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Abstract

In the Northern Norway tundra, willow thicket along river valleys create
a more productive environment than the surrounding open tundra and host a
rich community of bird species by providing food, shelter from predators and
nesting site. The state of Arctic ecosystem is expected to undergo long-term
changes due to opposite effects of climate change and herbivory pressure. It
is also the background of a large natural temporal variability in small rodent
population cycles and date of onset of spring. This study aims at evaluating
the status of the riparian bird community and at investigating the effects of
temporal variation in rodent abundance and onset of spring on the growth
rate of bird species.

Bird abundance was recorded in the Varanger Peninsula, during seven
years over the period 2005-2016, using a spatially and temporally repeated
point count sampling method. A hierarchical model (the generalised N-
mixture model of Dail and Madsen) is used to estimate the abundance
and growth rate while taking into account the detection probability of the
recorded species. The effects of spatial and temporal variables on abundance,
detection probability and growth rate are estimated through the inclusion of
environmental covariates in the model.

Two species, the rough-legged buzzard and the willow grouse had a neg-
ative population trend, to the point of reaching local extinction. No other
species exhibited discernible population trends, despite the general loss of
total abundance, species richness and occupancy of the bird community. No
clear long-term change in the onset of spring or the rodent abundance was
found, but a few species were found to benefit from an earlier onset of spring
or from higher rodent densities.

This indicates that the studied bird community is generally getting poo-
rer. However, if long-term environmental changes happen in accordance to
climatic predictions, spring events will occur earlier, rodent cycles might
dampen and the shrub thicket habitat could gain in areal extent. Thus,
species will probably show differential responses to these environmental chan-
ges. Species able to adapt their phenology to future temporal changes, species
that already benefit from earlier onset of spring and species with a low level
of habitat or diet specialisation will be expected to perform better than other
less adaptable species.

This study provides more insight in the status of the bird community
associated with the low-Arctic riparian willow thickets by revealing the vir-
tual local extinction of two species in the studied region and the general
impoverishment of the community. Longer-term monitoring will be needed
to observe clear trends in the population of other species and to determine
the effects of environmental changes on the bird species.
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1 Introduction

1.1 The importance of population monitoring

The past decades have been the stage to changes in the ecosystems and
biodiversity. Since 1970, most of the sources of pressure on biodiversity
(pollution, invasive alien species, over-exploitation, climate change impacts)
have been increasing [4]. Climate tends to become less predictable with an
increased weather variability and a higher frequency of extreme events [25].

Indicators of the state of biodiversity (species population trends and ex-
tinction risk, community composition, habitat condition) have showed a gen-
eral loss of biodiversity worldwide [4].

Negative trends in abundance have been observed for vertebrates and
habitat-specialist birds, along with the reduction and deterioration of habi-
tats such as forests, mangroves or coral reefs [5].

Species of vertebrates, amphibians, insects and plants have also shown
changes such as northward and upward shift in range and earlier onset of
spring events (flowering and budding, larvae hatching, migration and/or
breeding timing) that are consistent with the predictions of climate change
impacts [28].

In such a changing environment, monitoring of species is required in or-
der to keep track of biodiversity responses to environmental changes and to
understand how dynamic ecosystems and food-webs react and adapt.

1.2 Climate change and temporal variability in the
Arctic

The polar region seem to be more severely affected by climate change
than other regions [19]. Because minimum temperatures increase twice as
fast as maximum temperatures, the global temperatures are rising, leading
to longer periods above freezing levels, and a reduction of the snow cover and
sea ice extent [43]. Consequences of such changes are already observable and
are expected to increase in the future, with shifts in the geographical ranges
of northern species towards higher latitudes and altitudes, range expansion
of more warm-adapted species and more frequent outbreaks of pest species,
shrub encroachment of open tundra, and phenological changes [27, 25, 17].

Arctic ecosystems are also characterised by a high seasonality. Due to
their high latitude, they experience periods of constant sunlight or absence
of sun. The climate is colder and harsher than in most other biomes on
Earth. The growing season is condensed in the few sunlit months or weeks



in summer and the ecosystems are generally less productive than more tem-
perate systems. Many species are only active throughout these few summer
months, due to dormancy (plants and insects) or migration (most birds).

Onset of spring seems to be advancing, and this can be critical for a system
where the growing season is so narrow. Many species are thus adapted to
a specific timing of events (e.g., migratory birds and their date of arrival
on the Arctic breeding ground, or their laying date) and might experience
mismatches and difficulties if the environment timing changes [27]. Other
species are constrained by this narrow growing season and might benefit
from an earlier spring, by having a longer period of food availability, by
being able to breed twice consecutively, or by being able to colonise higher
latitude than their usual range [41].

Birds’ migratory behaviour has been shown to be of importance in this
context. By spending a part of their yearly cycle away from their Arctic
breeding ground, migratory birds can experience difficulties tracking the
abundance of food or the habitat condition [25]. Climate change can lead
to changes in the phenology of insects and vegetation, potentially leading
to mismatches between a migratory bird and its source of food, because the
phenology of the bird often depends on different cues and triggers than the
phenology of their food source. Long-distance migrants often show different
intensity of population decreases than short-distance migrants and resident
species, but it is unclear which strategy is the most vulnerable [35, 22]. Diet
can also be hypothesised to be of importance, especially if the case of pheno-
logical mismatches arises [25]. The most successful species are expected to be
the species with the broadest diet, capable to switch to alternative prey, and
species that are able to adapt their phenology to a changing environment. It
is unclear yet what the results of climate change are on migratory bird species
as a whole and it is likely to depend on a combination of several factors (e.g.,
inter-specific interactions such as predation, intrinsic specific ability to adapt
phenologically, additional environmental conditions and disturbances).

Another characteristic of most Arctic terrestrial regions is the presence of
a guild of small rodents considered as key species in these ecosystems. Indeed,
they are both a favoured prey to many mammalian and avian predators, and
an herbivore having a substantial effect on the vegetation, placing them at
the core of most Arctic food webs. They also typically exhibit large year-to-
year fluctuations in population abundance, following regular cycles that are
synchronous among species and over large regions. These cycles are shown
to be the driver of population cycles in other species through direct trophic
link or indirect effects such as facilitation or competition [14, 15]. In the
recent decades however, these cycles have been dampening and getting more
irregular in many regions, possibly due to warmer winter climate [11]. The
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consequences of the loss of these cycles on the whole ecosystem are heavily
studied, but are still unclear for the most part.

Such within- and between-year variability in environmental conditions
makes the Arctic tundra a highly dynamic system that calls for long-term
monitoring in order to differentiate between the natural temporal variability
inherent to the ecosystem and the potential presence of long-term trends in
population abundance or environmental characteristics.

The COAT project (Climate-Ecological Observatory for Arctic Tundra),
is a large-scale, long-term, food-web based, adaptive monitoring program
aiming at tracking changes and identifying trends in Arctic systems [17]. One
of the study region of COAT is the Varanger peninsula in Northern Norway.
Its location at the transition between tundra and boreal forest makes it a
critical region to study the impacts of climate change on the state of the
vegetation and the status of animal species [17].

