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Decline in the West Greenland
population of a zooplanktivorous
seabird, the little auk Alle alle

Dariusz Jakubas®1*, Katarzyna Wojczulanis-Jakubas?, Aevar Petersen?,
Peter G. H. Evans®* & David Boertmann®

The warming of the Arctic had lead to a diverse range of impacts on local biota, including northward
shifts of some species range. Here, we report past and present distribution and abundance of an Arctic
zooplanktivorous seabird, the little auk Alle alle in West Greenland south of 74° N, and examine the
changes in sea surface temperature (SST) and sea ice concentration (SIC) in the birds foraging areas

in 1850-2007. We estimated the little auk population in the studied region to be 5,200 pairs in the
1930s, 6,000-6,500 pairs in the 1940-1970s and 70-80 pairs by the 2000s. We found that periods with
increased SST and reduced SIC, especially in the last few decades, coincided with little auk population
declines. Besides, years with little auk presence in breeding sites were characterized by either low
SST and low to moderate SIC or higher SST but moderate to high SIC. Observed contraction of the
breeding range and a decrease in abundance of the little auk may be attributed to more complex
climate-driven changes in the marine ecosystem at finer spatial and temporal scales and/or cannot be
easily detected given the coarseness of data used. It is possible that the population in this region has
never been very numerous being subjected to local impacts such as disease, bycatch, predation, etc.
The climate warming that is currently being observed, along with corresponding shifts in zooplankton
communities, may lead to extirpation of the studied little auk populations.
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The northern North Atlantic (north of 60°N) has experienced a large regime shift during the 1920s and 1930s
with a marked increase in sea temperature and reduction of sea ice extent'. These changes affected the marine
ecosystem resulting in significant northward shifts in distribution of several species of fish, marine mammals
and seabirds"* and changes in the timing and extent of their migration patterns. Some decades later, in 1980s
and 1990s and also in the first decades of the twenty-first century’, another shifts were detected and associated
with a range shift of some zooplankton species**. However, mechanisms driving all these responses are largely
unknown. Now, when we are witnessing unprecedented climate change, particularly pronounced in the Arctic®
it is of prime importance to recognize these mechanisms, to better predict response of Arctic endemic species”®
for the ongoing changes.

The little auk or dovekie (Alle alle) is a small zooplanktivorous colonial seabird with a breeding range
largely restricted to the High Arctic®. At present, the largest breeding aggregations of the little auk are located
in Northwest and East Greenland, as well as Svalbard, with a few small colonies located in other parts of the
Atlantic Low Arctic zone (Fig. 1). With a global population estimated at 37-40 million pairs'?, it is considered
to be the most numerous seabird in the North Atlantic zone. With a life history dependent on both marine and
terrestrial habitats, the species transports enormous amounts of organic matter from the sea to the land'!-1*. As
such, the little auk plays a significant role in the functioning of High Arctic ecosystems. The little auk’s diet during
the breeding season is dominated by zooplankton associated with cold water masses, mainly copepod species
from the genus Calanus'>', supplemented by other energy-rich crustaceans such as amphipods, euphausiids and
larval fish?*-2. As a result of the species’ dietary preferences, the little auk is sensitive to changes in environmental
conditions, such as an increase in sea temperature. Studies from the High Arctic colonies of little auks on Svalbard
have indicated a negative effect of increase in sea surface temperature in foraging areas upon adult survival®*,
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Fig. 1. Locations of little auk breeding sites in global scale (red circles) (a) and in West Greenland south of 74°
N (violet triangles) (b) with estimated size of other little auk colonies [after ref '*!°!']. Numbers in both maps
refer to the breeding sites listed in Table 1. Dashed blue lines represent boundaries of Arctic zones according to
0, Maps were produced in ArcMap 10.3.1 (Redlands, CA: Environmental Systems Research Institute). Base map
source: Natural Earth. Free vector and raster map data @ naturalearthdata.com. Photo of the little auk by DJ.
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chick growt and chick survival®*?¢, as well as population size?’. Also presence of the sea ice in the range
of foraging trips may affect foraging of little auks modifying chick diet composition?®*-** and time budget'®'”*
securing good quality food when foraging condition in closer foraging areas are suboptimal®>*3-%.

Some studies>!*%%” have suggested that a shift in sea currents and zooplankton distribution after the end
of the “Little Ice Age” (after ~ 1850) resulted in a collapse of the little auk breeding population in Iceland and
South Greenland. A recent study investigating reasons for the little auk extirpation in Iceland has revealed that,
indeed, during that period the number of breeding little auks declined substantially, coinciding with changes in
oceanographic regimes around the breeding colonies, but the population decline was also affected by severe egg
harvest*. Dynamics of little auk populations in West Greenland south of 74° N have not so far been investigated.

In this study we therefore investigated dynamics of the little auk population in West Greenland south of 74°
N and potential mechanisms of the changes in birds demography. Specifically, we examined whether observed
changes in environmental conditions (sea surface temperature, hereafter SST, and sea ice concentration, hereafter
SIC) in potential foraging areas of little auks could be linked to changes in size of the local populations. We studied
environmental conditions during the chick-rearing period as that is known to affect breeding performance of
little auks in the current year [e.g.>**’] and survival of adults*®, and all that, in turn, can affect the size of local
populations given a high breeding site fidelity in the species'!. To this end, we summarized available historical
data on the distribution and sizes of local populations of little auks. Then, to investigate whether the changes
were similar or different across the range of the studied area we performed retrospective analyses in respect to
the breeding site location. Finally, to characterize foraging habitat niches of little auks in the past, we investigated
a relationship between important environmental variables (SST and SIC) determining presence/abundance of
their main prey (cold water copepods)®® in foraging areas. We did it for breeding sites in years with presence
of little auks. We expected that in conditions of high mean SST in the foraging areas little auks would search
for the regions with lower SST covered with ice. Such a situation has been observed on Northwest Spitsbergen
where little auks in conditions of a relatively high SST in close foraging grounds explored regularly cold water
marginal ice zone located 100-150 km from the colony®*-*.

