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Abstract

Birds often have to choose their nest site location along a food safety axis, balancing nest predation danger with the food
requirements of themselves and their offspring. This is probably most important for precocial species, such as most shore-
birds, in which both chicks and parents need access to food resources in the surroundings of the nest, at least during the
first days of life of the chicks. In many Arctic ecosystems, shorebird nests are typically prone to predation by both avian
and terrestrial predators, especially in lemming-poor years. Among other factors, the strength of the trophic interactions
between shorebirds, their prey, and their predators depend on how all of these are distributed across space. During two
breeding seasons in northern Taimyr, North-Central Russia, we investigated how the spatial distribution of red knot Calidris
canutus and little stint Calidris minuta nests and broods overlaps with the local food landscape and also with the distribu-
tion of avian predators and their main prey, lemmings. We found that the two shorebird species use different habitats that
vary in arthropod community structure in accordance with the birds’ diet: while little stints selected lower elevations where
chironomid midges Chironomidae are more abundant, red knots selected higher elevations where crane flies Tipulidae are
more abundant. Furthermore, little stints share low-elevation habitats with lemmings and predators, while red knots inhabit
higher elevations averted by both lemmings and avian predators. We found higher nest predation for little stint nests than
for red knots nests, especially in a low-lemming year. Our results thus support the idea that food web interactions are driven
by landscape and community aspects.
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Introduction

Birds often face a trade-off between maximizing energy gain
from foraging and minimizing predation risk (Stephens et al.
2007). Therefore, the presence of predators, or predation
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danger (Lank and Ydenberg 2003), impacts a bird’s deci-
sions on foraging place, time, and food choice (e.g., McNa-
mara and Houston 1987; Lima and Dill 1990; Verdolin
2006; Lameris et al. 2018). Models explaining habitat use
under varying predation danger originate from the patch-use
theory (Brown 1988) and have mainly been tested on rela-
tively small temporal scales (e.g., Pitt 1999; Pomeroy et al.
2006; van den Hout et al. 2014). However, when birds decide
where to make their nest, they need to choose a site that is
safe for a fairly long period of time, as the nest cannot be
moved in response to changes in predation danger (Lecomte
et al. 2008; Hoy et al. 2016). For precocial species where
the offspring will start to forage for themselves shortly after
hatching, ample food availability in the vicinity of the nest
is likely to be important for growth and survival at least in
the first few days after hatching, after which chicks can move
further from the nest (Schekkerman et al. 1998). Thus, the
choice of nesting site is a critical decision that may define
the fate of the offspring: the nest should be placed in an opti-
mal location along the food safety axis, providing new-borns
enough food while avoiding nest predation.

High-Arctic ecosystems are relatively simple and inter-
actions between their trophic layers can readily be studied
(Forchhammer et al. 2008; Wirta et al. 2015), therefore, they
are convenient for studying food safety trade-offs. Strong
trophic links exist between arthropods, insectivorous shore-
birds, and their predators (including Arctic foxes Vulpes
lagopus and skuas Stercorarius spp.). Among other reasons,
shorebirds are likely to select their Arctic breeding territo-
ries aiming for as high as possible arthropod abundances
and as infrequent as possible predator encounters. Arthro-
pod availability becomes especially important during the
brood-rearing period (Tulp and Schekkerman 2008), while
predation occurs often during incubation (Liebezeit and
Zack 2008) and can impact breeding success dramatically
(Tomkovich 1998; Ganter and Boyd 2000).

Arthropods are considered a universal food resource
for all Arctic shorebird species, both adults and chicks
(Bolduc et al. 2013; Wirta et al. 2015). Nevertheless, diet
composition may differ between species (Zhemchuzhnikov
et al. 2022), e.g., depending on bill length and/or body
size (Holmes and Pitelka 1968; Lifjeld 1984; Zhemchuzh-
nikov 2024), with larger species feeding on larger prey. As
arthropod community composition varies between habi-
tats, such as low-lying wet valleys and higher dryer hills
(Koltz et al. 2018), differences in preferred diet between
shorebird species may drive variation in nesting distribu-
tion along an elevational axis. Shorebirds may also con-
sider other factors when choosing where to nest, such as
predation risk. As such, diet composition may also be the
result of habitat choice rather than the cause.

Arctic top-predators, such as arctic foxes and skuas
which heavily rely on lemmings when these are abundant
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(Larson 1960; Angerbjorn et al. 1999; Wiklund et al.
1999; Ims et al. 2017), are expected to adjust their distri-
bution so that it overlaps with lemming-rich areas at lower
elevations (van Beckerath et al. 2021). Consequently, the
distribution of predators may overlap with that of some
shorebird species, but not all of them (Léandri-Breton and
Béty 2020). Therefore, shorebird species that share habi-
tats with lemmings and, hence, predators, are likely to face
higher predatory pressure, which was previously shown
for shorebirds nesting within a goose colony, especially in
low-lemming years (Robinson et al. 2014; Lamarre et al.
2017).