1.3 The Varanger Peninsula ecosystem

The Varanger peninsula presents a typical low-Arctic tundra ecosystem,
with open areas of dwarf shrubs, and more productive areas along river val-
leys, with lush meadows and thickets of tall willow shrubs [39, 17]. These
thickets create productive hotspots of biodiversity by providing food, shelter
from predator and breeding habitat for many bird species.

The height and areal extent of these thickets positively affect the bird
species abundance, occupancy, and the community richness [12], and even
species typically found in open tundra habitat benefit from the presence of
an intermediate level of thickets [16]. Predictions for the future of the Arctic
tundra under climate change conditions indicate an increase in shrub extent
leading to an enrichment of the bird community. However, if herbivory from
reindeers and rodents leads to a decreased shrub cover, the bird community
is likely to loose species and species-specific abundances [12].

However, given the high cyclic nature and temporal variability of this
system, it is likely that the temporal variation will have an effect on the
bird community dynamic. High variability of environmental variables and
their effect on bird species can also give an indication of the future changes
that can be expected in the community, if environmental changes lead to
durable trends in these variables. Most of the variability observed in the
Arctic tundra can be attributed to the date of spring (directly impacting
the phenology of insects and plants) and rodent cyclic dynamic (directly
impacting the vegetation and the guild of predators). It is yet unclear how
the natural temporal variation underwent by these ecosystem affects the bird



community and what the effects of modified dynamics in these environmental
conditions might be.

1.4 Aims and predictions

This study aims to (i) investigate the changes in abundance of this low-
Arctic bird community and the possible presence of temporal trends and (ii)
evaluate the effect of environmental temporal changes in rodent abundance
and onset of spring on the bird species growth rate.

According to previous studies, long-distance migrants are expected to
have a globally lower growth rate than short-distance migrants and resident
species, and to be more sensitive to the onset of spring than species wintering
closer to the Arctic breeding grounds. Species associated with tall shrub are
expected to perform generally better than strictly open-tundra species in a
context of Arctic climate change and range expansion of more boreal species.
Rodent population cycles are known to affect a large part of the ecosystem,
but it is unclear how the riparian bird community is affected by this temporal
variability. Species with a broader diet are predicted to perform better than
more specialised species if phenological mismatches are occurring.
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2 Material & Methods

2.1 Study Area

Geography and vegetation

The study took place in the Varanger Peninsula (Northern Norway), over
three regions located at similar latitudes (between 70°15’N and 70°25'N) :
Ifjord (IF), Komag (KO) and Vestre Jakobselv (VJ) (Figure 1). In each
region, one or two river valleys with sections of tall shrub thickets were
selected. Along these valleys, we determined sampling points (8 to 9 per
region - 25 in total) at locations presenting varied levels of shrub areal extent
and fragmentation.

According to the Circumpolar Arctic Vegetation Map classification, this
area belongs to the southernmost edge of the bioclimatic sub-zone E “Arctic
shrub sub-zone”. This sub-zone is characterised by a thick moss layer (up to
10 cm), a dwarf-shrub or herbaceous layer (up to 50 cm) and sometimes a low-
shrub layer (up to 80 cm) [42, 39]. However, due to micro-topography and
its impact on temperature gradient, water drainage and snow accumulation
patterns, river valleys are often more productive than the surrounding flat
open tundra and are thus able to accommodate lush meadows and tall shrubs
(mainly willow Saliz and sometimes alder Alnus) up to 2 meters [17].

Willow thicket structure

The willow thicket structure of each sampling point is described by three
variables measured in 2006 in Henden’s study [12]. Willow area is determined
from aerial photographs (pixel resolution = 20 c¢m) as the percentage of
ground covered by willow in a 200x200 meters quadrat centred on each
sampling point. To assess the height and density of the thicket, a 15-meter
interval that includes the sampling point was set along the border between
the thicket and the meadow. At four points along this interval, a stick was
placed vertically 1 m inside the thicket. At each stick, the tallest branch
in a 20-centimetre radius circle is measured, and the number of hits with
leaves and secondary stems and branches is recorded, following a modified
point-frequency method. The willow height and willow density variables are
calculated as the average value over each of the four respective measurements.

No new measurements have been done since 2006, but no discernible
changes have been visually observed during the study period. These variables
show a high overlap over the three regions [12] and they are only slightly
correlated, with Pearson’s product-moment correlations —0.13 < r < 0.22.
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Figure 1: A)) Map of the Varanger Peninsula (Northern Norway) and location
of the three studied regions. B), C) and D) Maps of the studied regions
Ifjord (IF), Komag (KO) and Vestre Jakobselv (VJ) respectively. The black
dots indicate the location of the sampling points along the river valleys.
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Rodent abundance

Three main species of small rodent inhabit the Varanger Peninsula: the
tundra vole (Microtus oeconomus), the grey-sided vole (Myodes rufocanus)
and the Norway lemming (Lemmus lemmus) [17]. The COAT Team [40] col-
lected rodent abundance by snap-trapping, in accord with the small-quadrat
method [24]. A total of twelve traps is placed at each sampling quadrat, with
three traps being placed within a 2-meter radius of each corner. The traps
are baited with oat flakes and raisins, and placed in front of holes or along
rodent runways.

Trapping occurred twice a year, at the beginning of summer (late July
from 2005 to 2008, early July since 2009) and at the beginning of autumn
(end of August to beginning of September), to the exception of one site in
Ifjord where the rodent trapping was discontinued after 2008. In each season,
two consecutive trap-nights are carried out and the traps are checked after
each night (and reset if a rodent was caught during the night). The number
of catches per site is summed over all three species to give a total rodent
abundance variable.

Omnset of spring

The date of the onset of spring was calculated by T. Tveraa in accor-
dance with the method described in [41]. Using remote sensing data col-
lected from the MODIS platform (http://modis-land.gsfc.nasa.gov/vi.html),
the Enhanced Vegetation Index (EVI) was obtained as a 16-day composite.
The EVI provides an index of plant productivity, and is calculated from sur-
face reflectance as explained in the Equation (1) of the previously mentioned
article. Its value increases over the year while the snow melts and the plants
bud, and decreases later when leaves are shed and snow covers the vegetation.
The evolution of EVI over a year for any given pixel is formulated in Equation
(2) of Tveraa’s study. For a given pixel, S is defined as the date during spring
where the midpoint between the minimum and the maximum estimated val-
ues of EVI over the year is reached, such as EVI(S) = (EV], 0 —EV1ui,)/2,
and is considered to be the onset of spring. (Note that a second date A
presents the same value during the autumn). The onset of spring variable
for a given year and region is the average of S over all selected pixels in the
region. Only good quality pixels of vegetation were used, clouded pixels and
pixels corresponding to barren areas or large bodies of water were removed.
The number of days after spring variable is calculated for each sampling oc-
casion as the difference between the sampling day and the day of spring of
the corresponding year and region.
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2.2 Study Species

Species and ecological traits

Sixteen bird species were included in this analysis. The majority were
passerines (Passeriformes), with the exception of one species belonging to
the order Accipitriformes (B. lagopus), one to the Galliformes (L. lagopus),
and three to the Charadriiformes (C. temminckii, P. apricaria and S. longi-
caudus) (Table 1). Other species such as ducks, crows or waders were occa-
sionally observed but were not included in this study because they were most
likely incidental. The selected species rely strongly on the studied habitats
(riparian willow thickets and surrounding open tundra) for foraging and/or
nesting.