Methods

Study area

We considered breeding sites and potential foraging areas of little auks in West Greenland across latitudes
between 59° N and 74° N (Fig. 1) representing mainly the Low Arctic zone (according to Circumpolar Arctic
Vegetation Map *°; use of this division into Arctic zones is justified as both phenology of vegetation and breeding
of little auks are dependent of snow melting in land *'-**). The waters in the studied area include Baffin Bay,
Davis Strait and northern part of the Labrador Sea. They are dominated by water masses advected into the region
from outside: in the surface layer of the coastal zone over the shelf, cold and low saline Polar Water originates
from the East Greenland Current while water masses below and to the west of the Polar Water derive from the
warmer North Atlantic Current®.

This area is characterized by the presence of three copepod species of the genus Calanus: C. hyperboreus
(the largest, deep water species), C. glacialis (medium size, cold water, shelf species), and C. finmarchicus (the
smallest, warmer water species)’, and all those have been reported to coexist in Arctic waters and being present
in the little auk diet*>*.

Breeding sites: distribution and abundance

We searched published reports and papers as well as unpublished materials to find information about little auk
breeding locations and population estimates in West Greenland south of 74°N (i.e. in the Low Arctic zone; Figs. 1,
2). We searched the Scopus and Google Scholar databases for documents of all types using the words “seabirds”,
“birds”, “little auk’, “dovekie”, “Alle alle” or “Plautus alle” and “W Greenland” or “SW Greenland” in the title,
abstract or keywords. Then we tried to find all appropriate references cited in published sources that had been
located. DB and PE, performing various studies in the area, sought unpublished data from other researchers.
In total, we used 11 sources, including nine publications between 1950 and 2014, as well as unpublished data of
one of the coauthors (DB) and one personal communication from a researcher conducting a study in the area
in the last several decades (see details in Table 1).

Environmental conditions in potential foraging areas

We chose to analyze sea surface temperature (SST) and sea ice concentration (SIC) since foraging little auks
while chick rearing mainly utilize cold water zone***-*0. Some populations regularly forage in the marginal ice
zone*** and at coastal glacier melt-water fronts®'. The chosen environmental factors are also considered to be
important determinants of abundance and biomass of copepods associated with cold Arctic-origin water masses,
Calanus glacialis and C. hyperboreus™®#"2, serving as the main diet components of little auks during the breeding
period across the species range''°. Both of the aforementioned copepod species prefer cold waters with SST up
to 6-7 “C and are larger, and more energy-rich than its counterpart, C. finmarchicus™, associated with warmer
water masses with SST of up to 13 °C (with a peak at 9 °C) and SIC with a range up to 24.2% (Supplementary
Materials 1 Table S1).

In a study of the breeding biology and feeding ecology of little auks at Horse Head island (1. APPE in Table 1),
dropped diet items collected consisted mainly of warmer water-associated Calanus finmarchicus, making up 94%
of prey items *!. However, a recent study from Svalbard has revealed that the diet of little auks consisted almost
entirely of Calanus glacialis even in areas with higher SST**. Genetic identification has shown that that C. glacialis
individuals of reduced body sizes may be wrongly identified as C. finmarchicus based only on morphometric
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Fig. 2. Distribution of the little auk breeding locations in West Greenland south of 74° N. Boxes on map
represent potential foraging areas from which sea surface temperature (SST) and sea ice concentration (SIC)
data were extracted. See Table 1 for breeding sites codes. Maps were created in the ggOceanMaps package '’ in
R software version 4.2.2 %8, Base map source: Natural Earth. Free vector and raster map data @ naturalearthdata.
com.

criteria®. Thus, little auk diet at Horse Head, as well as in other studied areas, may have been dominated by C.
glacialis.

To reconstruct past sea surface temperature (SST) in potential foraging areas of little auks breeding in West
Greenland south of 74° N (delineated based on foraging trip ranges reported from other colonies, see details
below), we extracted monthly data from 1871-2003 from a publicly available dataset CARTON-GIESE SODA
2.2.4, 1871-2008 Assimilation Run: Oceanic and air-sea interface data from the UMD Simple Ocean Data
Assimilation Reanalysis (IRI/LDEO Climate Data Library) for 5 m depth with spatial resolution of 0.5x 0.5
degree®. A 5 m depth of SST data reflects the range of little auk dives (mean + SD maximum depth of dives for
little auks from colonies in East Greenland and on Spitsbergen 9.9 + 6.9 m*® and on Spitsbergen 9.0 £ 6.6 m>®).

To reconstruct sea ice concentration (SIC) in the past in potential foraging grounds of little auks breeding
in West Greenland south of 74° N, we extracted monthly data from 1850-2017 from Gridded Monthly Sea Ice
Extent and Concentration, 1850 Onward, Version 2 with a spatial resolution of 0.25 x 0.25 degree™. This dataset
is combination of remote sensed data and historical sea ice information (in many forms: ship observations,
compilations by naval oceanographers, analyses by national ice services, and others) and is dedicated to studies of
sea ice variability over time periods that pre-date the satellite era®”. We chose this dataset as it covers longer time
series compared to other available ones* being aware of obvious limitations of incompleteness and heterogeneity
of data prior to the satellite era.