This predation danger may be highest in years when
lemming populations crash in the course of their regular
3—4-year population cycles (but see also the “fading out”
of these cycles (Nolet et al. 2013; Aharon-Rotman et al.
2015)), when bird nests become an important additional
food source for predators (Summers et al. 1998; Wiklund
et al. 1999; Gilg et al. 2006; Nolet et al. 2013). While arc-
tic foxes and skuas almost exclusively feed on lemmings
when these are abundant and depredate shorebird nests
only opportunistically (Underhill et al. 1992; Wiklund
et al. 1999; Elmhagen et al. 2000), they are known to
broaden their diet in lemming-poor years using other food
sources (Wiklund et al. 1999), including shorebird eggs
(Eide et al. 2005). This gives rise to a large variation in
predation danger between years (Werner and Hall 1974;
Krebs 1977, Stephens and Krebs 1986), which may also
impact the importance of predation danger as a driver of
nest distribution.

In this study, we analyze the distribution of two species
of Arctic-nesting shorebirds, little stint Calidris minuta and
red knot Calidris canutus, in northern Taimyr, North-Central
Russia, (1) to explore whether they are elevation-selective
during nesting and chick rearing periods, and, if such selec-
tivity exists, how it relates to the arthropod food landscape,
and (2) to test how this elevation-selectivity of shorebirds
is related to that of avian predators and lemmings. Finally,
we (3) analyze nest survival of the two shorebird species in
relation to their elevational distribution in both a lemming-
rich and a lemming-poor year.

Methods
Study area

The study was conducted in the summer of 2018 and 2019
near Knipovich Bay (76°04' N, 98°32" E), on the Taimyr
Peninsula (the extreme north of central Siberia, Russia),
within the Great Arctic State Nature Reserve. The study area
(140 km?, Fig. 1a) can be defined as Arctic tundra with alter-
nating valleys and hills with absolute heights up to 201 m
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above sea level (as described in Tomkovich and Soloviev
1994). According to the Circumpolar Arctic Vegetation
Classification, this area belongs to bioclimatic subzone B
or prostrate dwarf-shrub subzone (Walker et al. 2018). The
hydrological network of the area is formed by a large number
of small streams small lakes. The lower part of the tundra
has a tendency to accumulate water in the period of snow-
melt and as such can stay saturated with water for a large
part of the summer season. This process may also lower
soil temperatures as it protects the permafrost layer from
melting. Upper parts of the tundra are drying up faster after
the snow cover is gone, sometimes exposing large patches
of bare ground, so-called medallion tundra. These differ-
ences in moisture levels and temperature regimes are pos-
sibly facilitating different arthropod communities and can as
such affect the vertebrates that prey on them.

Elevational distribution of the study area

The landscape of the study area was classed as zones
between elevation isolines, with contour intervals of 20 m,
using the topographic map of the Great Arctic State Nature
Reserve, sector “Nizhnyaya Taimyra” (retrieved from Tai-
myr Nature Reserves website, 2020). Based on a digital
elevation model ArcticDEM (Porter et al. 2018), we con-
firmed the high accuracy of this map (Online Resource 1).
The proportion of each elevation zone in the study area was
estimated (Fig. 1b) using ImageJ (Abramoff et al. 2004).
This data was used for the calculation of preference score
for nesting (and brood-rearing) little stints, red knots, skuas
Stercorarius spp., and lemmings (see below).

Shorebird and skua distribution

Little stint and red knot form the core of shorebird com-
munity in the area together with the curlew sandpiper
Calidris ferruginea, red phalarope Phalaropus fulicarius,
and grey plover Pluvialis squatarola. The little stint is the
most abundant small uniparental species, with a body mass
of 31.4+0.4 g (mean + SD) during incubation (Tulp et al.
2002) and in other study areas has been shown to prefer
downhills and slopes with grassy or moss-sedge hillocky
tundra for nesting (Tulp et al. 2009), often nesting in wet
areas characterized by early snow melt (Kirikova et al.
2005). Sometimes females lay two clutches; one of these
is incubated by the male and the second one by the female
(Pitelka et al. 1974; Tomkovich et al. 1994; Tulp and Schek-
kerman 2006). Little stints often leave the nest to forage, and
as such foraging birds can be relatively easily followed by
human observers in order to locate their nest. The red knot is
a medium-sized shorebird, with a body mass of 136.7+7.3 g

(mean + SD) during the incubation (own data), often occur-
ring in the upper parts of the slopes in the area (Soloviev
et al. 2018). Both parents incubate the clutch, but females,
as a rule, leave the nest before or at hatching and males
take care of the chicks (Whitfield and Brade 1991; Bulla
et al. 2016; Tomkovich et al. 2018). During incubation red
knots rely on their camouflage and will flush from their nest
only when an observer approaches within 1 m, which makes
finding their nests a difficult task. The study area is also
inhabited by three skua species: pomarine skua Stercorarius
pomarinus, long-tailed skua Stercorarius longicaudus, and
arctic skua Stercorarius parasiticus. Of these, pomarine
skua was the most common species.