One additional species, the reed bunting (E. schoeniclus), was originally
included in the analysis, but due to the extreme sparsity of its counts, the
model did not converge. It was thus removed from the study, despite its
affiliation to shrub thickets and the fact that it is present in the area.

All species are classified as Least Concerned on the IUCN website, except
for A. pratensis and T. iliacus that are classified as Near Threatened since
2015 under the population size decline criterion [18].

Table 1 also shows the favoured strategy of each species for three eco-
logical traits: “migration”, “diet” and “habitat use”. The classification was
done in accordance to information found in natural history databases such
as the International Union for Conservation of Nature (IUCN) Red List of
Threatened Species [18] and the Handbook of the Birds of the World Alive
8].

The “migration” trait refers to the distance of migration underwent bian-
nually, during spring and autumn. Long distance migrants (N = 6 species)
winter in Sub-Saharan Africa or occasionally in southern or eastern Asia,
while short-distance migrants (N = 10) winter in Europe, northern Africa
or central Eurasia [35]. Species that are resident or for which, during a cold
spell, all or parts of the population migrates altitudinally or a few hundred
of kilometres only, were grouped with the short-distance migrants.

The “diet” trait describes the favoured food source during breeding sea-
son. Insectivores (N = 10 species) mostly prey on invertebrates such as
insects and spiders. Herbivores (N = 3) mainly feed on leaves, buds, fruits
and seeds. Carnivores (N = 2) mostly prey on small mammals and occa-
sionally on bird eggs and carrion. One species (7. pilaris) was classified as
omnivorous because of its mixed diet of plants and insects.

The “habitat use” trait designates the favoured breeding habitat. Open
tundra species (N = 8 species) nest on the ground in the low vegetation of
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open areas. Willow ground-breeding species (N = 4) nest on the ground as
well, among the vegetation or between rocks, but under the shelter of tall
shrubs. Willow canopy-breeding species (N = 4) build their nest as a cup of
vegetation placed high in the willow branches.

The issue of imperfect detection

When studying natural populations of animal species, the issue of im-
perfect detection arises. Relying on a simple counting method to assess
abundance would assume that the detection probability p is perfect (p = 1),
constant over time (p; = pi+1) and space (p;x = pj+ for sampling locations
i and j), and in the case of a community-level study, similar among species
(pa = pp for species A and B). These assumptions could however be easily
violated in many natural situations [21]. Indeed, in order to detect an indi-
vidual, two conditions must be met: (i) the individual must produce a signal
and (ii) the signal must be perceived by an observer. The variability of de-
tection probability is due to a combination of factors affecting either or both
of these conditions. In such a wooded habitat, most of the detectable signals
will be aural rather than visual 7], hence the production of a signal is mostly
determined by the singing rate, which depends on species, time of day, time
of year, habitat, proximity to the observer, and intra-specific differences such
as breeding stage, social status and health [1, 44, 23]. Then, the detection of
this signal mostly depends on the distance between the observer and the bird,
which further interacts with background noise, structure of the vegetation,
song’s intensity and frequency and differences within and between observers
in aural acuity and experience [1, 38, 26, 12, 7, 36, 3]. It is consequently
almost impossible to count all the individuals present in a given area, or
even to be certain of the proportion of individuals that was accounted for.
Acknowledging the complexity of factors determining the detection proba-
bility of an individual, it seems evident that using raw counts can lead to an
underestimation of the true abundance in most situation [30, 21] (however,
some study find no improvements of estimates from the inclusion of detection
probability [2]). Thus, it will be beneficial to take the probability of detec-
tion into account in the sampling process (section 2.3) and in the subsequent
data analysis (section 2.4).

2.3 Study Design

Several methods have been developed in the past decades to estimate
abundance and the probability of detection simultaneously, such as capture-
mark-recapture methods, removal sampling, distance sampling and multiple
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observers sampling. These methods can be very informative, but also difficult
to implement in the field, especially for large-scale studies : they are costly in
time and effort, and are not always adequate for rare species yielding mostly
small or null site-specific counts [21, 33]. We used the repeated point count
method which is already widely used in bird surveys (e.g., Swiss National
Breeding Bird Monitoring Program, North American Breeding Bird Study,
Great Backyard Bird Count). It is fast and easy to use, applicable to large-
scale studies, it requires almost no disturbance to the studied species and
the surrounding habitat, and, when coupled to an adequate data analysis
method, it allows to estimate explicitly the detection probability and to have
a good precision of abundance estimates even for rare species [34]. This
method is based on the principle of spatially and temporally repeated counts.
For each sampling occasion (¢t = 1, 2, ..., T) at each site (1 = 1, 2, ...,
R), the number of unique individuals detected is recorded as n;, giving a
matrix of observed counts that comprises many zero and small counts [6] due
to small site-specific population size and low detection probability [34, 33].
Considering the overall population as a ”meta-population” constituted of
each site’s ”sub-population” allows to deal with the sparsity of the data [9].

In practice, upon arrival at a sampling point, the observer waits 10 to
15 minutes for the wildlife to settle back to a less disturbed state, then
records all unique individuals seen or heard in a 100 meters radius area,
during a 15-minute sampling period. Sampling is repeated spatially over the
sampling points defined previously (Section 2.1) and temporally over three
replicates for each sampling year (2005-2008, 2010-2011, 2016). Sampling
occurred during two to three consecutive days (cf. Supplement S2 for detailed
numbers of replicates per plot and per year) in early July, during the hours
considered to be of peak activity for birds in the arctic summer (19:00-23:00
and 01:00-08:00), and in similar weather conditions (little to no wind and
rain) [40]. The river valleys are followed in both direction successively, in
order to induce an inconsistency in point sampling order, and because true
randomisation would be impractical due to the great distance between the
sampling points. The sampling was done by two experienced observers (R.A.
Ims and G. Vie) over the whole study period!.

2.4 The generalised N-mixture model

Data obtained from such spatially and temporally repeated counts are
currently best analysed with hierarchical models that take into account two

!during my fieldwork period in the summer of 2016, I did the sampling in Vestre
Jakobselv along with G. Vie, but I preferred to consider this as a training and to keep
observer consistency by using Vie’s data for the analysis.
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processes : (i) the state process, determining the true abundance N; at a site
i and (ii) the detection process, determining the observed counts n;, which
are always only a subset of N; [9]. The true abundance is always latent,
it cannot be observed directly because it is only seen through the filter of
imperfect detection.