We delineated potential foraging areas for particular breeding sites based on foraging trip ranges reported
from other colonies. Results of GPS-tracking from colonies in Thule district in Northwest Greenland revealed
that little auks foraged up to 100 km from the colony while the main feeding areas during chick rearing were
located about 10 km from the colony'*. At-sea observations of foraging individuals in the Horse Head colony
suggested foraging at 2.5—32 km from the colony?!. In other regions GPS-tracked little auks foraged during
the chick rearing period at the distance up to 150 km from the colony®* in Svalbard and up to 108 km in East
Greenland®. Given these findings, we analysed SST and SIC dynamics with a buffer of ~ 100 km radius from the
breeding site representing both close and distant foraging areas.

Considering the fact that geographical locations of specific breeding sites relative to latitude impact the
distance between meridians, we extracted data from differently sized rectangles (Fig. 2). To this end, we
considered the following distances (in degrees) measured from the centre point, i.e. the breeding site:

(A) for latitudes 72-73° N - 1 degree (112 km) of latitude north and south, and 3 degrees of longitude
(98-104 km) west and east;
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No | Code Name /Alternative name Population estimate and source Last presence
1 APPE Appalersalik /Horse Head 5,000p in 1936 min few hundred i. in 1965°, 6,000p in 1974!, 2,000 in 1994%, 2i in 2010° | 2010s
2 KING Kingigtuarsuk fewiin 19362 NR in 1965, 1987, 1989, 1999, 2010*° 1930s
3 NORD Norde Avannarleq 50p in 1936% NRin 1965, 1974, 1994, 1998, 2020**¢ 1930s
4 HVAL Hvale Island 50p in 1936% NR in 1965, 1994, 1998, 2020*¢ 1930s
5 UIGO Uigorluk /Lille Flade 2iin 1965 500i 1994%, 20i in 2010° 2010s
6 ASSI Assissut /Braendevinsskeer 10p 19367, 90i 19882, 3i in 2003°, 1i in 2005° 2000s
7 QUMM | Qummarfik BP 1946° 1940s
8 GRON | Saattuarsuit W of Grenne Island 50p in 19362, 25i in 19767, 200i in 1980>°, 150i in 2010° 2010s
9 ROTT Rotten / Nunatsiaq Island W of Hunde Island 15p 19367, BP in 1975/76° 2i in 2005° 2000s
10 AKUN Saattuarsuit Skerries W of Akunnaaq 50p 19362, 25i in 1976°, 4i in 2005° 2000s
11 KANG | Kangaatsiaq bred 1880°, NR since 1974° 1880s
12 ISOR Nordre Isortoq Fjord bred 18802 NR 1960° NR since 1974° 1880s
13 IKER Tkertoq Fjord breed 1880% NR since 1974° 1880s
14 KAF] Kangerluarsuk Fjord 1p in 1936 (doubtful)?, NR since 1974° 1930s
15 NARS 3 islands S of Narsaq singular p 1925-30% NR since 1974° 1930s
16 QISS Qissiarsuit 3-5i in 1992% NR since 1992° 1990s
17 FISK Kangillerminut near Fiskenzesset /Qeqertarsuatsiaat | 1p in 1780%, NR since 1974° 1780s
18 PAMM | Skerries south of Paamiut / Frederikshab 1-2p in 17807 NR since 1974° 1780s
19 KITS Ydre Kitsissut /Outer Kitsigsut 1p 1936% NR 1971¢, NR 1983-19927, NR 2000s® 1930s
20 | UJAR X{la:f‘t‘;j;ﬁfl,‘a:“nulkq W of Sydproven / 1p 1936, breeding before? 1930s
21 |NANQ | Kitsissut A 2-3p in 18802 5-8p 1936, several i in the area 1992°, NR in 2014'° 1990s
(Klapmyds Islands) S of Nanortalik
22 NAAJ Naajat BP in 1949%, NR in 2003"! 1940s

Table 1. Estimates of little auk populations in West Greenland south of 74° N. No - number of the breeding
site in the Fig. 1; locations ordered by latitude from north to south. Last presence - last documented presence.
Population estimate: p - pairs, i - individuals, BP - birds present, NR - no record of birds. Source: '—?!, 2—3,

310174 1025 _ Carsten Egevang—personal inf., ¢ — David Boertmann - unpublished data, 7—?%7, 8103 9__104,
10__105 11__106
, .

(B) for latitudes 66-69° N—1 degree (112 km) of latitude north and south, and 2.5 degrees of longitude
(100-114 km) west and east;

(C) for latitudes 59-65° N latitudes: 1 degree (112 km) of latitude north and south, and 2 degrees of longitude
(94-115 km) west and east.

We extracted monthly SST data for July and August for each year from 1871 to 2003 and monthly SIC data
for July and August for each year from 1850 to 2017. For each breeding site we derived one datapoint per year
representing averaged values from raw 0.5 x 0.5 degree grids for July and August. In the case of SIC, we also
had one datapoint for site and year representing maximal values per two months (July and August) and per box
representing the foraging area.

Given the little auk breeding phenology reported for the breeding colonies in the studied area (Horse Head
Island*!) and north of it (in Northwest Greenland within Thule district'*), July represents incubation and early
chick rearing phases, and August the mid and late phases of chick-rearing, and the post-fledging period. Thus,
values of environmental variables for July- August cover the whole breeding period of little auks.

Statistical analyses
We performed all statistical analyses in R software 4.2.2%.