Active nest searching was performed from early until
late June and broods were located (and captured) from late
June till late July. Nest searching included (1) observation of
potential pairs and females initiating the clutch, (2) obser-
vation of birds returning to the nest after foraging or after
the bird was scared off the nest, (3) random nest encoun-
ters while walking across the tundra, (4) rope dragging in
case of little stints, and (5) tracking red knot males to their
nests with the aid of radio transmitters deployed to males;
birds were caught by luring them into nets with playback
of territorial male calls (van Gils et al. in prep). Incubation
stage was determined using a flotation test (Liebezeit et al.
2007). Shorebird broods were either detected visually (little
stints) or found by attracting males with playback of chick
calls (red knots) (Johnson et al. 2020). We registered the
location of nests and broods using handheld Garmin GPS
devices. The elevations were determined afterward from the
digital elevation model ArcticDEM. We tracked the fate of
the nests of shorebirds by revisiting them at least once, a
few days before expected hatching (based on egg floatation
curves). If the nest was not predated (indicated by empty
nests before the predicted hatch date), we revisited it again
on the expected hatching date to determine its ultimate fate.
Nests were considered to be successful when encountered
with one or more eggs hatched or when encountered empty
at or after the predicted hatching date but containing small
egg-shell fragments indicative of successful hatch. Although
our data appear to reflect the distribution of nests well, the
area around the camp and inside the arthropod sampling
grids may be over-explored compared to more remote areas,
which may lead to some bias, e.g., a less accurate estimate
of the preference score for red knots, which are distributed
further away from the camp. In combination with relatively
low detectability of red knot nests leading to overall low
sample size, it could lead to overestimation of the prefer-
ence score for the nesting sites at lower elevations and its
underestimation at higher elevations.
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Shorebird diet

In an earlier study (Zhemchuzhnikov et al. 2022), we deter-
mined the arthropods present in the diet of chicks of both of
the present study species, using a meta-barcoding analysis
on chick droppings. An important result from this previous
study is that crane flies Tipulidae and chironomid midges
Chironomidae form the most important part of the diet of red
knot (n=30) and little stint chicks (n=33), with red knots
mainly preying on crane flies (39.4%) and little stints eating
mostly chironomid midges (43.7%). Moreover, the fraction
of crane flies in the diet of chicks is negatively correlated
with the fraction of chironomid midges: Spearman corre-
lation test, r=— 0.59, p <0.0001 (Zhemchuzhnikov et al.
2022). We used the fraction of crane flies in the following
analyses.

Arthropod sampling

Arthropod abundance was measured from early June till
early August, using yellow round pitfall traps (&' =9 cm),
following Reneerkens et al. (2016). Traps were filled with
propylene glycol mixed with water in 1:1 ratio. The sampling
was conducted in large-scale grids (number 1, 2, and 3), with
grid 1 and 2 sampled in both years and grid 3 sampled only
in 2019. Within the area of grid 1, we also sampled in one
large-scale transect in 2019, and one small-scale transect in
both years (Fig. 1a). In general, traps were located partly at
low and partly at high elevations.

Large-scale grids consisted of ten traps each, distributed
as a grid of 33 traps at 400-m intervals, with the tenth
trap placed in a random location on one of the gridlines.
Along the large-scale 0.9-km transect, ten traps were placed
at 100-m intervals. Traps in large-scale grids and along the
transect were emptied at five-day intervals. The small-scale
100-m transect consisted of five traps, with 25 m between
them; traps in this transect were emptied every day between
18:00 and 21:00. For each trap, we recorded the elevation
using a handheld Garmin GPS device. In total, 427 and 536
samples were collected in 2018 and 2019, respectively. All
arthropods were extracted from traps, stored in ethanol, and
taken to the laboratory, where they were identified up to the
family level. For analyses, we totaled the number of chirono-
mid midges and crane flies per trap per day.

Lemming distribution

Two lemming species (Siberian brown lemming Lemmus
sibiricus and collared lemming Dicrostonyx torquatus)
occur in our study area, where the former is by far the
most abundant. No other rodents inhabit the area (Solo-
viev et al. 2018). One person, making daily trips with the
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purpose to cover the whole study area in both 2018 and
2019, recorded all lemmings encountered noting both
coordinates and the number of lemmings. From the coor-
dinates, we extracted elevation using the digital elevation
model as described above.

Statistical analyses

Statistical analyses were performed in R, version 3.5.3 (R
Core Team 2019) and MARK (White and Burnham 1999)
in combination with RMark (Laake 2013).

