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ABSTRACT: In recent years, Arctic and sub-Arctic fish communities have shown extensive re-
organization on shelves and in shallow waters, but little is known about the ecological impact of
environmental changes in deeper waters. We examined temporal changes (1998-2016) in fish
diversity and community structure based on research survey data from East Greenland, over a
depth gradient spanning 400 to 1500 m. A northern and a southern continental slope region,
360 km apart, were analysed for temporal changes in water temperature and fish community
structure. The bottom water temperature increased by up to 0.2 and 0.5°C, respectively. Contrary
to expectations, there was a concomitant loss of species richness of up to 3 and 5 species, respec-
tively, and a decrease in total abundance in both regions. Abundances of individual species dis-
played different trends between regions, with 3 species of wolf fishes (Anarhichas spp.) and
American plaice Hippoglossoides platessoides decreasing in the north and blue antimora Anti-
mora rostrata, Agassiz' slickhead Alepocephalus agassizii and the roundnose grenadier Cory-
phaenoides rupestris decreasing in the south. The regional differences may reflect different
oceanographic characteristics, as the northern region is more influenced by colder Arctic water,
whereas the southern region is primarily influenced by the Subpolar Gyre (SPG). However, the
observed temperature increase is expected to be due to an intensifying Atlantic Multidecadal
Oscillation and/or anthropogenic climate change and not to SPG changes. The observed changes
in biodiversity and community structure associated with warming are likely to affect community
dynamics and alter ecosystem functioning.

KEY WORDS: Climate variability - Species richness - Deep sea - Demersal fish - Temporal change -
North Atlantic

1. INTRODUCTION

As oceans temperatures rise with global warming,
marine species and ecosystems are affected world-
wide. The ecological effects of warming are most
rapid and pronounced at high latitudes (Wassmann
2011, Fossheim et al. 2015). The Arctic seas are
warming more rapidly than the global average
(Hoegh-Guldberg & Bruno 2010, Stocker et al. 2013),
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leading to altered habitats, poleward shifts in species
distributions and changes in community organization
(Mueter et al. 2009, Doney et al. 2012, Fossheim et al.
2015). Arctic fish communities react quickly to in-
creasing temperatures due to behavioural responses
that complement the demographic effects of a chang-
ing environment (Fossheim et al. 2015). The direct
effects of a changing physical environment in terms
of local gain or loss of fish species, and changes in
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abundances, trigger higher-order effects of warming
mediated by ecological interactions (Kortsch et al.
2015). The resulting impact of warming on Arctic fish
is communitywide, affecting species richness, com-
position and relative abundances (Mueter et al. 2009,
Fossheim et al. 2015). Presently, the impact of climate
change on Arctic fish is primarily documented for
pelagic and demersal communities living in shal-
lower waters, but little is known about deep demer-
sal communities, for which more marginal effects of
warming have been proposed due to the greater envi-
ronmental stability experienced (Yasuhara & Dano-
varo 2016). A general prediction of climate change
impact on high-latitude fish communities is increased
species richness fuelled by poleward shifts in distri-
bution of boreal species (Cheung et al. 2009, Garcia
Molinos et al. 2016). The expectation is supported by
several recent studies showing how pelagic and
demersal species rapidly expand their ranges and
increase in abundance when sea ice recedes and
water temperature increases (Mueter & Litzow 2008,
Fossheim et al. 2015). However, most of these studies
were conducted in shallower basins or shelf areas
like the Barents Sea (Fossheim et al. 2015) and the
North Sea (Hiddink & Ter Hofstede 2008, Ter Hofst-
ede et al. 2010). Shallow marine ecosystems are ex-
posed to daily and seasonal temperature fluctuations
and are in general more influenced by changes in the
atmosphere. In comparison, the deep-sea environ-
ment is considered more stable in space and time,
and has therefore often been disregarded as a con-
trolling factor of diversity (Yasuhara & Danovaro 2016).
However, several studies indicate that deep-sea bot-
tom temperatures differ between oceans, depths and
water masses and can change on both short-term
(several years to decades) and long-term (centennial to
millennial) time scales (Yasuhara & Danovaro 2016).
For example, in the Labrador Sea, deep-water tem-
peratures changed at a rate of up to ~0.5°C decade™!
over the last 60 yr (van Aken et al. 2011).

The impact of climate warming on Arctic fish is ex-
pected to go beyond changes in species richness, and
affect the local composition and abundance of spe-
cies (Meredith et al. 2019). The vulnerability of a
single species to climate-driven pressures, such as
increasing water temperatures, is a function of its
exposure, sensitivity and adaptability. Fish are adap-
ted to a specific range of environmental conditions
that the population is likely to encounter through
natural variability. When the environment changes
in such way that new conditions emerge and persist,
the species needs to either adapt to the new environ-
ment, migrate to a new area or face local extinction

(Henson et al. 2017). Typically, mobile, short-lived
species with a broad tolerance range are better able
to adapt in a changing environment than more seden-
tary, long-lived species with restricted tolerance and
habitat range (Perry et al. 2005, Danovaro et al. 2017).
At high latitudes, deep demersal fish communities
comprise both sedentary species narrowly adapted
to local conditions, such as wolfish Anarhichas lupus,
and highly mobile species with broad tolerance
ranges such as Atlantic cod Gadus morhua.

