentina. For
breeding, they return to wet grasslands and coastal habitats where they nest relatively close to wetlands, using
reeds and shrubs to conceal their nests***!. Flightless steamer ducks have a more limited distribution, occurring
strictly on the coast of Patagonia and Tierra del Fuego to the Cape Horn archipelago. They nest near rocky coasts
or on islets in dense shrubland**42,

Nest search

Our study compares nest records obtained during the breeding season (November-January) of 2005-2006 and
2006-2007 (+5y after mink invasion)®®, with those of 2021-2022 (+20y after mink invasion)?'. During the
+5y breeding season, Schiittler et al.”® aimed at quantifying mink predation on ground-nesting waterbirds and
searched for nests by walking along seven (2005-2006) and nine (2006-2007) transects of 4 km each along
the northern coastline of Navarino Island (covering 28 km in 2005-2006 and 36 km in 2006-2007), repeating
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Fig. 1. Location of nests of ground-nesting upland geese (CPI = Chloephaga picta) and flightless steamer ducks
(TPT = Tachyeres pteneres) in the breeding seasons of 2005-2007 (+ 5 years after mink invasion) and 2021-2022
(+20 years after mink invasion), on Navarino Island, southernmost Chile. Limits of Patagonia following Jaksic
and Martinez?. Blue symbols depict nests found five years after mink invasion (n = 100), orange symbols are
those found 20 years after (n = 40); circles depict nests of upland geese, triangles those of flightless steamer
ducks. Map created using QGIS™.

Macrohabitat variables

Distance Shortest distance of nest to shoreline Continuous (m)

Habitat Predominant type 10 x 10 m around the nest (0) bare, (1) pasture, (2) shrubland, (3) forest

Julian date Days after the start of the studies (01 November) Continuous (day)

Shore Shore type for each site Rocky outcrop or sandy beach

Slope Incline of the shore within 10 m of the watershed (1) flat (<1 m), (2) medium (1-2 m), (3) steep (>2 m)

Microhabitat variables

Height Height of shrubs at the nest, estimated by hand palm | Continuous (cm)
Side cover Percentage nest concealment from side (1) 0-24%, (2) 25-50%, (3) 51-75%, (4) >75%
Top cover Percentage nest concealment from above (1) 0-24%, (2) 25-50%, (3) 51-75%, (4) >75%

Table 1. Macro- and microhabitat variables of nests of ground-nesting upland geese and flightless steamer
ducks on Navarino Island, southernmost Chile (following Schiittler et al.?®). The variable distance to coastline
was excluded from this study.

visits to known nests after approximately eight days (mean=8.2 d, SD =1.9). During the +20y season, Gémez-

Silva et al.?!

aimed for an extrapolation of breeding habitats of vulnerable waterbirds accounting for imperfect

nest detection and walked along 91 transects of 500 m each, covering a total of 45.5 km along the northern
coast, involving one repetition of the entire transect. Additionally, in the +20y season, ten randomly selected

islets (mean =

3+2.9 ha, range 0.5-8.5 ha) adjacent to the coastline were included, yielding 11 transects (length

covered on islets =5.5 km). Despite the difference in the survey designs, both studies were based on randomized

transects in overlapping coastal zones. Further details on methods can be found in

21,28

During the nest search—in both the + 5y and the + 20y breeding seasons—observers recorded indicators of
nesting, such as territorial behavior (e.g., the presence of a guarding male in the case of upland geese), eggshells,
or the presence of chicks as cues for the presence of nests. After finding a nest, observers recorded associated
macro- and microhabitat variables following Schiittler et al.?® (Table 1). The macrohabitat assessment included
measures of the dominant habitat in an area of 10 x 10 m around the nest (i.e., nest distance to the shore, habitat
type, shore type, slope of the coast) and Julian date. The microhabitat assessment included measures of nest
location directly (i.e., height of shrubs where the nest was built, side and top nest concealment). During both
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assessments, observers took care that breeding was not interrupted for long, working as fast as possible, and
leaving the area quickly to enable female birds to return to their nests without delay?"-%.