As SST in West Greenland followed alternate patterns of colder and warmer periods*~?, we expected a non-
linear relationship for SST temporal changes. Thus, we investigated SST dynamics in potential foraging areas
of little auks using a model-based recursive partitioning with a generalized additive model (GAM), using the
gamtree package®. Model-based recursive partitioning estimates local models on subsets of data that are trained
by recursive partitioning. It works in the following steps: (1) fitting a parametric model to a dataset, (2) testing
for parameter instability over a set of partitioning variables, (3) in the case of some overall parameter instability,
splitting the model with respect to the variable associated with the highest instability, and (4) repeating the
procedure in each of the resulting subsamples®%2. We use GAM-based recursive partitioning instead of regular
GAM, as we expected spatial variation in SST dynamics. We modelled SST (response variable) with s(Years)
as the node specific (local) GAM smoother (regression spline), and latitude and longitude as the potential
partitioning variables. To indicate that the individual observations (in this case, breeding sites) in the dataset are
not independent, but nested according to latitude and/or longitude (i.e. some breeding colonies share the same
latitude and/or longitude) we specified breeding sites as a cluster argument in the analysis®’. We implemented
the same GAM-based recursive partitioning for SIC analyses. We visualized result of the analyses using the

ggparty package®.

45,59
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To characterize foraging suitability of environmental conditions for little auks in nodes distinguished by
recursive partitioning we calculated the proportion of years with mean SST values in July-August in potential
foraging areas that exceed a physiological upper threshold for Calanus glacialis presence and functioning in
Svalbard, i.e. 6 ‘C3%%4,

Finally, for all breeding sites for years with documented presence of little auks we studied the relationship
between SST and SIC in July-August (averaged, thus one data point per year per breeding site) using GAM with
formula SST ~ s(SIC) using function gam in mgcv package®. Given uncertainty of presence of little auks in the case
of sites with only one record or records of only singular individuals we performed three separate analyses: 1) for
all sites, 2) for sites with more than one record, and 3) sites with at least once noted >2 pairs (or 4 individuals).
For two first cases we used models with breeding site as random effect (as for some sites we had few records).
For the third case we used model without random effect due to the smallest sample size.

Results

Size and distribution of the little auk population

In total, we found data for 22 sites in West Greenland south of 74° N, where breeding of little auks was reported
in the time range from the 1780s to the 2010s (Table 1). In that in eight sites (36.4%) little auks were recorded
more than once. Also in nine sites (40.9%) at least once more than 2 pairs were recoded. Seventeen (77.3%)
of sites were active in the twentieth century but only six (27.3%) at the beginning of the twenty-first century.
Available data indicate that little auks were not numerous (from single pairs to 50 pairs) at the majority of sites.
Only in the northernmost site (Horse Head, APPE) numbers were higher (up to 6,000 pairs). We estimated
total population size in West Greenland south of 74° N at 5,250 pairs in the 1930s, 6,500 pairs in 1936-1965%
and 6,050 pairs in the 1960-1970s. In the following decades, the number of breeding pairs decreased reaching
levels of only ~ 1,000 pairs in the 1990s, and 70-80 pairs in the 2000-2010s (Table 1). The range of breeding sites
contracted from much of West Greenland south of 74° N at the beginning of the twentieth century to only the
northern (APPE and UIGO in the Upernavik region), and central (GRON, ROTT and AKUN in the Disko Bay
area) parts of the studied region by the beginning of twenty-first century (Fig. 2).

Environmental conditions in potential foraging areas of little auks

A GAM-based recursive partitioning revealed some geographic patterns in multi-year dynamics in July-August
SST and SIC (Table 2, Figs. 3,4). Temporal patterns of these variables in foraging areas differed significantly with
regard to latitude and longitude (SST) or only latitude (SIC) (Figs. 3,4). In the case of SST, the study area was
divided into three nodes representing geographical zones covering six northern breeding sites (Northern Zone /
Node 5), eight western sites (Western Zone / Node 3) and eight southern sites (Southern Zone/ Node 4) (Figs. 3).
In the case of SIC, the study area was also divided into three zones: Northern Zone (Node 5) with twelve sites,
Western Zone (Node 4) with five sites, and Southern Zone (Node 3) with five sites (Fig. 4).

The range of recorded SST values differed between the three Zones / Nodes. Western SST Zone (Node 3) had
the highest temperatures during the entire study period. Southern and Northern Zones (Nodes 4 and 5) were
characterized by the lowest SST values among all SST Zones (Figs. 3 and Table 3). The amplitude of changes in
SST (i.e. max-min difference) was the smallest in the Southern Zone (Table 3). From 1870 to the beginning of
the twentieth century, SST in the Western Zone was stable while it was increasing in the remaining Zones. The
first two decades of the twentieth century were characterized by a rapid decrease in temperature in all Zones.
After the 1920s, an abrupt increase in temperature was observed in Northern and Western Zones while it was
less pronounced in the Southern Zone. Stabilization of SST dynamics was observed from the 1940s (Southern
and Northern Zones). The period from the 1950s to the 1990s was characterized by a slight temperature decrease
(Southern Zone), increase (Western Zone) or some fluctuations (Northern Zone). In all zones a rapid increase
in SST started from the 1990s (Figs. 3).