For analyzing the preferred elevations for shorebird
nests and brood-rearing locations, as well as the preferred
elevations on which lemmings and skuas reside, we used
the Ivlev index (Jacobs 1974). We calculated Ivlev index
for each elevation category as a difference between the
observed (O) and expected (E) proportional occupation
divided by the sum of the observed and expected propor-
tional occupation:

O-F

Wlevindex = ——
O+E

As our null-hypothesis was that organisms displayed
no elevational selection, we assumed the expected propor-
tional occupation to be equal to the available elevational
range within the study area (Fig. 1b). This index ranges
between 1 and — 1, with the value > O reflecting preference
and the value <0 indicating aversion. The residuals were
not normally distributed, hence, we used the Mann—Whit-
ney U test to evaluate the difference between elevations of
nest and brood-rearing sites and to compare the number of
lemmings encountered per day in 2018 and 2019.

We used beta regression models to analyze whether the
proportion of crane flies in the diet of shorebirds’ chicks in
2019 (response variable) could be explained by elevation
or species (little stint and red knot) as predictor variables.
We used variance inflation factor (VIF) to test for issues
with multicollinearity when running the model. VIF > 10
indicates major problems with multicollinearity (Myers
1986; Kutner et al. 2005; Chatterjee and Hadi 2006), yet
others state that values >4 (Fox 1997; Quinn and Holt
2008) or even > 2 (Graham 2003) indicate potential prob-
lems. We selected the approach with the cut-off level of
2, where the value of VIF equal or above 2 would indicate
issues with multicollinearity. In the model we tested, the
VIF for elevation and species was 3.12 and 3.06, respec-
tively. Therefore, we constructed a set of candidate models
excluding those models which contained both variables
simultaneously. Models were compared using Akaike’s
information criterion correcting for small sample size
(AIC,) (Burnham and Anderson 2002). Hierarchically,
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more complex models (i.e., models with additional param-
eters) within 2 AAIC, of the model with the lowest AIC,
were not considered informative/competitive (Arnold
2010).

We used linear multiple regression models to analyze
whether the number of chironomid midges or crane flies
caught per trap per day (response variable) could be explained
by elevation and year (2018 and 2019) as predictor variables.
We log transformed the response variables to satisfy the nor-
mality and homoscedasticity requirements. Then, we con-
structed a set of candidate models from all the possible com-
binations of predictor variables, including their interaction.
We selected the final model based on AIC, as described above.

Daily survival rate was analyzed using a nest survival
model in MARK (Dinsmore et al. 2002). We tested if the
daily survival rate (response variable) could be explained by
the elevation, year, and species (red knot and little stint) as
predictor variables. As indicated above, elevation and spe-
cies identity were highly correlated, and we did not consider
models that included both variables simultaneously. The
final full model included species or elevation, the interaction
of year and species or elevation, and year. We constructed
the set of eight candidate models from all possible combina-
tions of predictor variables, including the interactions. We
selected the final model based on AIC, as described above.
Only predated or successful nests were used in the analysis;
deserted nests or those with unknown fate were excluded.
For some of those nests, it was not possible to identify the
failure date, thus 173 out of 182 little stint nests and 14 out
of 16 red knot nests were used to estimate the daily survival
rate.

We used Pearson correlation to test (post hoc) if the ele-
vation preferences for the nesting sites in skuas correlated
with those in little stints and red knots and also with those
of lemmings. We excluded the elevations above 160 m a. s.
1. as no nests of shorebirds or skuas were observed there,
which indicates that this area was unfavorable for these birds
(Ivlev index = — 1.00).

Results
Distribution and elevation preferences of shorebirds

Over the entire study period, 227 little stint nests (116 in
2018 and 111 in 2019) and 18 red knot nests (12 and 6,
respectively) were found. As explained above, nests of little
stints are easier to find than nests of red knots, which prob-
ably explains the large difference in nests found for each spe-
cies. Data on little stint broods were not collected in 2018;
33 broods were located in 2019. A total of 75 (32 in 2018
and 43 in 2019) red knot broods were located. Little stints
had both their nests (median elevation 41.0 m [37.1-53.5 m])

and broods (46.1 m [39.0-54.9 m]) at lower elevations com-
pared to red knots (nests: 105.8 m [90.9-119.8 m], U test:
p<0.001, Z=- 6.17; broods: 123.1 m [101.2-138.6 m],
p<0.0001, Z=— 8.01). In 2018, brood-rearing sites of red
knots (124.1 m) were located at higher elevations than nests
(109.7 m, U test: p=0.034, Z=— 2.13). In 2019, elevations
of nesting and brood-rearing sites did not differ, neither for
little stints nor for red knots. (U test little stints: p =0.9129,
Z=-0.11; U test red knots: p=0.2868, Z=— 1.10; Fig. 1c
and Fig. 1d).