Statistical analyses

We first compared nests of upland geese on islets versus those on the main island of Navarino (+20y season)
and found that the only significantly different variable was distance to the coastline (mean +SD; 10.9+8.05 m vs
23.5+14.5 m; W =45, p value=0.03, n=30). Therefore, we excluded distance from the analysis (used in Schiittler
et al.?®) and thus were able to pool the islets/main island data sets. For nests of flightless steamer ducks, we could
not compare the habitat variables between islets and the main island because most nests were located on islets
(nine vs one on Navarino island), so we pooled them. To check which macro- and microhabitat variables best
separated the + 5y and + 20y nesting features of upland geese (n=107 nests) and flightless steamer ducks (n=33
nests; classes =scenarios), we performed a linear discriminant analysis (DA), which is a statistical method that
uses eigenvalues to predict various groups in a dataset based on linear combinations of the variables. Following
Schiittler et al.?%, we used the “ade4” package for the R environment**. We used the dudi.mix function, which
performs a multivariate analysis with mixed quantitative variables and factors. We performed a DA based on the
results of a principal component analysis (PCA) to preclude information redundancy. Monte-Carlo permutation
tests assayed the validation of the DA. The PCA of the ade4 package standardizes variables to zero mean and one
unit variance. In parallel, we also performed univariate statistical analysis between the + 5y and + 20y variables
(Table 1) for both species. Toward this, we checked for normal distribution via Shapiro tests and then performed
Wilcoxon rank sum tests (also known as Mann Whitney U test) for all comparisons. The statistical analysis was
conducted in R version 4.2.2%3%; p values <0.05 were considered significant.

Results

In the +5y scenario, 100 nests were found in total, corresponding to 1.18 nests/km (33 nests, 28 km in 2005-
2006) and 1.22 nests/km (44/36 in 2006-2007) of upland geese and 0.39 nests/km (11/28 in 2005-2006) and 0.33
nests/km (12/36 in 2006-2007) of flightless steamer ducks. In the +20y scenario (2021-2022), a total of 40 nests
were found, corresponding to 0.66 nests/km (30/45.5) of upland geese and 0.22 nests/km (10/45.5) of flightless
steamer ducks.

A single discriminant analysis was performed for both scenarios and both species (CPI + 5y, CPI + 20y, TPT
+5y, TPT +20y) based on the results of the PCA (five variables, n=140). In the PCA, two variables revealed
an Eigenvalue of > ; the first principal component explained 36% of the variance, and the second 19%. For the
first component loadings, height (0.52), side cover (0.52), and top cover (0.51) yielded loadings > |0.5|. Variable
loadings of the second component> |0.5| were Julian date (0.64) and rocky shores (0.86). We excluded the
variable slope due to low loadings (CS1=0.10) and the variable height because it was redundant with top- and
side-cover variables. For the DA, three discriminant functions were generated: the Eigenvalue of the first axis
was 0.58, the second was 0.15, and the third was 0.03. The discrimination of these three axes was significant using
the Monte-Carlo permutation test based on 1000 permutations (p <0.001). The centroids were well separated
between the two species as they had distinct nesting habits?®. Variables also discriminated between the two
scenarios, being more marked for upland geese than for flightless steamer ducks (Fig. 2). The first axis was
determined by shore type (+£0.55), side cover (0.67), and top cover (0.93); the second axis was determined by
Julian date (-0.71) and side cover (0.55) (arrows in Fig. 2).

The Wilcoxon rank sum tests showed that for upland geese, macro- and microhabitat variables showed
significant differences between side cover (2.35+1.05 in the + 5y scenario vs 1.63+0.86 in the +20y scenario;
W =681, p value=0.003), height (24.2+ 13 cm vs 16.8 + 15.6 cm; W =734, p=0.011), Julian date (19.4+ 12.4 days
vs 28.3+16.3 days SD; W=1399, p=0.02), and type of habitat (1.75+0.69 vs 1.46+0.51; W="765, p=0.008).
For flightless steamer ducks, we did not detect any significant differences between pairwise variables in either
scenario; only slight trends for side cover (3.57+0.79 vs 3.3+£0.68; W=284, p=0.168), slope (1.61£0.72 vs
2.2+1.03; W=153, p=0.112), and Julian date (30.4+ 12.3 days vs 36.7 £9.57; W =152, p=0.152). Thus, between
2005 and 2021, upland geese significantly modified their nesting habitat to less dense shrubs with lower height
and side cover and shifted their breeding to a later time in the breeding season (Fig. 3). In contrast, nests of
flightless steamer ducks were similar between the + 5y and +20y scenarios, with a slight modification to lower
side cover, steeper coastline, and later nesting.