Royle [34] developed a class of hierarchical models (N-mixture models)
aimed at analysing data from repeated-point count sampling. However, this
model assumes population closure, i.e. no birth, death or migration can oc-
cur within the overall population during the whole study period, such as
Niy = Nj1q for any site ¢ at any time ¢ during the study period. It can be
useful in many situations (e.g., when the study focuses on the estimation of
the total abundance or when the study period spans a single breeding sea-
son) but when temporal effects have to be studied, the sampling period will
naturally extend over several breeding seasons and the population closure
assumption will be violated. The generalisation of this model by Dail and
Madsen [6] accommodates for N;; # N;11, which allows the study of open
meta-populations, the estimation of population dynamic parameters (coloni-
sation and extinction rates, growth rate) and the investigation of temporal
trends in abundance. This model assumes that (i) individual detections are
independent, (ii) all individuals of the same species have the same detec-
tion probability at a given site i and sampling occasion t, and (iii) sites are
independent.

In accordance with the sampling process described in the previous section,
Rsites (i =1, 2, ..., R) are sampled on T occasions (t =1, 2, ..., T). The
sampling occasions are furthermore hierarchised into primary periods (years)
and secondary periods (replicates within years) which helps to increase the
precision of the estimates. However, for the sake of simplicity, this distinction
will not be elaborated on in the upcoming formulas. Each sampling event at
site 7 and time ¢ generates an observed count n;;, viewed as a realisation of a
binomial random variable such as n;; ~ Bin(Ny, p;;) with V;; being the true
abundance and p;; being the detection probability specific to this time and
location [21]. The initial latent abundance at site ¢, IV;; is considered as a
random variable with a Poisson prior distribution such as N;; ~ Poisson(\)
where A is the mean abundance during ¢ = 1, i.e. the first primary period of
the study.

Trends are investigated here as a simple case of exponential growth where
N;; depends only on Nj; 1 such as N;; = N1 X v with v being the finite
rate of increase (usually referred to as A in the literature) [6, 10].

In order to increase the precision of estimates and to investigate relation-
ships between bird species abundance and environmental variables, covariates
can be included in the modelling of the parameters with a log link for the
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abundance and the growth rate, and with a logit link for the detection prob-

ability [6]. The parameters are then estimated through maximisation of the
likelihood.

2.5 Data analysis

Status of the bird community

The generalised N-mixture model is implemented in the software R [31]
with the function pcountopen from the package unmarked [9]. All species
are modelled with a Poisson prior distribution for the initial abundance, and
a simple "trend” dynamic where the growth rate is estimated as the finite
rate of increase.

The environmental variables described previously were included as ad-
ditive covariates in the modelling of the initial abundance (willow area +
willow height), the growth rate (rodent abundance + onset of spring) and
the detection probability (willow area + willow height + willow density +
number of days after spring + year). All of them were scaled and centred to
obtain mean = 0 and SD = 1. The original scale was as follow:

— willow area (z =25.9 % ; SD = 15.4 %)

— willow height (z = 168 cm ; SD = 53.7 cm)

— willow density (Z = 2.6 hits ; SD = 1.2 hits)

— rodent abundance (z = 4.9 individuals ; SD = 4.8 individuals)

— onset of spring (Z = 162.9 days since January 1°* ; SD = 9 days)
— number of days after spring (z = 22.5 days ; SD = 9.7 days)

— year (Z = 2009 ; SD = 3.5 years).

The estimated parameter are obtained on the log scale for abundance and
growth rate, and on the logit scale for detection probability. To obtain the
estimates on the linear scale, an exponential back-transformation is applied
on the abundance and growth rate estimates, and a logistic transformation
is applied on the detection probability estimates.

The function ranef allows to estimate the posterior distribution of the
random variable, i.e the latent abundance N;; for each site ¢ and year t.
Averaging these estimation over all sites generates a detailed estimation of
yearly fluctuations in abundance. Moreover, combining these values per site
or per year provides a crude estimation of species richness per site and site
occupancy, globally describing the state of the bird community as a whole.
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Effects of environmental temporal variation on bird growth rate

In addition to the global estimates of the growth rate and its associ-
ated covariates provided by the model results, the function predict returns
predicted values of a parameter (here the finite rate of increase 7) for the
values taken by a given covariate (here the rodent abundance and the onset
of spring). It allows to visualise the relationship between an environmental
variable and a biological parameter.

A meta-analysis was performed in order to investigate if some ecological
strategies related to migration strategy, habitat use or diet are linked to
a higher or lower sensitivity to the effects of rodent abundance and onset
of spring. The function metagen in the R package meta [37] utilises the
estimates of the effect of a covariate on a given parameter and its standard
error to analyse the effect of a variable on a group of species submitted to
the same treatment (here a treatment is considered as an ecological strategy,
such as long-distance migrant or short-distance migrant), and allows the
comparison of the intensity of the effect on different groupings of species (i.e.
treatments).
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3 Results

3.1 Ecosystem generalities

Rodent abundance

Rodents exhibit a large year-to-year variability in abundance, with a to-
tal number of individuals trapped per year ranging from 10 (in 2009) to 265
(in 2015). During the study period, peak years have been happening every
four years (2007, 2011, 2015). The three regions have shown a rather high
synchronicity, even if VJ exhibit less clearly defined population cycles (Sup-
plement S1). As shown in Figure 2, the cycle amplitude is largely due to
changes in the tundra vole population. The three rodent species show syn-
chronicity in the timing of their respective peak years, but the Norwegian
lemming cycles have been dampening over the course of the study period,
and, unlike the two vole species, no peak year have been observed in 2011.

Day of spring

The first day of spring varied greatly between years since 2005, starting
as early as day 135 (May 15) or as late as day 180 (June 29) (Figure 3). No
clear trend towards consistently earlier or later spring can be observed during
this time period. The date of onset of spring fluctuates rather synchronously
among the three regions, but KO seems to often experience an earlier spring
than IF and VJ.

3.2 Status of the bird community

Generalities

The total latent abundance N has been decreasing consistently for seven
species over all years, while the other species showed periods of stable or
increasing yearly abundance (Supplement S3). 7. pilaris is the only species
to have a larger population in the end than in the beginning of the study.
Two species, B. lagopus and L. lagopus, had a null abundance in 2016. With
all species taken together, the total number of birds estimated to be present
in the studied area decreased more than two-fold between 2005 (N = 4969)
and 2016 (N = 2148).

The average number of species per site decreased from 15 (range = 14 -
16) in 2005 to 11 (range = 7 - 13) in 2016 (Supplement S4). Similarly, the
average number of occupied sites over all species has been decreasing from
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Figure 2: Yearly abundance of three rodent species as a sum over all studied
sites. The thin solid line represents the Norway lemming (LE = Lemmus
lemmus), the thick solid line represents the tundra vole (MO = Microtus
oeconomus) and the thick dashed line represents the grey-sided vole (MR =
Myodes rufocanus). Grey areas highlight the years where bird sampling was
conducted.
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Figure 3: Date of the onset of spring in each of the three studied regions.
The thin solid line represents Vestre Jakobselv (VJ), the thick solid line
represents Ifjord (IF) and the thick dashed line represents Komag (KO).
Grey areas highlight the years where bird sampling was conducted.