Little stints seemed to prefer lower elevations for both
placing nests and rearing chicks, as shown by a positive
preference score for elevations between 20 and 60 m (Ivlev
index > 0.0, Fig. 2a, b). The maximum preference score for
nesting was found at an elevation range between 20 and 40 m
in 2018 (Ivlev index =0.60, Fig. 2A) and between 40 and
60 m in 2019 both for nests (Ivlev index =0.52, Fig. 2b)
and broods (Ivlev index =0.55, Fig. 2b). Neither nests nor
broods of little stints were found above 120 m in any year
(Ivlev index = — 1.00, Fig. 2a, b). Red knots preferred eleva-
tions between 80 and 140 m for nesting (Ivlev index >0.0)
and between 100 and 160 m (with additional interval
between 180 and 200 m) for brood rearing in 2018 (Ivlev
index > 0.0, Fig. 2c¢). The highest preference was found at
an elevational range between 120 and 140 m for nests (Ivlev
index =0.54, Fig. 2c) and between 180 and 200 m for broods
(Ivlev index =0.72, Fig. 2c). We found that red knots pre-
ferred three elevation intervals as nesting sites in 2019 (Ivlev
index > 0, Fig. 2d): 40 to 60 m, 100 to 120 m, and 140 to
160 m, with the highest preference for the second one (Ivlev
index =0.56, Fig. 2d). The preferred elevations for broods
were between 80 and 160 m and between 180 and 200 m in
2019 (Ivlev index > 0.0, Fig. 2d), with the highest prefer-
ence for 140 to 160 m (Ivlev index=0.55, Fig. 2d). Neither
nests nor broods were found in the lowest (0 to 40 m) and
the highest (200 to 220 m) parts of the study plot (Ivlev
index =-1.00, Fig. 2C, d).

Shorebird diet and distribution of arthropods

The proportion of crane flies in the diet of little stints and
red knots was better explained by elevation than by species
and showed an increase in proportion of crane flies with
elevation (Table 1, Fig. 3). When analyzing the elevational
distribution of chironomid midges and crane flies, we
found that chironomid midges (the key food item for little
stints) were more abundant in lower areas (Figs. 2e, f). The
top-supported model (Table 2) included the interaction
of elevation and year, showing a more pronounced trend
in 2018 compared with 2019. Chironomid midges were
13.2 (2018) or 2.1 (2019) times more abundant at 40 m
than at 120 m (odds ratio). The abundance of crane flies
(the key food item for red knots) increased with elevation
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«Fig. 1 Distribution of shorebird and skua nests within the study area.
a Map of the study area with locations of little stint Calidris minuta
(green circles), red knot Calidris canutus (red circles), and skua Ster-
corarius spp. (black/gray circles) nests. The number inside each cir-
cle indicates the year when the nest was found. Yellow squares show
the grids in which arthropod abundance was sampled, with grid 1,
including the location of the study camp and both sampling transects.
Grid 3 was only sampled in 2019. The UTM coordinate system (zone
47) is used for specifying the location of the map and objects. The
location of the study site in the Arctic is shown on the inset in the top
right corner. b Distribution of elevations inside the study area. c—e
Elevational distribution of nests (circles) and broods (triangles) of lit-
tle stints (c¢), red knots (d), and skuas (e)

Fig.2 Preference score of 2018
shorebirds shown for different 1.0] little stint
elevations, in relation to the
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across elevation gradient. For
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(Figs. 2e, f). The top-supported model explaining the
abundance of crane flies included the effect of elevation
and year (Table 2), but not the interaction, with crane flies
being 3.6 (in 2018) or 6.3 (in 2019) times more abundant
at 120 m compared with 40 m (odds ratio).

Distribution, elevation preference, and abundance
of lemmings

The total number of lemmings observed was 30 specimens

during 50 field days in 2018 and 226 specimens during
38 field days in 2019. The majority of these rodents were
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Tablg T Overview of o Model predictors k logLik AlC, AAIC, ; R?

candidate models explaining

the proportion of crane flies Elevation 56.463 —106.505 0 0.591 0.26

Zﬁgiﬁfg;"cﬁilffces of Species 3 54.839 ~ 103257 3.248 0.116 021
Intercept 50.980 -97.7523 8.753 0.007 0.00

k the number of parameters included in the model, logLik the log-likelihood, AIC, the Akaike Information
criterion corrected for small sample size, AAIC, difference in AIC, between the candidate model and the
best model, @, model weights, R? the pseudo R-squared. The top-supported model is marked in bold
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Fig.3 Dependence of the proportion of crane flies (measured as rela-
tive number of reads, see Zhemchuzhnikov et al. 2022) in the diet of
the chicks from the elevation, where sample was collected

Siberian brown lemmings (100% of all identified lemmings
in 2018 and 97.3% in 2019). Corrected for the number of
field days, the abundance of lemmings was lower in 2018

with 0.0 median encounters per day (quartiles: 0.0-1.0)
compared with a median number of 2.0 encounters (0.3-8.5)
in 2019 (U test, p<0.0001, Z=— 4.47, Fig. 4c). The mean
number of encounters per day was 0.6 in 2018 and 5.9 in
2019, and the maximum number 3 and 28, respectively.
Lemmings were observed at a median elevation (inter-
quartile range) of 38.1 (28.8—48.0) m in 2018 and 38.1
(36.4-50.9) m in 2019 (Fig. 4a), with no difference between
the two years (U test, p=0.4340, Z=— 0.784). In both years,
the elevation preference score was positive for elevations
between 20 and 60 m (Ivlev index > 0.0, Fig. 4b) and nega-
tive for those exceeding 60 m (Ivlev index < 0.0, Fig. 4b).
The highest preference was found for elevations of 20 to
40 m (Ivlev index =0.58 in 2018, Ivlev index =0.66 in 2019,
Fig. 4b) and no lemmings were encountered above 80 m
in 2018 and above 100 m in 2019 (Ivlev index =— 1.00,
Fig. 4b).