Discussion

Our study addressed whether ground-nesting waterbirds adapted their nesting strategies to an invasive predator
after approximately two decades of co-existence. Indeed, for one of the two waterbirds—the upland geese—, we
found significant differences in their breeding habits in the + 5y versus + 20y scenarios of mink presence, but no
significant differences for flightless steamer ducks.

Tests of our four predictions

Regarding our prediction that nests would be built in habitats with lower vegetation density, our results indicate
that upland geese, but not flightless steamer ducks, significantly modified their nesting habitat towards sparser
patches. One could argue that the change in habitat with lower vegetation density could be due to a change in the
habitat itself, with less dense vegetated areas being available for nesting nowadays. If this was the case, however,
we should have observed this effect on both bird species; but flightless steamer ducks continue selecting habitats
with dense vegetation (1.83£0.71 in the + 5y scenario vs 2.0 £0.0 in the + 20y scenario; W =125, p value=0.58).
Similarly, our prediction that vegetation concealment around the nest would be reduced was supported by data
from upland geese, which changed their nesting habitat towards shrubs with lower height and less side and top
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Fig. 2. Results of the linear discriminant analysis of five macro- and microhabitat variables for nesting upland
geese (CPI, nests depicted as circles) and flightless steamer ducks (TPT, as triangles), in two scenarios (+ 5y
after mink invasion in blue and + 20y in orange, n =140 nests) on Navarino Island, southernmost Chile. The
arrows represent the relationship between canonical scores and variables; length and direction represent the
variable’s discriminatory power. Variance %: F1=76%, F2=20%. The plot shows a separation between upland
geese and flightless steamer ducks and also between temporal scenarios.
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Fig. 3. Violin charts for four significantly different macro- and microhabitat variables of nesting upland geese
on Navarino Island, southernmost Chile, considering two temporal scenarios of mink presence. Blue dots
represent nests found in the + 5y scenario and orange dots those found in the + 20y scenario. Gray dots provide
mean values, the boxplot shows median and quartiles. *p values < 0.05; **p values < 0.01. Habitat ranges from 0
(=bare soil) to 4 (=forest), side cover varies from 1 to 4 indicating increase in nest concealment.
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cover in the immediate surroundings of the nest. For flightless steamer ducks, we detected only a modest trend
to lower side cover. Apparently, upland geese adapted their nesting behavior by shifting from more protection
from avian predators (higher level of nest concealment) to more protection from terrestrial predators (lower
level of nest concealment), thus being able to increase their vigilance to the arrival of the new predator!®. This
echoes Schiittler et al’s?® conclusion that nests of upland geese experienced lower levels of mink predation than
nests of flightless steamer ducks, which have higher levels of nest concealment (10% for 23 nests vs 44% for 79
nests, respectively; see also Liljesthrom et al.%4).

Further, we predicted an adaptation for nesting on sandy coasts versus rocky outcroppings, because nests
on sandy coasts are more successful?® and because mink prefer heterogeneous coastal habitats** (although they
prefer flat versus rocky-steep shores in the presence of otters*®). Neither bird species showed a clear preference
for breeding in sandy coasts after 20 years of mink invasion; flightless steamer ducks showed evidence of a slight
trend towards selecting steeper coasts. Although mink may prefer rocky outcrops, they are nonetheless habitat
generalists>4%47. Additionally, coastlines with heterogenous habitats may provide more feeding opportunities.
This is particularly relevant for flightless steamer ducks, which feed mainly on marine invertebrates*>*® and
might depend on such food resources during the breeding season, a period with exceptionally high energy
requirements.