The importance of both regional and local pro-
cesses mediating climate-driven effects on ecological
communities is illustrated in waters south and east of
Greenland. As a region with adjoining cold and warm
water masses, the East Greenland Ecosystem is one
of the first to be affected by climatic changes (Bersch
et al. 1999, Bersch 2002, Hakkinen & Rhines 2004,
Hatun et al. 2005, Bersch et al. 2007, Nunez-Riboni et
al. 2013). The main circulation feature in the region is
the Irminger Gyre (Vage et al. 2011), which is an in-
tegral part of the Subpolar Gyre (SPG). The SPG is a
region of strong interaction between ocean and at-
mosphere and is thus susceptible to the effects of
climate change. Natural variation in intensity and
geometry of the SPG ranges from inter-annual to
multi-decadal time scales, which in turn affects sea
temperatures and oceanic fronts (Hatin et al. 2005).
Such changes have been shown to influence faunal
distribution in the eastern North Atlantic (Hatun et
al. 2009a) and, more recently, the geographical dis-
tribution of redfish Sebastes mentella in the Irminger
Sea (Nunez-Riboni et al. 2013). On longer time
scales, the whole North Atlantic is subject to a multi-
decadal oscillation of sea surface temperature, i.e.
the Atlantic Multidecadal Oscillation (AMO) (Kerr
2000). Moreover, sea surface temperature is rising
due to climate change, and fish species are redistrib-
uting (MacKenzie et al. 2014). Cod is re-entering and
spawning in the area, the abundance of mackerel
Scomber scombrus is reaching levels of economic in-
terest, and novel non-commercial species are being
reported (ICES Advisory Committee 2018).

In this study, we assessed the effects of climatic
variability on deep-water demersal fish communities
east of Greenland by investigating temporal changes
(1998-2016) in the richness, composition and com-
munity structure of species. The time series analysed
pertain to an East Greenland Deep Water Survey,
conducted by the Greenland Institute of Natural
Resources, which covers depths ranging between
400 and 1500 m. Based on predictions for Arctic fish
communities (Cheung et al. 2009, Garcia Molinos et
al. 2016), corroborated by findings from other areas
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of the Arctic (Johannesen et al. 2012, Fossheim et al.
2015) and the Northern Atlantic (Hiddink & Ter Hof-
stede 2008, Ter Hofstede et al. 2010), we expected to
find an increase in species richness associated with
poleward shifts of boreal species and a compositional
and structural reorganization of communities.

2. MATERIALS AND METHODS
2.1. Study area

The study area covers parts of the shelf and slope
area of East Greenland expanding from 61°N close
to the southern tip of Greenland to 67°N west of the
Denmark Strait (Fig. 1). The East Greenland Ecosys-
tem is an area where water masses are brought
together by various surface currents. On the shelf,
the dominant current is the cold East Greenland Cur-
rent (EGC), which flows southward carrying polar
water (Vage et al. 2011) and is bordered inshore by
the meltwater-driven East Greenland Coastal Cur-
rent (Sutherland & Pickart 2008). Over the deeper
parts of the region, the warmer Irminger Current (IC)
flows into the Irminger Sea with water temperatures
of 3.5-4.0°C (Vage et al. 2011). The IC partly contin-

Greenland
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Fig. 1. Water pathways in the Irminger Sea: East Greenland
Current (EGC), North Icelandic Jet (NIJ), Denmark Strait
Overflow (DSO), Irminger Current (IC), Iceland Scotland
Overflow Water (ISOW), Deep Western Boundary Current
(DWBC), and Kangerdlugssuaq (KG) Trough. The northern
and southern regions used for time series analysis are high-
lighted in green. ICES area 14b covers almost the entire map.

Redrawn from von Appen et al. (2014)

ues northward into the north Iceland Sea region, and
partly turns westward to the East Greenland conti-
nental slope area. In the north, the Denmark Strait
Overflow features the largest transport of dense
water from the Nordic seas to the North Atlantic. The
dense and cold water known as the Denmark Strait
Overflow is forced through the narrow channel of the
strait, runs over the sill and sinks into the deep water
of the Irminger basin (Dickson & Brown 1994).

Several countries have been fishing in the study
area for decades (e.g. Germany, Greenland, Russia
and Norway), primarily for Greenland halibut Rein-
hardtius hippoglossoides, cod and redfish. In recent
years, new fisheries have been developed following
shifts in fish species distribution, including new and
previously unexploited species entering the ecosys-
tem, like mackerel (Jansen et al. 2016).

2.2. Sampling design

We used data from the annual Greenland Deep-
Water Survey carried out since 1998 by the Green-
land Institute of Natural Resources. The survey cov-
ers the International Council for the Exploration of
the Sea (ICES) area 14b, between 60° and 67°N and
between the 3 nautical mile (n mile) line and the
200 n mile line (midline to Iceland), at depths rang-
ing from 400 to 1500 m. The survey follows a bottom-
trawl, buffered, stratified random design (Kingsley et
al. 2004). Throughout the time series, an Alfredo III
trawl with a mesh size of 140 mm, and a 30 mm mesh
liner in the cod-end, was used. The ground gear was
of the rock hopper type. Towing time was usually
30 min, but towing times down to 15 min were ac-
cepted. Average towing speed was 3.0 knots. After
each haul, the catch was sorted and species were
counted and weighed to the nearest 0.1 kg. The spe-
cies determination on the survey is conducted by
trained personnel and supported by species experts
in case of doubt. Thus the survey was considered
consistent throughout the time series. Until 2008, the
survey was conducted in June/July, a period when
ice cover could challenge sampling. From 2008 on-
ward, to avoid the problems related to ice cover, the
survey was postponed to August/September. Also, in
2008 the survey was combined with a new shrimp/
fish survey, which led to a change in trawling hours
so that most of the stations were sampled during the
night. Prior to the change in timing of the survey, a
comparative analysis was performed on commercial
catch rates which showed only minor effects of
changing the sampling period (Christensen & Hede-
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holm 2016). The change in sampling time is therefore
not likely to have affected the results. In the present
study, we used yearly data from 1998 to 2016, with
the exception of 2001, when no survey was con-
ducted. A total of 1060 stations, ranging from 40 to
100 per year, were included in this study.