Distribution and elevation preferences of skuas

In total, 113 (38 in 2018 and 75 in 2019) nests of skuas were
found during the study period, the majority of them being
pomarine skua nests (73.7% in 2018 and 93.3% in 2019). The
median elevation of nest sites was 38.1 (quartiles: 26.9-51.2)

Tablg 2 Overview of 5 . k logLik AlC, AAIC, o; R?

candidate models explaining

daily number of (A) chironomid (A) Chironomid midges

midges Chironomidac and Elevation X year 4 — 14.404 39.745 0.000 0.996 0.52

(B) crane flies Tipulidae per

trap (log-transformed) caught Elevation + year 3 —21.175 50.966 11.221 0.004 0.42

during the breeding period of Year 2 —31.059 68.483 28.738 0.000 0.25

shorebirds Elevation 2 -36.393 79.149 39.404 0.000 0.12
Intercept 1 —41.558 87.296 47.551 0.000 0.00

(B) Crane flies

Elevation + year 3 — 33.799 76.214 0.000 0.559 0.31
Elevation X year 4 —33.398 77.734 1.519 0.262 0.31
Elevation 2 —36.063 78.490 2275 0.179 0.28
Intercept 1 —47.980 100.140 23.925 0.000 0.00
Year 2 —47.153 100.671 24.456 0.000 0.01

k the number of parameters included in the model, logLik the log-likelihood, AIC, the Akaike Information
criterion corrected for small sample size, AAIC, difference in AIC, between the candidate model and the
best model, m; model weights, R? the adjusted R-squared. The top-supported model is marked in bold
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Fig.4 Distribution, elevation
preference, and abundance
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m in 2018 and 39.8 (33.0-51.7) m in 2019 (Fig. le). In both
years, the elevation preference score was positive for ele-
vations between 20 and 60 m (Ivlev index > 0.0, Fig. 4d)
and negative for the sites located higher than 60 m (Ivlev
index < 0.0, Fig. 4d). The highest preference was found for
elevations of 20 to 40 m (Ivlev index =0.64 in 2018, Ivlev
index=0.59 in 2019, Fig. 4d) and no nests were found above
120 m in either year (Ivlev index =— 1.00, Fig. 4d).

Overlap of elevational ranges

In the elevational range between 0 and 160 m (thus n=16),
little stints showed a positive correlation with skuas in
their preference for nesting habitats in both years (Spear-
man correlation R=0.90, p=0.0021 in 2018 and R=0.81,
p=0.0150 in 2019, Fig. 5a, b). Correlation in nest site
preference between red knots and skuas was not significant
(Spearman correlation R=— 0.45, p=0.2600 in 2018 and
R=-0.33, p=0.4300 in 2019, Fig. 5a, b). In the eleva-
tion range between 0 and 160 m (n=16), lemmings’ habitat

preferences showed a positive correlation with skuas’ prefer-
ences for nesting habitats in both years (Spearman correla-
tion R=0.94, p=0.0004 in 2018 and R=0.96, p=0.0001 in
2019, Fig. 5a, Fig. 5b).

Shorebird nest predation

The sample included 84 nests of little stints (56.0% pre-
dated) in 2018 and 98 (39.8% predated) in 2019 and 10
nests of red knots (20.0% predated) in 2018 and 6 (0.0%
predated) in 2019. The top-supported model included the
effects of year and species on daily survival rate, eleva-
tion was not included (Table 3, Fig. 6). Based on the top-
supported model output, irrespective of the study year,
daily survival rate of little stint nests was lower than that
of red knot nests. In both shorebird species, daily sur-
vival rate was lower in the year with a lower lemming
abundance (2018) than in the year with a high abundance
of these rodents (2019). Based on the function param-
eters of the best model, the daily survival rate of little
stint nests was 0.928 (95% CI: 0.905-0.946) in 2018 and
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Fig.5 a, b Correlation between
elevations preferred by skuas
Stercorarius spp. (nesting), by
shorebirds (nesting), and by
lemmings in 2018 (a) and 2019
(b). Green circles indicate the
preference score of skuas versus