23



abnd gTau uo panuLuoy)

[896'0 - 262°0] 628°0  [¢621-1€0'T] GST'T  [211'1 - 368°0] 9660 (621 - 825°0] 8680 [F8P - 298°0] 791 [621°9 - 286'1] 06%°€ supd - J,
[e81'1 - 6€6°0] cc0'T [6L1T - 026°0] 990°T [620'T - ¥7¢L°0] 1880 [se6'0 - 62270l 9TG°0  [622C - 66L°0] SI€T [szLer - 656C] 2289 SnovIL ",
(9260 - 2720 #S98°0  [199T - €26°0] 2621 [6£0'T - 189°0] 1#8°0 [/76°0-921°0] 209°0  [18LF - ¢I8°0] 0L6'T [6¢8°61 - 21 00g°9 snpnooLiuo) “g
[990'T - 968°0] 8260 [cor1 - 216°0] 2001 [260'1 - 60L°0] 0880 [008'T - zes 0] 6260 (L2172 - 0e€0] 8680 [re129 - 126°¢] ¥92°61 DLDILAD ]
[910°T - 806°0] T96°0 [190°T - 656°0] 800'T [260°T - 206°0] 766°0 (1202 - 26L°0] 182'T [eezz - 8L0°T] Bee'T [605°6T - 797'7] ¥82°6 snpupoL] g
[s21'T - g68°0) F00'T [82T'T - 228°0] 266°0 [ecTT - ¥12°0] L06°0 [6c0°z - 792°0] 9820 [8PC'z - €62°0] 0220 [c12:98 - 0002 89T'€T U0 ()
[cz0'T - 898°0] €760 [F80°T - 726°0] T00'T [o1T'T - £52°0] LT6°0 [FP9°z - gr0] 760°T [621°C - 2eg0] 790°T [s6c°9¢ - £86'¢] €T0°GT g Jy
(10T - G06°0] €260 [620°T - £26°0] 366°0 [e8 :-%Z 606°0 [769°T - £62°0] 896°0 [¢60°Z - 292°0] 9921 [Peevh - 8L1°L] €721 919205 ]
[690°T - 229°0] ST8°0 (1791 - 722°0] 950'T (0820 - 292°0] GS¥°0 [Forz - L1F°0] $10°T [FPrz - 619°0] 9211 [eL8°6L - 820°0] $£0°2% sndobiv] 7
(0960 - 29201 698°0  [€T'T - €56°0] 0V0'T [120'1 - 90L°0] 6780 [s6271 - gee’0] 6620 [769°¢ - 128°0] 7611 (L1667 - 219T] 989701 Lo i
[ec0°T - €76°0] L36°0 [000'T - 016°0] ¥S6°0 [820°T - 288°0] 226°0 (1971 - 0F8°0] 8OT'T [Fee1 - 298°0] 2201 (16625 - 76971] ©S6°1C vowaunyf )
(0002 - 009°0] S60°T (1221 - 69L°0] 6960 [ceeT - 165°0) 86870 [096°€T - #00°0] 1€2°0 [66e°2 - ##1°0] 620'T [699°26TT - 800°0] 920°€ “yIUILI] )
[826'1 - 0¥6°0] 8ET'T [FR0°T - 298°0] 0260 [1¢ L0] L2670 [F90°T - 292°0] 8250 [e8ST - 797°0] 2880 [FL6°2 - e81] T18°'€ snowoddn) )
[o772 - 9¢6°0] LagT [eec1 - 7L1°0] €580 T%c £9¢°0] 29570 (1621 - 2187 SOT'2  [LFT'T-69€°0] 6,90 (6767 - 682°0] 9611 sndobv) g
[c201 - 266°0] 0860 [eco1 - 726°0] €101 [620'1 - 628°0] 6760 [cee 1 - 229°0] 0160 [e2v'1 - 679°0] 1960 (62676 - €05°CT] 89T°€T sisuaqoud "y
[e80°T - 2£9°0] L28°0 11z -218°0] T1ET [09T°T - T19°0] P80 [126°'T - 082°0] $99°0 [FP6°0 - 200°0] €80°0 [952°T - €10°0] TCT°0 SnULLDD T/

Suuds jo Ae(] OOUBPUNCE JUSPOY 1doorogu] ST MO vaIe MO[[LA jdooroguy SeI0EdS

A HIVY HLMOYY) Y IONVANNEY TYILINT

1000 oA1YIsOd © 9)edIPUL T puR G*() UooM)o( sonfea pue Iojourered o)
U0 109]J0 9AIIRGAU ® 9)RIIPUL G'() PUR () UMD SON[RA 9)RLIRAOD ‘d 10 1090 9AINSOd © 9)eIIPUL | SAO(R SON[RA pUR
‘19gourered o1} UO 100j0 OAIIRIOU © 9)RIIPUL | PUR () UWo0M)O( SON[RA 9JRLIRAOD ‘L pur Y 10 *(d 10J) o[eIs-3130[ 10 (L pue
Y 10}) 9[e2s-80] [RUISLIO 1191} WOIJ UOIIRULIOJSURII-YOR( I9JJe ‘O[edS IROUI[ S} U0 USALS oI sonfeA [[y "GO'() > onfea-d
)M JUedYIUSIS AJ[RO1IS11RIS 018 P[O] UL SON[RA [RAIDIUL 9OUDPYUOD U/GH O JUasoIdol $10¥oRI( Wo0MID( SON[eA dY
‘porewrnyse Iojourered oY) UO 9)RLIRAOD USAIS © JO 1090 oYIads oY) SAIS SUWN[0D SUIMO[[O] O], "ON[eA URSW IOY)
1€ POXIJ OIR SIJRLIRAOD POJRIDOSSR d([) [[B USUM ON[RA PIJRUINSY 9} SOAIS uwnjod  Jdeorojuy, o) ‘Iojewrered yoeo
104 ‘d Ayiqeqoid UOI}N91OP O} PUR A 9SLIIOUI JO 9)RI 9)IUY O} ‘Y ddURpUNe [RIIUI 9} JO SOJRWIISH G O[qR],