Prior to the analyses, the data were screened, qual-
ity checked and pre-processed. Only fish classified to
species level were retained. Several species were
classified as pelagic (Haedrich & Merrett 1988, Froese
& Pauly 2017) and were likely caught during setting
and hauling of the trawl; these pelagic species were
removed from the dataset. As the dataset consisted of
a large number of rare species, only species present in
more than 1% of the samples were included in the
analyses, resulting in a final dataset of 61 species.
Prior to analysis, catches were standardized to num-
bers per unit area based on the area swept by each
haul (numbers km2). Before analysis on abundance,
data were log transformed using natural log base.

As a measure of fishing effect in the area, fishing
effort given as hours of fishing was calculated for the
commercial species of ICES area 14b. Calculations
are based on haul duration in logbook data obtained
from the Greenland Fishery and Hunting License
office.

2.3. Environmental drivers

Near-bottom temperatures were measured in
0.1°C increments, with a Seamon sensor mounted on
the trawl door. In the following, these observations
will be referred to as ‘trawl temperature observa-
tions' (TTOs). To construct climate temperature
indices, the TTOs were additionally supported by all
available historical temperature observations from
conductivity-temperature-depth (CTD) profiles in
the study area. A total of 161 000 CTD profiles from
the World Ocean Database, ICES, Coriolis and some
proprietary data of the Thiinen Institute for Sea Fish-
eries were gathered. Finally, sea surface height
(SSH) data from satellite altimetry were provided by
Archiving, Validation and Interpretation of Satellite
Oceanographic Data (AVISO).

2.4. Data analysis

2.4.1. Oceanographic parameters

In situ hydrography data were gridded with the
physical-statistical model Adjusted Hydrography Op-

timal Interpolation (AHOI; Nunez-Riboni & Akimova
2015). AHOI has been validated by comparing its
salinity variations with independent variations of its
driving mechanisms in the North Sea (Nunez-Riboni
& Akimova 2017). Additionally, for the particular case
of the Irminger Sea, temperature output from AHOI
has been compared with variations of the current in-
tensity as characterized by the SPG index (Hatun et
al. 2005). A drawback of AHOI are regional biases
arising from the calculation of the average fields of
the Gauss-Markov interpolation (Nunez-Riboni &
Akimova 2015). The TTOs can be strongly influenced
by sampling location and depth, as well as by impor-
tant short-term temperature variations at daily and
monthly scales, like eddies, tides and current mean-
ders. Thus, the TTOs alone are not suitable for esti-
mating multi-decadal climatic trends. To deal with
this, TTOs and AHOI maps were combined as
follows: temperature maps were interpolated over
central positions on the continental shelf, at each
depth stratum, obtaining standardized temperature
climate indices. To remove the spatial bias from the
long-term average, an off-set was added to (or sub-
tracted from) these AHOI indices based on the time
average of the TTOs at each depth stratum. These cli-
mate indices were calculated with temperature from
the third year quarter (July, August, September).

An SPG index was calculated as the first principal
component from SSH altimetry from AVISO data in
the region 70°-15°W and 47°-68°N. This index is
similar to the SPG index of Hatin et al. (2005),
reflecting the current intensity and temperature in
the central SPG. The index is sometimes obtained
with the second principal component, depending on
the altimetry data source and chosen spatial domain
(Hatin & Chafik 2018).

An index for the AMO (basically the average sea
surface temperature of the North Atlantic) was
downloaded from the internet portal of the Climate
Time Series at the Earth System Research Laboratory
of the National Oceanic and Atmospheric Adminis-
tration (NOAA 2018).

2.4.2. Community structure

Multivariate analyses were used to describe the
spatial organization of fish communities and investi-
gate temporal trends in community structure. Dis-
tinct fish assemblages were identified by hierarchical
clustering of species abundance data, using Bray
Curtis similarity and Ward linkage. Visual inspection
of the resulting dendrogram (Fig. S1 in the Supple-
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ment at www.int-res.com/articles/suppl/m654p127_
supp.pdf), and related non-metric multidimensional
scaling (nMDS) map (Fig. S2), indicated 6 clusters of
distinct fish assemblages that were spatially sepa-
rated (Fig. S3), due to differences in their depth,
TTOs and latitudinal distributions (Fig. S4).

Relative abundance across all assemblages and
indicator values of single species within each assem-
blage were calculated (Figs. S5-S7, Table S1). Indi-
cator species were identified based on the method of
Dufréne & Legendre (1997) using the ‘labdsv' pack-
age in R. This method calculates the probability of
obtaining as high an indicator value (fidelity and rel-
ative abundance) as observed over specified itera-
tions. Species response curves were calculated for
indicator species within each assemblage along gra-
dients of depth and TTOs (Fig. S8). To test for differ-
ences between assemblages in depth, TTOs and lati-
tude, an F-test was used followed by a Tukey HSD
post hoc test (Table S2).

