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Abstract

Because of its responsiveness to changes in the marine environment, it has been suggested by Rose in 2005 that the
capelin, a small pelagic fish that is key to the ecology and fisheries of the North Atlantic, could be seen as a “canary
in the coalmine” to detect signals of changes in the Arctic and sub-Arctic Ocean. We describe the historical data
that make possible a quantitative assessment of the geographical shift capelin migration-paths and spawning grounds
undergo, with increasing temperature, and the time it takes to make these shifts long-lasting. Then we introduce
recent data that make these quantitative measurements more accurate and predictive. Direct measurements made in
the fall expeditions of Iceland’s Marine and Freshwater Research Institute along the East Coast of Greenland, and
the Copernicus database of the European Union, are used to examine the evolution of the returning Atlantic water
(from Svalbard) that is forming a warmer and saltier boundary current under the colder and fresher East Greenland
polar current. The returning Atlantic water has a temperature range (1 to 4 degrees Centigrade) suitable for feeding
migrations of the capelin. This current is reaching further north along the coast of North East Greenland and we
use simulated data from Copernicus to monitor this evolution. We calibrate the Copernicus data with the direct
measurements made by the Marine and Freshwater Research Institute, in Iceland. A trend emerges, both in the
direct measurements and in Copernicus data, showing that the returning Atlantic water boundary current may reach
Greenland’s major Northeastern glacier streams, draining the bulk of the Greenland Glacier in the relatively near
future We use the capelin data to predict when this may happen.
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Arctic ecosystems face many challenges as the climate changes around them. Marine temperatures are changing,
as are oceanic currents, salinity, and sea ice cover. For the health of these ecosystems, as well as the continuation of
the human industries that depend on them, it is of the utmost importance to understand the impact of the changes that
may occur. It is interesting to note that the changes which these ecosystems have already undergone may also be able
to give us insight into the future of these environments. Here, we use historical data about the capelin in order to do
exactly that.

Warm Ocean Currents Surrounding Greenland

We present a brief discussion of the currents around Greenland and in the sub-Arctic Seas that is necessary for under-
standing the present work. For a visual representation, refer to Figure 1. The Gulf Stream leaving the East Coast of the
United States becomes the North Atlantic Current, bringing saline warm Atlantic water to the West Coast of Europe
and into the sub-Arctic Seas [32]. The North Atlantic Current bifurcates in the far-north Atlantic: the Irminger Current
(IC) heads towards Iceland and Greenland, while the other branch of the North Atlantic Current crosses between the
Faroe Islands and Shetland Islands to become the Norwegian Current (NC). The IC then splits into a cyclonic branch
in the Irminger Sea between Iceland and Greenland and the Icelandic Irminger Current flowing clockwise around Ice-
land. The cyclonic branch eventually rounds the southern tip of Greenland and becomes the West Greenland Current
(WGC). It flows along the coast to Northwestern Greenland, beneath the fresh and cold coastal water, and some of
it reaches all the way to the Nares Strait. Along the eastern coast of Greenland, a current of fresh cold polar water
from the Arctic flows south through the western Fram Strait; we call this the East Greenland Polar Current (EGPC)
to distinguish it from other branches of the East Greenland Current. This cold current then continues into the East
Greenland Coastal Current (EGCC) along the Southern Coast of Greenland.

The NC flows towards the Arctic along the Norwegian Coast and then divides into two branches, one crossing the
Barents Sea and the other flowing along the West Coast of Svalbard [32]. Water from each branch enters the Arctic,
one through the Fram Strait west of Svalbard [29] and the other through the Santa Ana Trough [40] east of Franz
Josef Land after traversing the Barents Sea. Although these currents are warmer than the surrounding water, they are
saltier and sink into the Arctic ocean. There, they circulate, becoming colder and denser and returning as a current of
Atlantic Arctic Water (AAW), below both the NC and the EGPC, south through the Fram Strait [29]. However, not all
the water from the NC enters the Arctic, because the westerly branch bifurcates south of the Fram Strait. One branch
of it, that we will call the Returning Atlantic Water (RAW) [32, 52, 25], flows west toward northern Greenland and
then south along Greenland’s Continental Shelf.

It has been understood for some time that the warmer oceans are causing accelerated melting of the Greenland
Ice Sheet [41]. Both in Iceland and in Svalbard, the warmer and more voluminous ocean currents have caused a
warming of the climate and greatly increased melting of glaciers [1, 6, 28, 7, 38, 22, 44]. The IC gained access to the
glacier streams in Southeast Greenland between 1990 and 2009, and greatly increased melting was observed along the
Southeast Coast [36, 2, 19, 35]. This was due to the increased volume and temperature of the branch of IC flowing
south along the coast of Greenland and pushing itself under the EGCC along the Southeastern Coast of Greenland.
The WGC has also warmed and grown at less than 200 meters depth along the coast of West Greenland. This has led
to greatly increased melting of the glacier streams along the coast of Northwest Greenland, see [51], in recent years.
Thus, the influence of the IC on the melting of the Greenland glacier is understood in some detail [41, 51].