24



d ALITIavd0dJ NOLLOALA

[esr0 - g0e0] 68€°0  [019°0 - 967°0] F4S0 [¢19°0 - £9¢°0) 6810 [c17°0 - 182°0] SF€'0  [965°0 - T26°0] €870 [L01°0 - L70°0] ©20°0 suopd - J,
(2290 - T17°0] LPG0 [9gc'0 - ¢FP0] 6670 (9680 - 195°0] 8TL°0  [919°0 - LS€0] GEFO [e85°0 - 9v€°0] €970 [671°0 - 250°0] €60°0 snovi -,
[se2'0 - 09F°0] G090 [029°0 - ¢1F°0] PEC0 [029'0 - 0£T°0] TTF0 [c0£'0 - 557°0] 98¢0 [185°0 - L£T°0] 61€0 [¢20'0 - 700°0] 0TO"0 snpnvoiliuo) -g
(1180 - 2sr°0] L99°0 [629°0 - ¥9F°0] SPC0 [825°0 - 962°0] 0260 [669°0 - 927°0] 6850 [639°0 - €€2°0] 1F0 [c20'0 - £00°0] 800°0 DLDILAD ]
[829°0 - 7970 L¥G0 (62670 - 887°0] 7650 [979°0 - 207°0] 8250 (18970 - €97°0] 220 [109°0 - L&7°0] 6120 [¢20°0 - 620°0] £¥0°0 S04}
(2940 - 69¢°0] 18¢°0 [£99'0 - 087°0] 7250 (9220 - 00€"0] 6¥C0 (e8P0 - 91€°0] 96€°0  [91L°0 - LLT°0] ¥2¥0 [£20°0 - 200°0] 80070 YUDU0 ()
[892°0 - 8€F°0] L19°0 [L79°0 - 787°0] L950 [e7L'0 - €0€°0] 0250 [90¢°0 - T8€°0] €770 [625°0 - €12°0] 9520 [£20°0 - 700°0] 600°0 g Y
[8e2°0 - 98F°0] 9620 [095°0 - €8F°0] 9610 [269°0 - 82€°0] 6160 (1290 - 887°0] 480 [169°0 - L7€70] 88770 [F£0°0 - 0T0°0] 6T0°0 0210208 "]
(2660 - £2€°0) 1860 [ove0 - ccT°0] 91€°0 [£16°0 - 60€°0] 6890 (0620 - €7°0] ¥29°0 [669°0 - €12°0] 2F10 [L81°0 - 100°0] ¥T0°0 sndobvy 7
[F26'0 - 02L°0] 8%8°0 ﬁ 970 - LGT0] 1620  [R16°0 - L6870 $0L°0 (0990 - 8€°0] €250 (1820 - L9270 €250 [600°0 - T00'0] €00°0 DppbULf1UOU
[929°0 - L8F°0] 2620 [¢62°0 - 9eg°0] 99G°0  [GTC0 - €8€°0] €CT0 [eeq0 - 087°0] 81S0 [629°0 - Lec'0] #88°0  [F60°0 - 20°0] ¥20°0 vl -
(1260 - 72¢0] T82°0  [8FL0 - 69€°0] 6950 (2960 - ©00°0] L8T°0 [266°0 - 28T°0] 2690 [8¢6°0 - 192°0] 070 (9850 - 000°0] 1000 ugouIR) )
[919°0 - F1€°0] 1970 [a2c0 - zerol ¥1C0 [119°0 - 9¢2°0] ¥2¥0 (9220 - ¢F¢0] 6€9°0  [285°0 - 162°0] 0670 [Fe1°0 - ££0°0] 89070 snowoddo) -0
[000T - 2760] 000'T  [5GL°0 - 6ST0) €670 [cre'0 - 0000] 800°0  [F6S0 - 0£2°0] 86€°0 [¢80°0 - 000°0] €00°0  [F28°0 - 9¢0°0] 060 sndobiv] g
[989°0 - 115°0) G22°0  [009°0 - 985°0] 89G°0  [F19°0 - 0SF'0] €8€°0 [FPe0 - 627°0] 60¢°0 [2£9°0 - 0cF°0] 2850 (9200 - <F0°0] 850°0 s1suoad "y
(L6870 - €12°0] 2¥G0 (0280 - 6550l 90L°0  [F6€0 - ¢50°0] €9T°0  [308°0 - T6€°0] 8190 [606°0 - 072 0] 0790 [202°0 - 900°0] 8€0°0 SNULLLDD "7

TROX Suuds 109y Ae(] NS MO[[IAN ANSUOP MO[IAN BIIR MO[[TAN 1dooroguy SAIDAdS

(ponunuoy) g 219v,

25



23 (range = 10 - 25) in 2005 to 17 (range = 0 - 25) in 2016 (Supplement
S5). Most species showed period of decreasing occupancy, but six species
have been occupying all of the 25 sites throughout the course of the study.
Despite their maximum occupancy, four of these six species (L. svecica, M.
alba, O. oenanthe and P. apricaria) are among the ones that experienced
consistent decreases in abundance despite their maximum occupancy.

The estimated mean initial abundance A varied greatly among species,
ranging from a couple of individuals per site to more than 20. Willow area
had a statistically significant (p < 0.05) large positive effect on P. trochilus
initial abundance and a very slight negative effect on A. cervinus initial
abundance. For the other species, the direction of the effect was unclear.
Similarly, willow height had a statistically significant large positive effect
on B. lagopus, and a rather large negative effect on S. longicaudus and T.
iliacus.

The significant detection probability varied from 0.3% to 9.3% per visit,
with a mean of 3.7%.

Population dynamic of the bird species

Out of the 16 species, only two species, the rough-legged buzzard (B.
lagopus) and the willow grouse (L. lagopus) showed a finite rate of increase
v < 1 over the whole study period that was statistically significant (p < 0.05)
(Table 2). When the covariates are fixed at their mean value, Vg jagopus =
0.552 [95% CI = 0.367 ; 0.831] and YL iagopus = 0.455 [95% CI = 0.265 ;
0.780] on the linear scale. This suggest a negative population trend, with
the abundance being roughly halved every year. As indicated in Figure 4
and Supplement S3, the two species reached an estimated population size of
zero towards the end of the study. All the other species had a growth rate
estimate such as 7 < 1, but the estimation was not statistically significant,
and the 95% confidence interval spanned values below and above 1, which
suggest the absence of a detectable trend in population abundance.

The mean latent abundance N; for site ¢ and year ¢ show some year-
to-year variations (Figure 4). In accordance with Table 2 and Supplement
S3, B. lagopus and L. lagopus show a negative exponential growth rate,
with a narrow 95% confidence interval. Five other species (C. temminckii,
L. svecica, M. alba, O. oenanthe and P. apricaria) showed a consistently
decreasing N;; but the 95% confidence interval was too wide to conclude
statistically on the presence of a decreasing trend. The remaining nine species
showed periods of stable or increasing mean population size.
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3.3 Effect of temporal variation on the bird community

According to Table 2, the rodent abundance had a significant positive
effect on the growth rate of T. pilaris with an estimate of 1.155, and an
unclear effect on the other species. The effect of the rodent abundance on
the growth rate is given for one standard deviation of the covariate (i.e. the
addition of 4.8 individuals to a sampling location), which would result in an
increase in growth rate by 15.5%. The range of rodent abundance variation
between crash and peak years is rather large, with an abundance that differs
by two-fold, three-fold or more in two consecutive years. The effect size
of the covariate on the growth rate will depend on the amplitude of the
rodent population cycles. Figure 5 shows the predicted effect of the rodent
abundance on the growth rate, but for most species the predictions are too
scattered to draw any reliable conclusion.