2.4.3. Temporal changes in bottom temperature,
species richness and total abundance

For trend analyses of AHOI bottom temperature,
species richness and total abundance, only samples
from the 2 continental slope areas were included.
These areas were sampled consistently and had a
similar depth range, allowing a direct comparison of
these 2 distinct regions (Fig. 2). In addition, results
from the analysis of community structure showed
that sites located on the shelf (especially sites
located furthest to the north) differ from the other
study sites regarding species composition and habi-
tat. The shelf stations were therefore excluded to
avoid bias. The 2 slope areas, referred to as north-
ern and southern regions, were analysed separately
and compared.

To test for differences in trends over the depth
range, 3 depth intervals were specified (400-800,
800-1000 and 1000-1500 m), to balance sampling
and obtain a sufficient number of stations per year
and depth interval. The AHOI bottom temperature,
species richness and total species abundance were
modelled as a function of time using generalized lin-
ear models (GLMs) (McCullagh & Nelder 1989). An
interaction term between time (year) and strata was
included to test for differences in trends across depth
intervals. Models of species richness and abundance
included the covariates longitude and latitude to cor-
rect for spatial bias. Statistical modelling parameters
are summarized in Tables S3-S5.
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Fig. 2. Study area with sampling sites. Sites are colour-coded
according to Assemblages 1 to 6 (red, blue, green, purple, or-
ange and yellow, respectively, as described in Section 3.2).
Sizes of points are proportional to species richness at the site.
Dashed ellipses mark the northern and southern slope regions
used for analysis of temporal change in community structure.
The white markings (X) represent the positions where climate
indices were calculated for the 2 regions (see Section 2.4.1)

A redundancy analysis (RDA) (Legendre & Legen-
dre 2012) was used to model and summarize changes
in abundance of single species in relation with time,
TTOs and depth. For the northern region, which cov-
ers a larger area along the shelf, latitude was also
included in the RDA.

All statistical analyses were done with the software
R version 3.3.1 (R Development Core Team 2016).
Analyses of fish community data were performed with
the package ‘vegan’ (Oksanen et al. 2017). Indicator
species were identified using the package ‘labdsv’
(Roberts 2016), and species response curves were
obtained using the package ‘'mgcv’' (Wood 2017).

3. RESULTS
3.1. Oceanographic parameters

The SPG was in a positive phase at the beginning
of the study period, indicating strong currents and
low temperatures in the central SPG (Fig. S9), then
decreased to a minimum in 1998, indicating weak
currents and higher temperatures. Subsequently, the
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SPG index oscillated inter-annually until 2010, when
it again entered a positive phase similar to the one at
the beginning of the study period. The AMO gradu-
ally increased through the study period, indicating
an increase in temperature (Fig. S9).

3.2. Community structure

A total of 103 demersal fish species were caught
during the 18 yr time series; of these, 61 fish species
(59 % of total) were used in the analysis (species list in
Table S1). The clustering resulted in 6 well defined
and distinct assemblages (Fig. 2, Figs. S1 & S2), and
was mainly driven by differences in abundance be-
tween sites and not by the replacement of species
(Figs. S5-S7). The different assemblages were associ-
ated with different depths, latitudes and temperatures
(Table S2). Assemblage 1 (red sites) was separated
from the 2 other shelf assemblages (4 and 5) mainly by
temperature, which is significantly lower in this area.
The main indicator species of this assemblage was po-
lar cod Boreogadus saida. Assemblage 2 (blue sites)
was located at the edge of the slope and was the
shallowest of the slope assemblages. The main indica-
tor species was roughhead grenadier Macrourus
berglax. Assemblage 3 (green sites) was the deepest
assemblage whose main indicator species was the
deep-water species Agassiz' slickhead Alepocephalus
agassizii. Assemblage 4 (purple sites) was found at
warmer and shallow sites on the continental shelf and
along the ridge, with the indicator species greater ar-
gentine Argentina silus. Assemblage 5 (orange sites)
was found at the shallowest sites on the shelf and
along the ridge of the slope. The indicator species
here was the golden redfish Sebastes marinus. As-
semblage 6 (yellow sites) was located in the middle of
the slope and was characterized by the indicator spe-
cies roundnose grenadier Coryphaenoides rupestris.
A more detailed description of the depth range, tem-
perature range and listing of indicator species for
each assemblage is provided Text S1.

3.3. Temporal changes in bottom temperature,
species richness and total species abundance

3.3.1. Bottom temperature

The AHOI bottom temperature increased in all
strata in both regions (Fig. 3). As expected, the
deepest strata were the coldest, and the shallowest
were the warmest. Regional differences were pres-

ent, with temperatures being generally lower in the
northern region by approximately 1°C in all strata.

Over the study period, AHOI bottom temperatures
of the northern region increased by 0.14, 0.18 and
0.23°C in the shallow, middle and deep stratum,
respectively. In the southern region, the increase was
generally larger, with increases of 0.38, 0.40 and
0.45°C in the shallow, middle and deep stratum,
respectively (Table S3).

Within the study area, the fastest increase in tem-
perature occurred along the continental slope, with
changes of up to approximately 0.5°C in the southern
region, whereas the shelf area (<400 m) experienced
a slight cooling (Fig. 4).