The influence of the RAW is less appreciated, as is its ability to melt the glaciers in the northeast and central east
coast of Greenland. We show in this paper that the RAW is beginning to access the Continental Shelf of Greenland.
This water has already gained access to the fjords and glacier streams in Central Greenland. It is difficult to predict
what changes to the currents the future will bring. However, these changes affect the ecology, in particular the migra-
tions and spawning of the capelin. Here, we combine the observed changes in the currents and their influence on the
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Figure 1: A cartoon of the currents in the Nordic Seas.The Atlantic Current (red, bottom) splits into the Irminger
Current (IC) and the Norwegian Current (NC). The IC spits into a branch circling Iceland and another branch going
south along the coast of Southeast Greenland. This branch continues north along the coast of West Greenland. The NC
splits into a branch going through the Barents Sea and another going through the Fram Strait. The latter branch splits
again sending the RAW (Returning Atlantic Water) south along the East Greenland Coast. The cold East Greenland
Polar Current (EGPC) and Davis Strait currents are also shown (blue).
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Figure 2: Map of current distribution of the major capelin stocks (Mallotus villosus), dark (Atlantic) and dark grey
(Pacific), and their likely migration routes from the North Pacific to the North Atlantic. From Rose, 2005 (redrawn
from Vilhjdlmsson, 1994).

migrations of the capelin stocks, in the past, to predict how the currents may change in the future and influence the
melting of the Greenland Icecap. In particular, we will assess when the RAW is likely to have pushed warm Atlantic
Water onto the Continental Shelf of Northeastern Greenland under the EGPC (due to its greater salinity). When this
happens, the currents of the warm Atlantic Waters will truly have the Greenland Glacier surrounded, and a much
greater rate of melting may quickly result.

1 The Capelin

The ecosystem data centers on the capelin, a small planktivorous species of pelagic fish that plays an essential role in
bringing the biomass from the Arctic marine environment south into the subarctic region. There are four major stocks
of capelin globally: one in the seas around Iceland, one in the Barents Sea, one off the coast of Newfoundland and
Labrador, and one in the Northern Pacific ocean between Alaska and Russia [48]. Two additional stocks of capelin
are under management in Eastern Canadian waters but are generally smaller and therefore figure less prominently in
this paper. For a map of the distribution of the major stocks, see Figure 2. The capelin occupies the tropic level of
forage fish in the sub-Arctic Oceans, feeding on the zooplankton bloom that follows the phytoplankton bloom moving
north in the Arctic spring. Because the capelin is essential as a feeder stock to the commercially valuable species in
the Northern oceans, such as Cod, Herring, Haddock [4, 49, 43], and the general ground-fish tropic level [21, 17, 50],
but is also commercially valuable itself, several of the stocks have been well-researched during the last five to seven
decades [10, 11].

In his seminal 2005 paper, Rose characterized the changes in the feeding and spawning migrations and spawning
location of the capelin due to changes in temperature [42]. He found a quantitative relationship between temperature
change and the magnitude of the displacement (shift) of these migrations and locations. He also quantified the persis-



tence (in years) of the changes in terms of displacement distance, see Table 2 in [42]. Rose suggested that the changes
are driven by temperature-induced changes in food availability and feeding areas, and this seems to be universally true
for the three stocks (the Newfoundland, Iceland, and Barents Sea stocks) considered below. He also observed that
changes in migrations precede changes in spawning areas.

In particular, the relationships that Rose found were a linear relationship between the logarithm of the distance
of shifts and changes in temperature, and a linear relationship between the persistence time of these shifts and the
logarithm of the distance of the shift [42]. Recently, these persistence periods are relatively short for both Iceland- and
Greenlandic waters and the Barents Sea. Hence, we consider the changes to be persistent if they last more than three
years; we consider the short "persistence time" to be the time it takes to change from one persistent state to another
(Rose makes note of these different types of data in [42]). We carefully curate all data to distinguish between Rose’s
long-time persistence, which we leave aside, and the time it takes these shifts to become persistent for three or more
years, see Supplementary Materials A. We use this same line of thinking for recent shifts in Canadian waters.