The SIC differed between the three zones, with the Northern Zone (Node 5) having a higher range of values
than Southern and Western Zones (Nodes 3 and 4) during the entire study period (except for the last years in the

Parametric coefficients Approximate significance of smooth terms

Estimate ‘ SE ‘ t P ‘ edf ‘ Ref.df F P

SST: R-squared (adjusted) =0.606, deviance explained =96.2%

.tree3 5.68 0.03 210.62 <0.001 s(Year): tree3 8.11 8.79 92.06 <0.001
treed 4.31 0.03 150.94 <0.001 s(Year): tree4 8.56 8.94 28.17 <0.001
.tree5 3.14 0.04 87.03 <0.001 s(Year): tree5 8.86 8.99 34.68 <0.001
SIC: R-squared (adjusted) =0.337, deviance explained =62.2%

.tree3 16.87 0.74 22.75 <0.001 s(year): tree3 7.62 8.52 17.00 <0.001
.tree4 6.37 0.68 9.42 <0.001 s(year): tree4 5.11 6.22 3.60 0.001
.tree5 34.36 0.50 68.74 <0.001 s(year): tree5 8.78 8.99 59.11 <0.001

Table 2. Results of Generalized Additive Model (GAM)-based recursive partitioning for mean SST an
maximal SIC in potential foraging areas of little auks breeding in West Greenland south of 74° N Greenland in
July-August 1871-2008 (SST) or 1850-2017 (SIC), formula: SST ~ s(year) | latitude + longitude or SIC ~ s(year) |
latitude + longitude.
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Fig. 3. (a) Generalized Additive Model (GAM)-based recursive partitioning characterizing factors affecting
multi-year (1871-2008) mean sea surface temperature (SST) dynamics in July-August in potential foraging
areas of little auks breeding in West Greenland south of 74° N. Longitude and latitude were used as the potential
partitioning variables. Encircled variables have the strongest association to the local GAM smoother. The p
values listed at each encircled node represent the test of independence between the listed variable and the local
GAM smoother. Terminal nodes indicate variable levels characterizing the relationship between the response
variable (SST) and predictor (Year) smoothed with GAM fit (lines), N indicates the number of SST sampling
points corresponding to specific predictor levels. See Table 1 for breeding site codes; (b) SST dynamics (GAM
fit) in potential foraging areas of little auks from nodes distinguished by recursive partitioning in July-August
1871-2008. Black dashed line indicates a physiological upper threshold for Calanus glacialis presence and
functioning in Svalbard **% (c) Map showing localization of geographical zones reflecting nodes distinguished
by recursive partitioning and all studied breeding sites of little auks. A map was created in the ggOceanMaps
package '’ in R software version 4.2.2 *. Base map source: Natural Earth. Free vector and raster map data @
naturalearthdata.com.

2010s) (Table 3, Fig. 4). Also, the pattern of SIC changes differed between the zones with a more stable pattern
from the 1850s until the 1970s in Northern (Node 5) and Western (Node 4) Zones compared to a more fluctuating
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Fig. 4. (a) Generalized Additive Model (GAM)-based recursive partitioning characterizing factors affecting
multi-year (1850-2017) maximal sea ice concentration (SIC) dynamics in July-August in potential foraging
areas of little auks breeding in West Greenland south of 74° N. Longitude and latitude were used as the potential
partitioning variables. Encircled variables have the strongest association to the local GAM smoother. The p
values listed at each encircled node represent the test of independence between the listed variable and the local
GAM smoother. Terminal nodes indicate variable levels characterizing the relationship between the response
variable (SIC) and predictor (Year) smoothed with GAM fit (lines), N indicates the number of SIC sampling
points corresponding to specific predictor levels. See Table 1 for breeding site codes; (b) SIC dynamics (GAM
fit) in potential foraging areas of little auks from nodes distinguished by recursive partitioning in July-August
1850-2017; (c) Map showing localization of geographical zones reflecting nodes distinguished by recursive
partitioning and all studied breeding sites of little auks. A map was created in the ggOceanMaps package ' in R
software version 4.2.2 3, Base map source: Natural Earth. Free vector and raster map data @ naturalearthdata.
com.

pattern during the same period in the Southern Zone (Node 3) The period 1970s-2000s was characterized by an
increase in SIC in the Northern (Node 5) and decrease in the Southern Zone (Node 3) and fluctuations in the
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Variable | Zone/Node |Mean |SD | Median |25% |75% |Min |Max |Range

N Zone N5 3.6 148 | 3.5 2.7 4.2 -06 |78 1.5
SST ‘W Zone N3 5.7 1.26 | 5.9 5.0 6.6 0.6 8.0 1.6

S Zone N4 4.3 1.07 | 44 3.7 5.1 11 7.1 1.4

N Zone N5 | 32.3 28.9 |30 0 55 0 9 55
SIC W Zone N4 5.72 133 |0 0 7 0 100 7

S Zone N3 16.9 184 |12 0 26 0.0 98 26

Table 3. Multi-year values of SST (1871-2008) and SIC (1850-2017) in July—August in zones (nodes)
distinguished by recursive partitioning. Range - interquartile range. Nodes location—see Fig. 3-4).

Western Zone (Node 4). Starting from the 2000s, a decrease in SIC was observed in all SIC zones, with a more
rapid change in the Northern Zone (Node 5) (Fig. 4).

The proportion of years with mean SST values in July-August above the potential critical threshold of presence
of C. glacialis (i.e. representing a less attractive foraging habitat for little auks) was the highest (46.5%) during
the study period in the Western SST Zone (Node 5). Years with suboptimal mean SST values were much less
frequent in other zones—4.7% in the Southern Zone (Node 4) and 8.9% in the Northern Zone (Node 4) (Fig. 3).

The last presence of little auks in SST Northern and Western Zones was documented in the beginning of the
twenty-first century (in that only in two sites more > 2 pairs were detected). In the Southern SST Zone, in two
sites the last documented presence was recorded at the end of the twentieth century (in that only in two sites
more >2 pairs were detected) (Fig. 5). In the case of SIC zones, all records of little auks in the twenty-first century
were documented in the Northern Zone (Fig. 5).