2018

little stints Calidris minuta, red
circles indicate the preference
score of skuas versus red knots
Calidris canutus, and small
white circles indicate the prefer-
ence score of skuas versus lem-
mings. Lines represent linear
regression. Significant correla-
tions are shown by solid lines;

non-significant correlations are

preference score of skuas, Ivlev index

shown by dotted lines -1.0 -0.5 0.0 0.5 .—1 .0 ‘—0.5 0..0 0.5
preference score of shorebirds/lemmings, Ivlev index
© skuas / red knot
@ skuas / little stint
QO skuas / lemmings
Table 3 Over.vilew of'candidate Model predictors k logLik AIC, AAIC, i deviance
models explaining daily
survival rate of shorebird nests.  year 4 species 3 - 181.325 368.665 0.000 0.603 362.7
Predictors are presented by Year x species 4 — 180.769 369.562 0.897 0.385 361.5
binary variables year—2018
or 2019 and species—the little Species 2 — 186.328 376.663 7.998 0.011 372.7
stint Calidris minuta or the Year + elevation 3 —187.124 380.247 11.582 0.001 374.2
red knot Calidris canutus and Year X elevation 4 - 187.015 382.030 13.365 0.000 374.0
continuous variable elevation Year 2 — 189.708 383.423 14.758 0.000 379.4
Elevation 2 —190.995 385.991 17.325 0.000 382.0
Intercept 1 - 193217 388.436 19.772 0.000 386.4

k the number of parameters included in the model, logLik the log-likelihood, AIC, the Akaike Information
criterion corrected for small sample size, AAIC, difference in AIC, between the candidate model and the
best model, ®; model weights, and the deviance (log-likelihood multiplied by -2, minus the -2 log-likeli-
hood value of the saturated model, lower values indicate better model performance). The top-supported

model is marked in bold

0.963 (0.950-0.973) in 2019. The daily survival rate of
red knot nests was 0.990 (0.962-0.998) in 2018 and 0.995
(0.980-0.999) in 2019 (Fig. 6). We did not find support
for a significant effect of interaction between species and
year (Table 3).

Discussion
We show that nesting and brood-rearing little stints dis-

played a preference for lower-lying valleys in an Arctic
tundra ecosystem, whereas red knots preferred slopes at

@ Springer

higher elevations. From a bottom-up perspective, eleva-
tional preferences put these species into areas with dif-
ferent arthropod communities, and we find that diet dif-
ferences between species indeed correlate with elevation.
From a top-down perspective, little stints share their habi-
tat with lemmings and skuas. Although we did not directly
measure predation risk, this could explain lower nest sur-
vival compared to red knots, especially in the years with
a low abundance of lemmings (conceptualized in Fig. 7).

The fact that, in both species, nests and broods were
located at similar elevations suggests that nests could be
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Fig.6 Daily survival rate of little stint Calidris minuta (green) and
red knot Calidris canutus (red) nests in 2018 and 2019. The estimates
(95% CI) are based on the real function parameters of the best model

placed in habitats that is favorable for chicks. Food avail-
ability is of great importance for growth and survival of
chicks (Schekkerman et al. 2003; Lameris et al. 2022), espe-
cially after hatching and during the first week of their life. In
this period, chicks are brooded by their parents ca. 50% of
the time (Tulp et al. 2009), thus restricting the time during
which the chicks can forage and thus demanding relatively
high food densities. In our study area, at least red knot chicks
did not move to places located at different elevations during
the brood-rearing period, as shown by no change in elevation
for recaptured broods. This suggest that either the nesting
habitat was also suitable for raising offspring or that trave-
ling with broods up or down was too costly. At the same
time, it has been shown that shorebird chicks can cover fairly
long distances (Schekkerman et al. 1998). Preferences for
specific prey items may be explained by the morphometry of

bird species, e.g., relatively large red knots feed on a larger
prey such as crane flies and therefore select breeding habitats
in which these insects are abundant. This is in agreement
with the results of previous studies in adult shorebirds, in
which a positive correlation between the body size and the
prey size was shown (Holmes and Pitelka 1968; Baker and
Baker 1973; Baker 1977). As our data is mainly correlative,
the reverse causal relationship cannot be excluded, i.e., it
might be that diet composition is determined by the spatial
distribution of birds rather than the bird distribution being
driven by their diet preference (Andreeva and Tomkovich
1992).

Furthermore, nest site selection may also be optimized for
foraging opportunities of incubating adults, which may be
especially important for little stints. In the little stint, only
one of the parents incubates the clutch, and the incubating
parent needs to find enough food during short foraging trips
in close vicinity of the nest (Tulp and Schekkerman 2006).
Longer foraging trips are hampered, as the eggs need regular
incubation in order to hatch successfully. In contrast, red
knots shift incubation duties roughly every 14 h (Bulla et al.
2016), which allows parents to spend enough time in search
of food and to travel to favorable foraging areas, even if these
are located fairly far from the nest. In addition, other factors
related to optimal incubation conditions, e.g., the selectiv-
ity for thermally favorable nesting microhabitats (Tulp et al.
2012), may also explain differences in nest site selection
(Smith et al. 2007; Cunningham et al. 2016; Meyer et al.
2021).