This allows us to elaborate on Rose’s foundational relationships. Expanding on the relationships Rose found be-
tween the shift distance, the oceanic temperature, and the timing of the shift, we construct two functional relationships,
the “Capelin Thermometer” and the “Capelin Clock,” which enable us to predict the distance and timing of tempera-
ture induced changes along the coast of Greenland. We augment the historical data used by Rose with more accurate
recent measurements from Iceland, Norway, and Newfoundland/Labrador. By using these recent measurements, we
are also able to to validate and refine his data, see Supplementary Materials A.

1.1 The Capelin Clock and the Capelin Thermometer

We are able to augment the data from Rose [42] with data from more recent changes. The greatest changes for the
capelin are currently taking place for the Icelandic stock. The acoustic observations are also the most extensive for
this stock, with data going back to the 1960s [48]. In recent years, its feeding migration has reached higher and higher
latitudes along the East Greenland Coast [10] and the longer feeding routes have resulted in distinct earlier and later
spawning migrations taking place for different portions of the stock, see [5].

A careful examination of the catch data for the Icelandic stock [45] shows a significant shift toward the northwest
of the averaged spawning migrations between the periods 1993-2002 and 2003-2018. Figure 3 shows the average
temperature (left) and salinity (right) at the centroid of the second and third week fishery during the period of 1993-
2002. On the two temperature plots, we see an increase of 0.650 degrees Centigrade between the two locations at
depth 100 meters for the second week fishery. During that week, the migration has adjusted to the temperature of
the spawning path but not yet sped up to optimize the time until spawning [18]. The figure shows the increase in the
temperature at the old location, and we see a shift of 224.914 kilometers, see [45], between this new (blue) warmer
temperature at the old location, and the new relatively cooler temperature (also blue) at the new location.

Shifts have also been observed in the other stocks. In the Barents Sea, a shift of spawning location has also
been observed, see Figure 4, in this case towards the southwest, between the periods 1994-1998 and 1999-2020 with
increasing averaged ocean temperature measured in the West Barents Sea [3]. Off Newfoundland and Labrador, a
shift in centroids of fall trawl surveys conducted from 1983 to 2020 shows a shift towards the southwest, closer to
shore, after 1995, while a shift is found in the opposite direction, farther from shore, towards the northeast, after 2005
[8]. In all three cases, these shifts in location can be interpreted as a response to increase in ocean temperature in
the traditional location, shifting towards cooler temperatures. This adds credence to Rose’s central thesis and is in
accordance to the temperature preference of the capelin [5, 18].

We use these collated data points to find the correct coefficients for the Capelin Thermometer, see Figure 5. There,
we show the Capelin Thermometer that we have constructed from this data (left) and the regression upon which it is
based (right). To construct the Capelin Clock, we use the same method and omit points which belong to the persistence
time, see Supplementary Materials A. In Figure 6, we show the Capelin Clock that we constructed from this collated
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Figure 3: The average temperature and salinity, in Iceland, at the second and third week centroids (of capelin catches)
from 1993-2002, labelled 2 and 3 on the map, for depths from 0 to 500 meters. For each centroid, the temperature and
salinity measurements were taken at the same location; labelled the old location and the new location, (blue square)
on the map in the center. The left figure shows the temperature and the right figure the salinity. The red dots are for the
period 1993-2002 and the blue dots for the period 2003-2018. Notice the 0.650 °C difference in temperature at 100
meters, between the blue dots at the old and the new location. This causes a shift of 224.914 kilometers in centroid 2
and a shift of 162.354 kilometers in centroid 3. There is a corresponding shift in salinity.
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Figure 4: The spawning locations along the North Coast of Norway, showing the Centroid of Gravity (CoG), a red
asterisk. The CoG shifts in response to increasing temperature in the West Barents Sea.
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Figure 5: The Capelin Thermometer (left) and its regression (right). The Thermometer shows the shift in centigrades
as a function of the log (base 10) of the shift in kilometers, » = 0.950, R2 =0.903, Adjusted R2 =0.895.

data (left) and the regression upon which it is based (right). We can now consider the Capelin Thermometer and the
Capelin Clock as independent instruments, and we can use them to measure the relationships between the temperature
changes and location of the corresponding ocean currents and the time that it takes these changes to occur.

2 Temperature and Salinity Measurements

The existence of the RAW (Returning Atlantic Water) Current has been known for a long time [16, 33]. In fact, it was
even recorded as early as 1914 by Hjort [26], see Figure 7. However, even today, its ability to expose the coast of
Northeast Greenland to warm Atlantic Water from under the EGPC and melt the glacier streams of the main Greenland
Glacier is not fully appreciated. The disappearance of the sea ice along the coast of East Greenland in recent years [47]
has made it possible to take direct measurements, see the Methods section; they have been made in the fall expeditions
of the research vessels of the Icelandic Marine and Freshwater Research Institute for the last six years, from 2016
through 2021. We use a set of measurements along the East Coast of Greenland to record the movement of warm
Atlantic Water from the RAW onto the Greenland Continental Shelf.