A later day of spring had a significant negative effect on the growth rate
of S. longicaudus, F. montifringilla, and T. pilaris, with estimate values at
0.854, 0.859 and 0.879 respectively. The covariate estimate is given for one
standard deviation, which in this case represents a spring delayed by 9 days.
The effect on the three species is similar, with a decrease in growth rate of
about 12 to 15% for spring in such way. Figure 6 shows the predicted effect
of the date of spring on the bird growth rate. The predictions seem to be
too scattered to observe a clear pattern. However, it seems like some species
(e.g., B. lagopus, C. lapponicus, C. temminckii, T. iliacus) exhibit a lower
growth rate for low and high values of onset of spring, and higher growth
rate predictions for average onset of spring.

3.4 Sensitivity of different ecological groups

The two species exhibiting a strong negative population trend belonged
to the same ecological grouping of short-distance migrants or residents. How-
ever, B. lagopus is a truly open tundra species while L. lagopus is a willow-
ground breeder. Similarly, B. lagopus is carnivorous while L. lagopus is her-
bivorous. The five species mentioned previously with no significant negative
growth rate but seemingly decreasing overall latent abundance were all insec-
tivorous, but belonged to various ecological groups for migration and habitat
use : three long-distance and two short-distance migrants, two willow-canopy
breeding species and three open tundra species.

According to Table 3, a later spring seems to have a slightly more negative
effect on long-distance migrants than short-distance migrants and resident
species, with -0.044 (CI = -0.083 ; -0.004) and -0.030 (CI = -0.056 ; -0.005)
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respectively, but the difference is not large enough to draw conclusions. It
also appears to have a more positive effect on willow-related species than on
open tundra species, but the results were not significant.

An increased rodent abundance affects positively species linked to the
willow thicket. The effect on other ecological traits was not significant.
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4 Discussion

Bird community summary

The bird community of the studied region appears to have experienced
a general deterioration since 2005. The total abundance of birds all species
combined, the average number of occupied sites and the average species rich-
ness per site have all been decreasing over the study period. More precise
community estimation might be achieved through the use of models targeted
at community-level metrics such as species richness or occupancy [20], but
these results provide nonetheless an insight on the general status of the bird
community as a whole.

Population trends

The rough-legged buzzard (B. lagopus) and the willow grouse (L. lago-
pus) showed an important decreasing trend over the study period, with a
population being roughly halved every year, to the point of having a null
estimated abundance in the last year of study. None of the other species
exhibited a clear trend in abundance. Despite this, detailed year-to-year
changes in abundance show that some species had a consistently decreasing
population abundance while other experienced periods of stable or increasing
population size.

Considering population dynamics different than the simple exponential
growth might help to identify more complex dynamics such as density-depen-
dence or non linear trends in population size. Investigating prior distributions
for the latent abundance different than the Poisson distribution might also
increase the precision of the estimates, for example if some species tend to
aggregate instead of having a uniform spatial distribution, the negative bino-
mial distribution would be more adapted [34]. Additionally, even though this
type of models is supposedly adapted for populations with low counts [34],
the fact that the reed bunting (E. schoeniclus) population was unsuccessfully
modelled suggests that extremely rare species might be poorly studied. This
is problematic for species existing in the habitat at extremely low density,
but also for the new species that are expected to extend their boreal range to
more Arctic systems and that will probably have very low population sizes
at the beginning of their colonisation.
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Effects of temporal variation

The onset of spring based on vegetation greenness in the studied region
does not exhibit a clear change towards earlier spring, but it shows large
year-to-year variations. In more Arctic regions, onset of spring have been
happening earlier by roughly 14 days/decade [13], while the average advance-
ment in phenologies is much lower on a global scale [28]. It is possible that
our 16-year study period for the onset of spring is still too short, compared to
the high short-term fluctuations, to observe clear long-term temporal trends.

A spring delayed by 9 days resulted in a predicted growth rate reduced
by roughly 14% for three species, suggesting that these species would have
a higher growth rate if the predictions of an earlier spring would become
effective. Also, it seems that some species might experience a non-linear
effect of the onset of spring on their growth rate. Investigating a quadratic
relationship between the bird population and the date of spring could reveal
different patterns of response to climate change.

Rodent abundance as a whole as been experiencing typical 4-year cycles.
However, most of the dynamic is attributable to the tundra vole, and the
Norway lemming population has showed dampening cycles consistent with
previous studies [17, 11] and an extremely low, if not null, population size
since 2012. A part of this dynamic can be explained through a bias in
bait attraction, with lemming being less attracted than the tundra vole by
the oats and raisins bait, thus leading to an underestimation of the relative
population size of the lemming compared to the tundra vole. The grey-
sided vole might also be underestimated because it is more associated to the
surrounding heaths than the studied meadows.

It is surprising that B. lagopus showed no clear response from the rodent
dynamic. We can suspect that the observed negative trend started before
2005 and that it is due to environmental changes happening prior the be-
ginning of this study. Thus, rodent peaks in the recent years might have
been insufficient to help this carnivorous species to retrieve a sustainable
population size.

Sensitivity of different ecological traits

The two species experiencing a clear negative trend, B. lagopus and L.
lagopus, both belonged to the grouping of short-distance migrant and resident
species. This is in accordance to previous studies on Scandinavian birds [22].
While long-distance migrants are often expected to be more vulnerable due
to the risks linked to this long biannual journey and to the fact that they
rely on different habitat undergoing various pressure in different parts of
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the world, some birds more tightly linked to Scandinavian habitats seem to
perform more poorly.

No clear trend related to the habitat use was observed, despite predic-
tions suggesting that willow related species would thrive in a climate change
context while open tundra species would loose ground. However, as the thick-
ets structure is controlled by climate change (favouring shrub encroachment)
and herbivore browsing (controlling shrub expansion), it is possible that the
studied regions did not experience any major change in habitat structure in
the past decade.

Except those two species, all the species exhibiting a consistently de-
creasing estimated abundance were insectivorous. This might suggest that
insectivorous species perform more poorly than species with another diet
strategy. However, the fact that most of the species studied belonged to the
insectivorous grouping (10 out of 16 species) leads to caution when interpret-
ing a pattern that might only be coincidental. Additionally, the prediction
according to which species with the most varied diet would perform better
is not refuted, with 7. pilaris, the only species categorised as omnivorous
being also the only species with an increased estimated population size at
the end of the study period. A possible explanation would be that some
level of phenological mismatch is happening between bird species and their
source of food (possibly insects), leading to a decrease in the population size
and growth rate of species unable to track such changes. But this is highly
speculative and it would require further study to assess the phenology of bird
species and insects in this ecosystem. Moreover, different insect taxa show
different level of climate-sensitivity [29], and considering with more details
the diet of the bird species could lead to more precise expectations concerning
future trends and a better understanding of the food-web functioning under
environmental change conditions.

Future prospects

Monitoring will continue in the future, with a bird sampling every five
years. Detailed year-to-year changes in population size will not be available,
but long-term trends will probably become more clearly identifiable with a
longer time-series. The investigation of ecological traits is advised to con-
tinue, as it can indicate ongoing ecosystem changes. For example, differential
trends in the population of open tundra species and willow related species
can indicate shifts in the state of the riparian willow thicket habitat, in the
balance between thicket fragmentation and shrub-encroachment [32, 17]. It
would be beneficial to re-assess regularly the willow variables used in this
study, in order to track directly changes in the habitat structure. Also, the
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use of a model capable to handle very rare species might help to detect the
early appearance of new boreal species that are expected to extend their
range northwards.