Relationship between environmental conditions in years with documented presence of little
auk at breeding sites

We found a significant relationship between mean SST and max SIC in July-August for years with presence
of little auks in all sites [GAM, significant effect of smoothed term (SIC), p<0.001, N=36] and in sites with
more than one record (p <0.001, N =24). In the case of sites with recorded more than 2 pairs during at least one
visit the relationship only tended to be significant (p=0.099, N=17) (Table 4). GAM fits for all sites and sites
with at least two records were characterized by predominant increase in max SIC with increasing mean SST. A
steep increasing trend was observed in the range of SST up to 6 “C and SIC until ~ 20% SIC. Then, until ~6.8 ‘C
and ~ 62% SIC increase trend was slighter. After reaching these values a slight decreasing trend was detected
(Fig. 6). GAM fit for more than 2 pairs during at least one visit was characterized by two increasing (for low
max SIC values up to ~ 14% and then for max SIC values starting from ~ 55% SIC) and one decreasing (for
intermediate values of max SIC) parts of the trend (Fig. 6). Summing up, in the years with little auks presence,
their foraging areas were generally characterized by either low mean SST in the foraging areas accompanied with
no sea ice (SIC=0%) or moderate to high SIC (12-78%). High mean SST (beyond the threshold for cold water
zooplankton occurrence) were associated with moderate (10-20%) or high (60-90%) max SIC values (Fig. 6)
suggesting possibility of exploring of marginal ice zone by little auks in conditions of high mean SST (especially
in the closer foraging areas).

Discussion

We documented 22 sites with possible breeding of little auks in West Greenland south of 74° N in the time range
from the 1780s to the 2010s. Of that, breeding was documented for more than one time in eight sites (36.4%).
Estimated population of the little auk in the study area at the turn of the nineteenth and twentieth centuries was
at the level of few to several dozen pairs at the majority of locations. Only the northernmost colony on Horse
Head (APPE) was more numerous (up to 6,000 pairs). At that time, breeding sites were scattered along the coast
of West Greenland south of 74° N. At the beginning of the twenty-first century, after a few decades of population
decline, little auks were present only in some locations in the northern (APPE, UIGO and ASSI in the Upernavik
region) and west (GRON, ROTT and AKUN in the Disko Bay area) parts of the study area (all representing the
Northern SIC Zone).

We found significant fluctuations in SST from the end of the 19th to the beginning of the twenty-first century
in the study area, and the dynamics of changes were site dependent. The SST dynamics on the foraging grounds
of little auks in the Western Zone are generally in agreement with multi-year patterns of air and SST anomalies
recorded in Nuuk in West Greenland (latitude 64.4° N) *°. This area was characterized by a period of warmer SSTs
prior to 1890, a colder-than-normal period that ended between 1910 and 1920, and a warm period thereafter,
that ended in the 1970s; then from the 1996-2000 period onwards, climatic conditions changed again to warmer-
than-normal conditions *°. A remarkably strong warming of coastal summer air temperature has been recorded
in every coastal region of Greenland between 1952 and 2017 ¢ . Due to a lack of water temperature data before
1870 it is hard to assess whether the observed SST dynamic is concordant with postulated climate warming after
the “Little Ice Age”* (after ~ 1850%). Observed SST fluctuations are driven by various factors such as climatic
variations within the North Atlantic Subpolar Gyre, coupled processes associated with the Atlantic Multidecadal
Oscillation, and overlying atmospheric pressure patterns® %",
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Fig. 5. Records of little auks in particular sites assigned to SST (A) and SIC zones/nodes (B) distinguished by
recursive partitioning. Grey dashed vertical lines divide the timeline into centuries. Black dots indicate presence
of little auks, black crosses no presence during the survey. records Larger dots and triangles indicate only one
and more than one documented presence per colony, respectively. Colors of the dots and triangles represent
number/estimate of individuals recorded: green—more than 2 pairs, black — up to 2 pairs. Colony codes — see
Table 1. Colors of graph background and colored names represent particular SST and SIC zones/nodes.
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Variables ‘ edf ‘ Ref.df ‘ F ‘ p-value ‘ adj R2 ‘ Dev expl
All sites (N =36), SST ~ s(SIC) + s(Site, bs="re”)

s(SIC) 395 | 4.626 12.67 0.0001 | 0.922 97.0%
s(Site) 17.62 | 19.0 13.64 <0.0001

Sites with > 1 records (N =24), SST ~ s(SIC) + s(Site, bs="re”)

s(SIC) 3917 | 4.635 13.82 0.0002 | 0.929 96.2%
s(Site) 6.651 |7 27.82 | <0.0001

Sites >2 pairs (N=17), SST ~ s(SIC)

sGI0) | 3499[4222 [ 244 [ 0.0992]0364 [50.1%

Table 4. Results of Generalized Additive Model (GAM) for a relationship between mean sea surface
temperature (SST) and maximal sea ice concentration (SIC) in potential foraging areas of little auks breeding
in West Greenland south of 74° N.