Besides lower elevations providing more chironomid
midges as prey for chicks, little stints also share their lower
elevational habitat with lemmings and skuas. Although we
did not directly measure predation danger, this may partly
explain why little stints were subjected to lower nest survival

| 2018

2019

high tundra

low tundra

lem

Fig.7 Proposed food web interactions between avian predators,
shorebirds/lemmings, and arthropods in lemming-poor (2018) and
lemming-rich (2019) years. The width of the arrows indicates the pro-
posed interaction strength. Skua skua species Stercorarius spp., ReKn

red knot Calidris canutus, LiSt little stint Calidris minuta, lem lem-
mings, Tip crane flies Tipulidae, Chi chironomid midges Chironomi-
dae. Low low wet part of the tundra, high high dry part of the tundra
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compared to red knots in our study area. Video recordings
of artificial nests at our study site show (A.B. Popovkina,
unpublished data) that in both years most artificial nests
were predated by pomarine skuas and other avian predators
(other skua species and gulls), rather than by arctic foxes.
In the presence of lemmings, predators in Arctic ecosys-
tems feed primarily on these rodents, but opportunistically
predate shorebird eggs and chicks (Larson 1960; Underhill
et al. 1992; Summers et al. 1998). In our study area, lem-
mings were concentrated in lower-elevation habitats along
the streams, which confirms the earlier findings for Lemmus
sp. (Morris et al. 2000; Dupuch et al. 2014). Assuming that
the distribution of predators across the landscape mirrors
that of their main prey, the habitat preference of lemmings
also increases the chances that the predators would find a
shorebird nest at lower elevations, even if only accidentally.
This may increase predation danger for little stints, while
red knots may experience a much lower predation danger
due to their preference for higher-elevation habitats. The
little stint is also the most abundant species in our study
area with the nest density of up to 40 pairs per km? at low
elevations (Soloviev et al. 2018). In fact, in years with a
low abundance of lemmings, the high nesting density of
shorebirds in lowland areas may become attractive to skuas
and, possibly, Arctic foxes. In contrast, the higher eleva-
tions with lower nest densities of red knots and possibly
other shorebirds could function as a ‘partial refuge’ to which
predators are not attracted, although the lower nest densi-
ties might be affected by our ability to detect nests of red
knots. Importantly, we recognize that our sample size is
small, especially for red knot nests, and that elevation and
shorebird species cannot be properly disentangled, and as
such our conclusion on the causality of predation rates is
speculative to some extent. Furthermore, differences in lit-
tle stint and red knot behavior during the incubation could
partly explain the differences in daily survival rate of their
nest (Smith et al. 2012; Meyer et al. 2020). Red knots have
a biparental breeding strategy and during incubation rely
on their camouflage to stay put on their nest until a poten-
tial predator has approached to less than 1 m (Whitfield &
Brade 1991). In contrast, little stints are uniparental breed-
ers and fly off from their nest from a further distance upon
approach of a predator, potentially increasing the predation
danger. In our study area, lemming abundance was higher in
2019 than 2018 (Fig. 4c). As such, predation rate of shore-
bird nests was much lower in 2019 compared to 2018 for
both red knots and little stints (Fig. 6). The higher predated
rate in 2018 seemed even more pronounced for little stints
(Fig. 6), although the interaction of species and elevation
was not present in the best model. Years with an extremely
low abundance of lemmings have been shown to have a dra-
matic effect on the breeding success of shorebirds, especially
in combination with unfavorable weather conditions, when
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the nest failure rate may reach 90—-100% (Tomkovich 1998).
Besides differences in lemming abundance, our study years
also differed in abundance of arthropods, with more chi-
ronomid midges in 2018 and more crane flies in 2019. Such
differences could be explained by weather conditions, with
2018 being a colder year with more precipitation with wetter
conditions potentially benefitting emergence of chironomid
midges from water bodies, yet colder conditions possibly
having a negative effect on emergence of crane flies where
the larval growth is affected by temperature (MacLean Jr,
1973).

In this study, we describe the spatial position of little stints
and red knots in the tundra food web, both from a top-down
and a bottom-up perspective and suggest that these are related
to shorebird diet and survival. The availability of key food
items for chicks is related to their diet, and we find that both
availability of different arthropod species as well as diet
changes with elevation. It is not possible to disentangle cause
and effect, so this could suggest that shorebirds either select
elevations according to their diet or change their diet follow-
ing availability of local arthropod prey at the elevation of their
selected breeding site. Either way, the difference in the eleva-
tional distribution of shorebird nests impacts their relation-
ships with predators. Skuas and, possibly, arctic foxes search
for food in the lower, lemming-rich habitats and, therefore, are
expected to predate primarily the nests located at the lower
elevations. Thus, lowland-dwelling species may experience a
higher predation rate, while those occupying nesting sites at
higher elevations may stay in relative safety.
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