3.3.2. Species richness

The 2 regions differed with regard to species rich-
ness (Fig. 3). Although the difference was not sig-
nificant, the southern region was slightly more di-
verse (10.3 + 0.2 SE) than the northern region (9.4 +
0.13 SE). In the northern region, species richness was
highest in the shallow stratum, whereas in the south-
ern region, the middle stratum was the most diverse
and the shallow stratum was the least diverse.

In the northern region, the slope of the temporal
trend in species richness was contingent on depth,
with a significant interaction term between year and
depth stratum in the model (p < 0.05). The shallow
and middle stratum experienced a local loss of diver-
sity of 2.6 and 3.1 species, respectively, whereas the
deep stratum was stable through time. Species rich-
ness in the southern region was generally higher
than in the northern region, but decreased more rap-
idly through time, although not significantly. Species
richness decreased in the shallow stratum, mid stra-
tum and deep stratum by 2.4, 4.3 and 1.5 species,
respectively. Differences in slopes between strata
were not statistically significant (Fig. 3, Table S4).

3.3.3. Total abundance

Total species abundance was higher in the south-
ern region, where it also decreased at a higher rate
(Fig. 3). In this region, total species abundance de-
creased through time in all strata, but the rate of
change was higher in the middle stratum (p < 0.05,
Table S5). In the northern region, species abundance
also decreased through time in all strata, but did so at
a higher rate in the shallow stratum (p < 0.05,
Table S5).
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Fig. 3. Temporal trends in Adjusted Hydrography Optimal Interpolation (AHOI) bottom temperature (top panels), species rich-
ness (middle panels) and total species abundance (bottom panels) for the northern (left panels) and southern (right panels)
regions. Trend lines were obtained by GLM (predicted marginal effects of model terms) and points show raw data (red: shallow
strata; blue: middle strata; green: deep strata). Shaded area around trend lines represents confidence intervals, and p-values
refer to temporal trends. Only stations from the 2 slope regions indicated in Figs. 1 & 2 were included in these analyses

3.3.4. Individual species abundances

The individual species abundances showed differ-
ent trends and inter-annual fluctuations through the
study period (see Figs. 5 & 6). The RDA ordination
summarizes how abundance increased or decreased
over time for the different species (Figs. S10 & S11).
Species displaying the most rapid changes in abun-
dance differed between the 2 regions.

In the northern region, the species decreasing
most rapidly were the Greenland halibut Rein-

hardtius hippoglossoides, 3 species of wolffish (An-
arhichas minor, A. denticulatus and A. lupus),
American plaice Hippoglossoides platessoides and
Kaup's arrowtooth eel Synaphobranchus kaupii
(Fig. 5). In the southern region, the species de-
creasing most rapidly in abundance were Green-
land halibut, blue antimora Antimora rostrata,
Agassiz' slickhead, Gunther's grenadier Coryphae-
noides guentheri, roundnose grenadier and Mur-
ray's longsnout grenadier Trachyrhynchus murrayi
(Fig. 6).
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0.4 3.3.5. Fishing effort

During the study period, there was

a decline in fishing effort of the main
commercial species Greenland hal-
ibut and redfish after 2004, whereas
the effort of catching cod started to
increase after 2010 with a small
peak in 2015. There were no fish-
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ing effort of the northern shrimp
Besides tusk Brosme brosme and the greater argen- Pandalus borealis declined rapidly after 2004 and

tine, species increasing in abundance also differed reached zero by 2016 (Fig. S12).

between regions. In the northern region, the main

species were roughhead grenadier Macrourus berg-

lax, snubnosed spiny eel Notacanthus chemnitzii and 4. DISCUSSION

blue ling Molva dipterygius. In the southern region,

the main species were lancet fish Notoscopelus kroe- We found local decreases in species richness and
yeri, smallmouth spiny eel Polyacanthonotus rissoanus total abundance in East Greenland deep-water dem-
and northern wolfish A. denticulatus (Figs. 5 & 6). ersal fish communities, concomitant with a rise in
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Fig. 5. Species displaying most rapid increase or decrease in abundance (log transformed and scaled) in the northern region
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Fig. 6. Species displaying most rapid increase or decrease in abundance (log transformed and scaled) in the southern region

AHOI bottom temperatures, during a period (1998-
2016) characterized by rapid warming of polar
regions (Meredith et al. 2019). The trends were sig-
nificant in both investigated slope areas, despite
their oceanographic differences. The rates of change
varied with depth, which, together with water tem-
perature, was the main structuring environmental
gradient for these fish assemblages. Abundances of
individual species displayed different trends be-
tween investigated areas, with 3 species of wolffish,
American plaice and Kaup's arrowtooth eel de-
creasing in the north, and blue antimora, Agassiz'
slickhead and Giinther's grenadier decreasing in the
south. The regional differences may reflect different
oceanographic characteristics, as the northern region
is more influenced by colder Arctic water, whereas
the southern region is primarily influenced by the
SPG. Our results indicate extensive ecological change
in the deep sea, likely influenced by the direct effect
of temperature rise and indirect effects mediated by
changes in habitat and species interactions. The
observed changes in the deep-sea fish communities
happened rapidly, emphasizing the urgent need for
ecosystem-based approaches and climate adaptation
in fisheries management.