Additional research should probably focus on the study of phenological
trends for the arrival of migratory bird, the breeding timing of the community
and the phenology of the insect population. These parameters would inform
on possible changes in the timing of spring events and allow to predict the
future of bird species, depending on their ability to track such ecosystem
changes.

5 Conclusion

The riparian bird community of the Norwegian low-Arctic tundra has
been experiencing decreases in total bird abundance, site occupancy and av-
erage species richness since 2005. The rough-legged buzzard and the willow
grouse showed significant negative trends leading to an estimated null abun-
dance in the most recent years. Most other species displayed signs of popu-
lation decrease, but without clear discernible population trends. There were
no clear environmental trends indicating a long-term change in the onset of
spring or a loss of rodent cycles. Three species were found to benefit from an
earlier spring. Short-distance migrants and insectivorous species seemed to
be experiencing more negative trends than species displaying other ecological
strategies. Monitoring will need to continue in the coming years to track the
evolution of the bird species abundances and the eventual directional changes
in environmental conditions.
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Figure S1: Combined yearly abundance of the three rodent species (Norway
lemming, tundra vole and grey-sided vole) as a sum over all the sites of each
region. The thin solid line represents Vestre Jakobselv (VJ), the thick solid
line represents Ifjord (IF) and the thick dashed line represents Komag (KO).
Grey areas highlight the years where bird sampling was conducted.
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Table S2: Number of replicates per year for each sampling point of the three
studied regions. The goal was to carry out three replicates per year for each
sampling point, over a couple of consecutive days in early July. The occasions
where this goal was not achieved are indicated in bold letters.

Region Sampling point 2005 2006 2007 2008 2010 2011 2016

AE3K 3 3 3 3 2 3 3
AE4K 3 3 3 3 2 3 3
AESK 3 3 3 3 2 3 3
F GU1K 3 3 3 3 0 0 3
ST1K 3 3 3 3 2 3 3
ST2K 3 3 3 3 0 0 3
ST3K 3 3 3 3 0 0 3
ST4K 3 3 3 3 2 0 3
KOF1A 3 3 3 3 2 3 3
KOF1B 3 3 3 3 2 3 3
KOF1C 3 3 3 3 2 3 3
KO KOF1D 3 3 3 3 2 3 3
KOF1E 3 3 3 3 2 3 3
KOF2A 3 3 3 3 0 0 3
KOF2B 3 3 3 3 0 0 3
KOF2E 3 3 2 3 0 0 3
VIJF1A 3 3 3 3 3 3 3
VIJF1B 3 3 3 3 3 3 3
VIJF1C 3 3 3 3 3 3 3
VJF1D 3 3 3 3 3 3 3
VJ VIJF2A 3 3 3 3 3 3 3
VIJF2B 3 3 3 3 3 3 3
VIJF2C 3 3 3 3 3 3 3
VJF2D 3 3 3 3 3 3 3
VIJF2E 3 3 3 3 3 3 3

44



Table S3: Total number of individual per species summed over all sampling
site, based on the estimated latent abundance N;.

Species 2005 2006 2007 2008 2010 2011 2016 Mean
A. cervinus 22 15 13 28 24 9 9 17
A. pratensis 591 537 543 487 461 366 376 480
B. lagopus 124 60 19 7 4 4 0 31
C. flammea 545 544 559 422 469 436 307 469
C. lapponicus 121 118 92 84 104 97 104 103
C. temminckii 179 159 125 109 103 98 46 117
F. montifringilla 310 251 261 212 175 95 82 198
L. lagopus 554 242 140 70 36 4 0 149
L. svecica 454 412 393 366 316 238 191 339
M. alba 374 343 341 307 293 237 184 297
0. oenanthe 362 328 290 257 239 203 164 263
P. apricaria 488 423 387 344 301 231 169 335
P. trochilus 267 258 270 315 316 246 259 276
S. longicaudus 243 165 164 149 110 52 66 136
T. iliacus 197 182 141 168 133 87 86 142
T. pilaris 82 85 121 132 115 67 105 101
Total 4913 4122 3859 3457 3199 2470 2148
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Table S4: Total number of species per sampling site, based on the estimated
latent abundance N.

Site 2005 2006 2007 2008 2010 2011 2016 Mean
AE3K 14 14 14 13 13 12 12 13
AE4K 15 15 15 13 13 12 12 14
AESK 14 14 14 14 14 13 13 14
GUIK 14 14 14 14 14 13 12 14
KOF1A 16 15 14 13 13 10 9 13
KOF1B 16 16 16 14 14 11 12 14
KOF1C 16 16 15 13 13 13 12 14
KOF1D 14 14 14 14 14 12 12 13
KOF1E 15 13 14 11 12 10 9 12
KOF2A 14 14 13 13 12 12 10 13
KOF2B 14 14 13 12 12 12 10 12
KOF2E 15 14 14 12 12 11 10 13
ST1K 15 14 14 14 14 13 11 14
ST2K 14 14 14 14 14 13 13 14
ST3K 15 15 15 15 15 14 12 14
ST4K 14 15 15 15 15 13 12 14
VIJF1A 16 16 16 16 15 11 9 14
VJF1B 15 15 14 14 13 13 10 13
VIJF1C 15 14 14 14 13 13 11 13
VJF1D 15 14 14 14 13 13 12 14
VIJF2A 16 16 15 14 12 9 7 13
VJF2B 14 14 14 14 14 13 12 14
VIF2C 15 15 14 14 13 12 12 14
VJF2D 15 15 14 13 13 12 11 13
VIF2E 15 15 14 14 14 14 12 14

Mean 15 15 14 14 13 12 11
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Table S5: Total number of sites occupied per year for each species, based on
the estimated latent abundance Ny.

Species 2005 2006 2007 2008 2010 2011 2016 Mean
A. cervinus 10 8 7 7 8 4 3 7
A. pratensis 25 25 25 25 25 25 25 25
B. lagopus 14 14 10 5 2 2 0 7
C. flammea 25 25 25 25 25 25 25 25
C. lapponicus 25 24 22 17 19 18 15 20
C. temminckii 22 22 20 17 17 16 14 18
F. montifringilla 25 25 25 25 25 25 21 24
L. lagopus 25 25 25 25 21 4 0 18
L. svecica 25 25 25 25 25 25 25 25
M. alba 25 25 25 25 25 25 25 25
O. oenanthe 25 25 25 25 25 25 25 25
P. apricaria 25 25 25 25 25 25 25 25
P. trochilus 25 25 25 25 25 25 24 25
S. longicaudus 25 25 25 24 24 21 19 23
T. iliacus 25 24 25 24 22 20 15 22
T. pilaris 25 23 23 22 21 19 16 21
Mean 23 23 22 21 21 19 17
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