Finally, following Schiittler et al.?® who found later breeders to be more successful, we predicted that birds will
nest more actively towards the end of the breeding season. Indeed, both bird species shifted their nesting dates
towards the end of the breeding season: upland geese significantly so (i.e., 9 days later) and flightless steamer
ducks as a trend (i.e., 6 days later). Climate change could also explain later nesting®. Although climate change
is usually linked to earlier breeding dates, in some species it is also linked with later laying (e.g., Ficedula
hypoleuca in Laaksonen et al.*°). In this regard, only long-term monitoring may help disentangle the different
drivers of breeding time change’'.

Differences in predatory responses between the two bird species

Our results suggest that upland geese are showing an adaptive response to mink predation while flightless
steamer ducks are not. In the case of flightless steamer ducks, none of the macro- and microhabitat variables
were significantly different between the + 5y and + 20y scenarios and the discriminant analysis only indicated
a slight trend towards less side cover of nests and later breeding. The lack of expected adaptive response in
flightless steamer ducks may owe to several reasons: (1) ecological limitations; (2) choice of a different adaptive
strategy; or (3) evolutionary reasons.

With regard to ecological limitations, we speculate that flightless steamer ducks cannot respond with
a macrohabitat shift to the arrival of mink because of their ecological specialization (the aforementioned
dependence on marine invertebrates??). It is also possible that lowering nest concealment to achieve better
visibility of terrestrial predators may generate changes in the microclimate of the nest'?, potentially harmful for
egg/nestling survival or the incubation ability of adults®?. Therefore, flightless steamer ducks may have acquired
another strategy to avoid mink predation, such as selecting predator-free habitats for breeding'®. Indeed, nine
of the ten nests in the +20y scenario were found on islets?!. Flightless steamer ducks have previously been
described to use islets to avoid terrestrial predators in Argentinian Tierra del Fuego®>.

Another possible explanation for the different responses between flightless steamer ducks and upland
geese could be explained by evolution. The former do not migrate: they spend the entire year along a limited
area of shoreline, which is defended as their territory*’. Even though they are endemic to southern Chile and
Patagonia and have co-evolved with terrestrial canids (e.g., foxes Lycalopex culpaeus, L. griseus) and mustelids
(e.g., southern river and marine otters)?®, they may lack behavioral adaptation because most islands in the Cape
Horn Biosphere Reserve were predator-free before the arrival of mink, cats, and dogs38. In contrast, upland geese
migrate every winter to northerly regions?!, and even if they do not breed there, they likely recognize potential
predators more than flightless steamer ducks, which lack that migratory experience.

Conclusion

Our study provides evidence that both species have recognized invasive mink as nest predators but with different
adaptive responses. Upland geese responded with lower nest concealment at macro- and microhabitat scales,
whereas flightless steamer ducks probably shifted their nests to supposedly predator-free islets. We speculate that
upland geese have responded as expected but possibly with an ineffective outcome (level-3 naivety) considering
that breeding success rates in both scenarios were similar (33% or 6/18 nests in Gémez-Silva et al.>! and 37%
or 39/79 in Schiittler et al.8). Flightless steamer ducks, instead, may still lack a correct adaptation (level-2
naivety)>°. Nevertheless, a higher sample size would have been desirable to achieve more reliable results for
flightless steamer ducks. Despite the evidence for anti-predatory adaptation, it is not clear whether these adaptive
responses will translate into higher nesting success in the short term (see Anton et al.?> who suggest that around
200 generations may be required to erode naivety). Although the survey design was different between the + 5y
and + 20y breeding seasons—which could affect nest density comparison—, we think that a decreasing trend
in local nest abundance has occurred (i.e., 1.18-1.22 nests/km in 2005-2007 vs 0.66 nests/km in 2021-2022
in upland geese and 0.33-0.39 nests/km vs 0.22 nests/km in flightless steamer ducks). Thus, controlling mink
populations in important breeding habitats?!">* should be a conservation priority irrespective of the capacities of
birds to develop adaptive responses.

Data availability
The data that supports this study are available in the Supplementary Material.
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