4.1. Impact of climate and oceanography
on diversity

The general prediction of macro-ecological trends
of fish diversity in response to rising temperatures in
subpolar regions is an increase in species richness
due to poleward shifts of temperate species (Cheung
et al. 2009). Our findings, on the other hand, showed
an overall decline in species richness as water tem-
peratures increased. The oceanographic characteris-
tics of East Greenland help explain the decline in
richness in the context of climate warming. Ecologi-
cal responses have been linked to oceanographic
interannual variability associated with the SPG
(Hatan et al. 2005, Nunez-Riboni et al. 2013, Hatun &
Chafik 2018), whereas multi-decadal variability is
affected by the AMO (Kerr 2000, Nye et al. 2009,
Alheit et al. 2014). In addition to these sources of
variability, climate change drives long-term changes.
Interannual fluctuations of the SPG cause shifts in
temperatures and fronts, which ultimately affect
population distributions and densities either directly
or indirectly via e.g. changes in favourable spawning
grounds and nursing areas, shifts in lower trophic
levels, prey availability, predator abundances and
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year class success (Hatun et al. 2009a,b, Nunez-
Riboni et al. 2013). In southeast Greenland, the SPG
is correlated to redfish distribution (Pedchenko 2005,
Nunez-Riboni et al. 2013) and is likely to influence
the distribution of other species, possibly affecting
the overall trend in species richness and abundance.
However, the overall temperature trend through the
study period does not correspond to changes in the
SPG, which changed from a positive into a negative
phase in 1996, and became positive again at the end
of the study period. The steadily increasing tempera-
tures along the continental shelf rather suggest
warming of the IC due to reasons other than the SPG.
The most probable cause seems to be an increase of
temperature upstream along the IC, possibly caused
by the AMO and/or by anthropogenic climate
change. The long-term negative trend in richness is
a likely response to the long-term, climate-driven
oceanographic changes through environmental fil-
tering of Arctic species and physical and topographic
constraints on distributional shifts of boreal species,
discussed further below.

In a nearby study area southwest of Iceland, cover-
ing similar depths, species richness is increasing as
expected (Stefansdottir et al. 2010). The area is influ-
enced by the warm-water IC, which is a likely con-
veyor of temperate fish species moving northward to
both Iceland and our study region. A small branch of
the IC splits to the north, west of Iceland, along the
shelf, through the Denmark Strait. This branch of
temperate water, in addition to local upwelling and
high productivity, helps to explain the observed in-
crease in species richness southwest of Iceland. Along
East Greenland, however, the warm IC mixes with the
Arctic EGC, which makes the study regions in East
Greenland hydrographically different from the area
southwest of Iceland. Fock (2008) investigated driving
forces of groundfish assemblages on the shelf area
(0—400 m) of West Greenland and East Greenland be-
tween 1981 and 2006 and found climate (using Nuuk
annual air temperature as proxy for climate change)
to be a stronger driver of community dynamics (com-
munity interactions and environmental relationship)
in East Greenland compared to West Greenland. This
might indicate that the East Greenland ecosystem is
more vulnerable to climate change. Considering the
rapid observed temporal changes in the deep ocean
over the last 2 decades, one would expect temporal
changes in fish communities also in the shallower
shelf area. Regional differences based on topography
and oceanographic conditions such as depth, different
water masses, currents and fronts are important con-
siderations in how fish communities respond to cli-

mate variability (Pinsky et al. 2013). Looking at large
areas as a whole, one can easily overlook regional and
local differences that are important in understanding
responses in the ecosystem.

The depth- and area-specific responses in water
temperature were accompanied by differences in
trends of species richness, varying from no change to
a rapid decline. The different local trends in species
richness highlight the importance of local oceano-
graphic and ecological conditions in mediating cli-
mate effects. The study regions experience southward
currents, the IC and EGC, along which temperate and
cold-water species may disperse, respectively. The
climate-driven changes in hydrographic characteris-
tics may affect fish communities in our study regions
either directly, through environmental filtering where
the environment selects against certain species, or
indirectly, via changes in resource productivity and
altered species interactions.

4.2. Temporal change in community structure

Although the northern and southern study regions
covered the same depth ranges, the community
dynamics differed. In marine environments, assem-
blage structure and diversity are strongly correlated
with depth, but patterns of faunal change vary con-
siderably from area to area (Gage & Tyler 1991). In
our study, this was highlighted by different trends in
species richness and total abundance between depth
strata and between regions. The difference between
regions might be associated with a more rapid tem-
perature increase along the slope of the southern
region. The latter could be explained by the stronger
influence of the IC and the greater distance from the
Denmark Strait and the cold-water flow from the
north. The northern region is located where the IC
and the EGC meet and thus the mixing of the two
water masses might be less pronounced with a smaller
influence of the warmer IC. Although there are sev-
eral controlling factors of diversity such as harvesting
(Smith et al. 2000, Worm et al. 2009, Nogueira et al.
2016), productivity, habitat characteristics and spe-
cies interactions (Levin et al. 2001), water tempera-
ture is a strong candidate (Fossheim et al. 2015).

In the deep demersal communities, species rich-
ness may decline with warming due to characteris-
tics of deep-water species. In contrast to shallow-
water and pelagic species, poleward shifts of deep
demersal species are expected to happen at a slower
pace due to their relatively low mobility and slow life
histories. Further, being more stationary, deep dem-
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ersal species are more vulnerable to environmental
filtering. As temperatures of the IC increase, condi-
tions are worsening for the cold-water species, and
may negatively affect their vital rates. In support of
this hypothesis, we found that some of the ‘slow’
species, such as Greenland halibut and wolffishes,
and species categorized as Arctic or arcto-boreal
(Mecklenburg et al. 2018), were generally becoming
less abundant. However, more research is needed
to determine whether changes in community dyna-
mics are demographically or behaviourally (migra-
tion) driven, or a combination of both.