Ice data in the present study, including the whole of the second half of the nineteenth century, suggest slight
(Northern and Western Zone) to moderate (Southern Zone) decreases in SIC in the 1850-1880s. Observed
general decrease of sea ice concentration in last decades (but see North SIC Zone) is in concordance with other
studies showing decreasing trend between 1979 and 2018 in March and September in various regions of the
Arctic including the study area’. Increase in SIC in North SIC Zone between ~ 1960 and ~ 1995 is in agreement
with increasing trend recorded in March between 1953 and 2001 in the waters between Greenland and Baffin
Island between 65 and 73°N"2. Patterns of sea ice changes are driven mainly by the external forcing from natural
processes (local melting within the Arctic Ocean, and export of sea ice through sea ice drift) and anthropogenic
sources (the loss of Arctic sea ice is directly correlated with anthropogenic CO, emissions)”>”. In the studied
area two main types of sea ice show great interannual variability governed by factors like the outflow of sea
ice from the Arctic Ocean, and wind conditions in neighbouring seas**. The presence of ice close to little auk
breeding sites may be also affected by local processes such as the calving of glaciers. Such coastal sea ice may
serve as local foraging microhabitats for little auks®'. However, this type of ice is not included in the large scale
ice concentration models because of its relatively low spatial resolution and systematic errors occurring in
algorithms for coastal regions™.

In general, we found that periods with SST increase and SIC reduction, especially in the last few decades
(since the 1990s), coincided with the main little auk population decline. This pattern was particularly notable
at the largest colony in the studied area - on Horse Head (APPE) (Fig. 7). Analysis of a relationship between
SIC and SST in years with presence of little auks at breeding sites revealed that birds were present when SST
values in foraging areas were low (within the range of Calanus glacialis presence and functioning) independently
on sea ice concentration ranging from 0 to 76%. However, presence of little auks was also possible with mean
SST values above the thermal threshold of Calanus glacialis (> ~ 6 ‘C). Apparently, birds in years with high SST
might have still found areas with lower SST in some parts of foraging areas. These areas (sometimes located far
from the colony) were characterized by moderate or high SIC enabling regular foraging on energy-rich prey
associated with marginal ice zone (MIZ) (Calanus glacialis and the symphagic amphipod Apherusa glacialis)”>.
A similar foraging strategy has been reported at the Northwest Spitsbergen colony in Magdalenefjorden where
little auks foraged regularly in the MIZ, located 100-150 km from the colony, when foraging areas close to the
colony were characterized by relatively high SST**-*. Thanks to such a flexible foraging strategy some breeding
sites may exist for longer, even with suboptimal environmental conditions close to the colony. Moreover, even
in areas with relatively high SST values, in the Western SST Zone, 53% of multi-year water temperatures within
potential foraging areas of little auks (mean 5.7 “C) were close to or exceeded potential thermal thresholds of
occurrence of cold water copepods C. glacialis and C. hyperboreus (~6 ‘C). At least in 25% of the years studied,
conditions were still optimal for cold water copepods (0-25% range for SST: 0.7-5.0 °C). It may have provided
the chance for little auks to still breed in this area, even without MIZ presence in the range of foraging trips,
given the possibility of feeding in various microhabitats (e.g. at glacier melt-water fronts, thermal fronts, eddies)
as reported from East Greenland, Svalbard and Franz Josef Land(*>**3*4°177). However, in a longer perspective,
higher parental efforts to deliver optimal food may affect their reproductive performance and survival, in turn
resulting in negative population dynamics and viability**. Thus, presence/absence of breeding little auks at
particular sites (especially those with at least periodically high SST) may by driven by multiple episodes of local
extirpation/emigration and recolonization.

There are only scarce data on zooplankton community composition in the study area. It has been reported that
in the Disko Bay (69°N; at the edge of the Northern and Western SST Zones, and southern part of the Northern
SIC Zone) in the 1990s, Atlantic Calanus finmarchicus and the two larger Arctic species C. hyperboreus and C.
glacialis contributed equally to the copepod biomass®”®. Only in the most recent decades (2005-2018) with the
reduction in sea ice cover, have the Arctic copepods declined, and, currently, C. finmarchicus dominates the
planktonic biomass in this area’. Given the above-mentioned data and observed dynamics of mean SST with
periodic occurrence of colder periods (Fig. 3) and larger amounts of sea ice (Fig. 4 and ref*’), one can assume
that copepods were available for little auks at least on some foraging grounds, securing their breeding in the
area. It cannot be excluded that some sites were periodically abandoned (or present in very small numbers) and
then recolonized given alternating patterns of change in environmental conditions. Periodic breeding may not
have been detected due to lack of systematic and extensive surveys in the whole study area. Moreover, it cannot
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Fig. 6. A relationship between sea ice concentration (SIC) and sea surface temperature (SST) in July and
August in all breeding sites in West Greenland south of 74° N in years with documented presence of little auks.
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be excluded that in some sites, especially those with only singular birds recorded, observed little auks were
prospecting subadults individuals or / non-breeding adults.

Observed patterns of SIC change in all zones, especially an abrupt decline after 2000, is in concordance with
multiyear autumn ice cover variability in Northern Baffin Bay”®. We found that in Southern and Western SIC
Zones (with lower SIC values than in the Northern Zone), no breeding sites were active at the beginning of the
twenty-first century (Fig. 6). This coincidence may be interpreted in terms of a relationship between zooplankton
communities and sea ice. A zooplankton study from Disko Bay (south of the Northern SIC Zone) revealed that
spring biomasses of preferred prey of little auks, copepods C. hyperboreus and C. glacialis, were significantly
positively correlated with sea ice cover while C. finmarchicus biomass was positively correlated with fraction of
warm Atlantic water masses®. The authors of that paper concluded that it is unlikely that Calanus populations
were directly impacted by the sea ice, rather that sea ice could serve as a proxy for changes in the ocean and
atmospheric circulation patterns that influence the advection of the three Calanus species into Disko Bay.

The process of altering the Arctic ecosystems towards a more temperate state, so-called atlantification or
borealization, has already been observed at different trophic levels, and in several regions of the Arctic including
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Fig. 7. Mean sea surface temperature (SST) dynamics in July-August (1871-2008) (A) and maximal sea ice
concentration (SIC) dynamics in July—August (1850-2017) (B) (GAM fit) in potential foraging areas of little
auks breeding at Appalersalik / Horse Head (APPE). Black squares represent colony size estimates according to
2136101102 gnd C. Egevang (personal inf.). A grey horizontal dashed line indicates a physiological upper thermal
threshold for Calanus glacialis presence and functioning in Svalbard®*¢%.

Barents Sea, Chukchi Sea, Bering Sea and Greenland (e.g.>%°-%%). It is associated with reduction of ice cover and
increase in water temperature resulting in changes in the terrestrial and marine ecosystems>*>%. The studies from
Svalbard have revealed that borealization affects top- or meso- predators like seabirds through an effect on their
foraging and their reproductive performances (e.g.***”#>%). In the consequence, colonies of Arctic species in
Svalbard (Briinnich’s guillemot Uria lomvia, ivory gull Pagophila eburnea, glaucous gull Larus hyperboreus, and
little auk) have generally declined in size in 2009-2018 while colonies of boreal species (Black-legged kittiwake
Rissa tridactyla, northern fulmar Fulmarus glacialis, common guillemot Uria aalge, northern gannet Morus
bassanus, and great skua Stercorarius skua) have been increasing®’.

In West Greenland borealization process has been documented in Disko Bay (69°N) and included a decline
of Arctic copepods and domination of smaller Calanus finmarchicus with lower energy content®. Given little
auks’ high energy requirements® and preference for cold water copepods during the chick-rearing period!®>*%,
a borealization of zooplankton communities in West Greenland may soon lead to extirpation of Greenland
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little auk populations from the Low Arctic zone. This scenario is supported by the low number of breeding sites
functioning in the twenty-first century and rapidly retreating sea ice raising prospects of ice-free Arctic seas by
2050717 precluding little auk foraging in MIZ.

Existing estimates of little auk population size summarized in this study indicate a relatively small population,
especially compared with Northwest Greenland (north of 75 ° N; 33 million pairs®). It cannot be excluded that
it was larger and had been reduced by earlier climate change episodes. On the other hand, despite dramatic
changes in the West Greenland marine ecosystem in the nineteenth and twentieth centuries, the possible main
little auk prey items, cold water copepods, were still available®*2 Thus, it is also possible that the West Greenland
population south of 74° N, breeding at the edge of the species range in the Low Arctic zone, was never numerous.
Such a small local population is prone to stochastic processes®® so even in temporary optimal foraging conditions
they may decrease considerably or even become extirpated because of some local catastrophes, such as disease,
predation, overhunting etc.

The little auk is not the only declining seabird species in West Greenland south of 74° N. The numbers of
Briinnich’s guillemots breeding there have decreased significantly over the past several decades. The decline has
been most severe between Disko Bay and southern Upernavik District. Unsustainable hunting for birds at colonies
during the breeding season is the most obvious reason for the observed decline of Briinnich’s guillemots; however,
in contrast to a heavy harvest of little auks from the large breeding aggregations in Northwest Greenland'*, the
harvest in the study area of this species has been very limited (DB unpublished data). On the other hand, other
factors such as fisheries bycatch in the 1960s and 1970s is likely to have contributed to population decreases
over that period®®**-%%, Whilst hunting may not be an important factor affecting the decline of the little auk
population in West Greenland south of 74° N, declines in the little auk population may be linked not only directly
to environmental changes in the sea but also to more complex changes in the marine ecosystem affecting the
species through changes in plankton communities.

Our study provides valuable findings on the little auk population breeding in West Greenland. However,
it has some obvious limitations associated with quality of historical data. First, due to a limited number of
historical sources concerning the population size of breeding little auks, and a lack of detailed description of
survey methods used in many sources, we cannot provide reliable quantitative assessments of the number of
breeding pairs in the study area, especially before the 1930s. The majority of studies and surveys where we found
information about little auk presence were not focused on searching for little auks. Only studies on Horse Head
were dedicated to studying little auks and from this largest colony in the study area reliable colony estimates
are available?!. Second, available SST and SIC data for long time series are only partially remote sensed (from
the 1970th). Data from the 19th and first part of the twentieth century base on modelling and/or historical
observations. These combined data have some obvious limitations and a relatively small spatial resolution. SST
data from coastal regions considered here are often characterized by lower data certainty compared to the open
sea’1%. Also sea ice concentration algorithms suffer from systematic errors in coastal regions’. Nevertheless,
patterns of environmental change in the past described in our study are concordant with these reported in other
studies (e.g.ref"*>¢7) and fill the gap of knowledge about the response of zooplanktivorous mesopredators to
variable climatic conditions in West Greenland.

Conclusions

Currently, the breeding population of the little auk in Low Arctic West Greenland is very small (several dozen
pairs) and limited to a few breeding sites. Even at the beginning of the twentieth century, the species was not
very numerous as a breeder (few thousand pairs). Increases in SST and decreases in SIC, especially in the last
few decades, were apparently associated with abandonment of breeding sites previously occupied by little auks.
Population declines may be also attributed to more complex changes in the marine ecosystem at finer spatial
and temporal scales and/or cannot be easily detected. It cannot be excluded that the local populations in this
region were always small and, as such, prone to stochastic processes. In any case, currently observed increases
in SST, decreases in SIC and associated borealization of zooplankton communities (leading to dominance of
suboptimal food in the foraging areas), may lead to the extirpation of West Greenland little auk populations
south of 74° N. This study emphasizes the need for multi-disciplinary studies to better understand the processes
driving population dynamics in the present era of climate change.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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