We also saw an increase of certain species. Common
for both regions are tusk and the greater argentine,
which are both boreal species. These are also reported
to be rapidly increasing in shallower depths on the
shelf area (Post et al. 2020). Tusk, which was initially
absent, displayed substantial increases in abundances
in both regions. Previously, tusk was found at the
southern tip of Greenland, with only stray appear-
ances in East Greenland (Cohen et al. 1990). Else-
where, in the Gulf of Maine, a distributional shift of
tusk is projected as a result of spatial mismatch be-
tween suitable habitat and temperature (Hare et al.
2012). The increased abundance of tusk in East
Greenland might therefore be driven by environmen-
tal change and redistribution. The greater argentine
is a bathydemersal/-pelagic species with relatively
high temperature preferences (Cohen et al. 1990). Al-
though this is a schooling fish with patchy appear-
ances, the increase of this species might be a result of
rise in water temperatures and more favourable habi-
tats. On the other hand, the greater argentine is a
common bycatch in both the Greenland halibut and
the redfish fishery (ICES Advisory Committee 2018),
and the observed increase in abundance could also
partly be a result of decreasing fishing effort, com-
bined with the adoption of sorting grills by the shrimp
fishery in 2002. The main species that are increasing
in both regions are all categorized as boreal species,
except northern wolffish, which is categorized as
boreal-Arctic (Mecklenburg et al. 2018). This indi-
cates that the so called 'borealization’ of the demersal
fish communities seen elsewhere in high-altitude re-
gions (Fossheim et al. 2015) might also be happening
in deeper waters of East Greenland.

The East Greenland deep water survey changed
the sampling design in 2008 where time of the survey
was shifted from June/July to August/September
due to sea ice challenges. It is unlikely that this shift
has affected the results. A sampling shift of 1 mo
within the same season at these depths should not
cause the magnitude of change that we observed.

Further, the expected effect of a one-time shift in the
timing of sampling would be a more abrupt change
in 2008 rather than the gradual change over several
years, observed in this study.

4.3. Distributional shifts

Demersal species are less mobile than pelagic spe-
cies and are likely to migrate in the direction of cur-
rents following the ocean floor within their depth
range. The northward migration of temperate species
originating further south probably follows the path of
the warm IC reaching the south of Iceland first, before
further migration westward to East Greenland. These
species would reach the northern region first and
then disperse southwards following the mixed IC and
EGC along the continental shelf. Importance of current
properties and directions in creating a pathway for
transport of species is also seen in other high-latitude
systems such as the Barents Sea, where the warm
north-running Gulf Stream supplies Atlantic species
to the western Barents Sea, resulting in higher species
richness than in the east (Johannesen et al. 2012).

New recordings of species in East Greenland that
may have arrived due to temperature rise are mainly
from waters with depth less than 400 m (Meller et al.
2010). In the present dataset, there are recordings of
species in the later survey years that are absent in the
early years. For example, the temperate species sea
lamprey Petromyzon marinus was caught during the
survey in 2013 in the southern region and in 2008
and between 2011 and 2014 in the northern region.
The sea lamprey is described to occur south of
Greenland and in sporadic occurrences with increas-
ing frequency off Iceland (Astthorsson & Palsson
2006). This species has also been recorded as ‘new’
in Icelandic waters, where specimens have been
assigned to the European stock, which supports the
theory of large-scale migrations (Pereira et al. 2012).

Even though 'new’ species are being recorded east
of Greenland, species richness is declining. A possible
explanation might be that the colder water off East
Greenland inhibits the migration of some of the tem-
perate species further from the Icelandic shelf into the
Greenlandic waters where the temperate IC meets
the cold EGC. The southward direction of flowing wa-
ter masses and the shallow and narrow topography of
the Denmark Strait might act, respectively, as an en-
vironmental and physical barrier for deep demersal
species trying to reach colder waters further north. In
support of this hypothesis, the shallow strait is sug-
gested as a cause for the distinction of 2 populations of
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Greenland halibut in the Atlantic (Albert & Vollen
2015, Westgaard et al. 2017). Topographic constraints
are also reported as the reason for limited migration
off the isolated Flemish Cap, an international fishing
ground off Newfoundland, where shallow demersal
species such as Atlantic cod are inhibited by the deep
waters surrounding it (Konstantinov 1970). If north-
ward migration is inhibited, species might shift depth
distributions to reach colder waters. This is seen in the
gulf of Mexico, where the topographic constraints of
the coastline are causing assemblages to go deeper
(Pinsky et al. 2013). Distributional shifts are most
likely happening along the slope in East Greenland,
depending on species location, preferences and avail-
able habitat. Due to regional and local differences in
climate velocities, the large depth range and the com-
plex oceanography of this area, species responses are
likely heterogeneous, making it difficult to find spe-
cific patterns at assemblage levels or linking the as-
semblage changes to species characteristics or traits.

An 18 yr time series is relatively short to effectively
isolate a climate signal from the multi-decadal vari-
ability. However, during this period, there was a sig-
nificant increase in water temperature and a de-
crease in species richness. If, as we propose, this
observed loss of species was related to the tempera-
ture increase and to limited possibilities of range
shifts due to barriers like current directions and the
Denmark Strait, East Greenland might be a so-called
‘dead end' for deep-water demersal species. Such
regions in the oceans, with barriers, are projected to
limit range shifts under climate change, resulting in
larger relative decreases in species richness (Cheung
et al. 2013, Burrows et al. 2014, Jones & Cheung
2015, Rutterford et al. 2015). Identifying whether the
East Greenland region represents such a barrier is of
great importance for prediction and management
decisions. A study on geographical redistribution of
species in an extended study area is needed to deter-
mine whether this is the case.

4.4. Top down effect of a new predator and fishery

The abundance of Atlantic cod has rapidly in-
creased in the last decade. Top predators such as cod
can have a strong impact on prey abundances and
behaviour (Pauly et al. 2005, Rochet et al. 2013). At
the Flemish Cap, species diversity dropped when cod
started to recover from the collapse in 1998 (Nogue-
ira et al. 2016). Although the abundance of cod in the
depth ranges of this study were relatively low, cod
were present and increasing in abundance at depths

from 400-700 m, especially in the northern region. In
shallower waters above 400 m on the shelf area, cod,
along with redfish, is highly dominant in the fish
community. Recent analyses of cod stomach contents
in the East Greenland area reveals a diet of crus-
taceans, krill and small fish likely to be mesopelagic
species (Hedeholm et al. 2017). Although stomach
analysis does not reveal predation on the species
analysed in the present study, the presence of cod
could cause avoidance behaviour in potential prey
species, shifts in distribution (ICES Advisory Com-
mittee 2018) and change of habitat (Worm & Myers
2003, Frank et al. 2007). Cod predation has been de-
scribed as the main source of small redfish mortality
(Lilly 1987, Pérez-Rodriguez & Saborido-Rey 2012).
Fock (2008) found fishing mortality of cod to be posi-
tively correlated to abundance of redfish juveniles in
East Greenland, indicating the influence of cod as
predator. Predation also depends on the densities of
prey species as shown on the Flemish Cap, where
small redfish are prey of cod in years with successful
redfish recruitment events (NAFO 2015, Nogueira et
al. 2018). The great cod collapse of the 1990s had a
major impact on ecosystems elsewhere (Pace et al.
1999, Choi et al. 2004, Nogueira et al. 2018), but
insufficient survey data exist prior to the cod collapse
in Greenland, so it is not known how the disappear-
ance of cod impacted trophic levels, or how the sys-
tem will respond as the cod stock rebuilds. The rela-
tively low abundance of cod in the southern region,
where species richness decreased the most, suggests
that the return of cod may not be a main driver of the
observed diversity loss. However, if the northern
region serves as a general source population for the
southern region, the increase in cod could have af-
fected diversity in East Greenland. To our knowl-
edge, there are presently no studies or data in sup-
port of this hypothesis. More research on food webs
and community dynamics is needed to determine
how the presence of top predators may affect diver-
sity and ecosystem structure.

East Greenland is an international fishing ground,
and it is therefore plausible to assume that the fishery
is affecting diversity. Fisheries can cause major dis-
ruptions to an ecosystem by affecting the energy flow
in the natural food web and causing declines in fish
population abundance. In East Greenland, fisheries
have been present throughout the study period, but
there has been a decrease in commercial fishing ef-
fort (Greenland halibut, northern shrimp and redfish),
which indicates that fisheries are not the main driver
of the observed changes. Bycatch of species may have
provoked changes in community dynamics, especially
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until 2002, when mandatory sorting grids where in-
troduced in the shrimp fishery. This measure reduced
the bycatch of species considerably, and the fishery in
East Greenland is now considered to be clean (ICES
Advisory Committee 2018). Based on comparison of
fishing effort and results of this study, a conclusive ef-
fect of the fishery on overall decreased species rich-
ness and abundance is not likely. However, additional
effects of the fishery and possible interactions be-
tween climate and fishing on ecosystem sensitivity,
cannot be disregarded (Perry et al. 2005). If species
richness continues to decline, the ecosystem might
become less resilient to fisheries as cold and species-
poor communities are likely top-down controlled
(Frank et al. 2007). Based on this assumption, remov-
ing predators might have a larger impact on the East
Greenland ecosystem than expected and should
therefore be considered in management.

5. CONCLUSION

We show that deep-water fish communities re-
spond to long-term changes in climate and hydro-
graphic conditions. Species richness and total abun-
dance rapidly decreased concomitantly with an
increase in bottom temperature. These observations
contradict the general expectation of a delayed re-
sponse to warming in deep-sea communities and an
expected increase in diversity and abundance at
high latitudes due to northward migration of temper-
ate species. The results highlight the importance of
regional and local oceanographic and topographic
conditions in understanding how fish communities
respond to a changing environment.

In East Greenland, warming of the IC upstream,
due to an increasing phase of the AMO and/or possi-
bly anthropogenic climate change, is a likely driver
of the observed trends in deep-water demersal fish.
Possible explanations for the loss of species richness
and the decrease in abundance are that deep cold-
water species might be struggling to follow climate
velocities due to slow behavioural responses, and/or
that regional topography and oceanography create a
geographical and physical barrier for northward
shifts. If the observed ecological trend continues in
the future, as seems likely considering climate
change projections, the overall vulnerability of the
ecosystem will increase accordingly. Maintaining high
taxonomic and functional diversity is important in
buffering against climate variability, climate change
and overexploitation, thereby reducing the risk of
collapse of fish stocks and ecosystems.
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