In addition to providing temperature and salinity profiles for several latitudes for six years, these measurements
allow us to calibrate the Copernicus Models, see the Methods section, of the European Union in a way not previously
possible. Our calibration data set comprises a number of years; details can be found in Section 5. This calibration
gives us confidence in using these models to calculate rates of change in marine temperatures at depth. In Figures 8 to
10, we present the measurements on the left and the corresponding Copernicus simulations on the right.

In Figures 8 to 10, we show the temperature and salinity profiles of sub-Arctic Ocean along the East Coast of
Greenland. The profiles are measured along the 68 to 74 North Latitudes, shown on the map in Figure 11 that shows
the latitudes where the measuring stations were located in 2018. The measurements were taken during the September
to October expeditions of the research vessel of the Marine and Freshwater Research Institute of Iceland. The 72 North
Latitude lies above the Norwegian Island of Jan Mayen and above the fjord Scoresbysound in Greenland, see the map
on in Figure 11. The left pictures in each figure show extrapolations of the direct measurements made by the research
vessels, with contours made by Matlab’s contourf function. The locations of the measuring stations are provided in
Supplementary Materials B. The right pictures show the data from Copernicus. The Figures are labeled by the year



Time of shift

o 200 460 600 800 m‘m 1200 l;ﬂD
Distance in kilometers

45
4 o
35
=
E a -]
]
B as
£
E 2 o o
151
1 -] -]
05
ok . J
15 2 25 3 as

Log10 of distance

Figure 6: The Capelin Clock (left) and the regression upon which it is based (right). The Clock shows the persistence of
the shift as a function of the log (base 10) of the shift in kilometers, with r = 0.957, R2=0.915, Adjusted R2 =0.901.
For small times (shown on plot, and measured in years), we interpret the persistence of the shift as the time it took the

shift to become persistent, hence the name clock.

%0

Fig. 2.

Section across the Norwegian Sea from Greenland to Norway.
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Figure 7: Left: Cross sections of the sub-Arctic Ocean showing marine temperatures circa 1914 [26]. The continental
shelf of Norway is on the right, the continental shelf of Greenland to the left. The ridge in the middle is the Jan Mayen
Ridge. Right: Copernicus data from August of 2017 at 70.667 degrees North. The RAW is visible on both figures
forming a (light blue) lobe of 1-2 °C water flowing south along the edge of the Greenland continental shelf.
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Figure 8: Cross sections of temperature and salinity along the the 70 North Latitude. Extrapolations of measurements
of the Icelandic Marine and Freshwater Research Institute research vessels on the left, data from the Copernicus
database on the right. Here and below, temperature is measured in °C and salinity in ppt.

in which the measurements were taken and the Copernicus data was simulated for the same year. On the top figures
we clearly see the cold EGPC (in blue), going south, with temperatures down to —1.5 degrees centigrade; it is also
fresher, as seen on the bottom figures (yellow is saltier). Below the EGPC, we see the RAW, also going south, with
temperature above 2 degrees centigrade (green color). The RAW is also saltier, as seen on the bottom figures. This
is why the current lies below the EGPC, and remarkably it has access to the outlets of the Greenland glacier reaching
below sea level. On top of figures is a warmer relatively fresh layer, produced by weather-related mixing of the cold
and warmer waters. The agreement between the Copernicus Data and the direct measurements is remarkably good,
see Supplementary Materials B,though the direct measurements show a more pronounced RAW current and further
penetration of the warm Atlantic Water under the EGPC.

In Figure 11, we use the simulations from Copernicus to show the changes that have taken place along the 72
North Latitude. In this figure, we show the temperature (top) and salinity (bottom) profiles of the sub-Arctic Ocean
along the East Coast of Greenland. The profiles shown are from Copernicus along the 72 North Latitude, shown on
the map along with the other latitudes measured in 2018. Measurements were taken by the Marine and Freshwater
Research Institute of Iceland during their September expeditions, and the simulations from Copernicus are in good
agreement, see Supplementary Materials B.On one hand, the profiles on top from the years 1998, 2000 and 2003, left
to right, clearly show that the continental shelf of Greenland at this latitude is still protected from the warm RAW.
On the other hand, the bottom profiles taken during the years 2016, 2017 and 2018, left to right, show how the RAW
makes it onto the continental shelf of Greenland, in the latter two years, and penetrates under the EGPC to reach the
coast of Greenland. Four years later, it has done the same up by 74 North Latitude, see Figure 10.
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Figure 9: Cross sections of temperature and salinity along the the 72 North Latitude. Extrapolations of measurements
of the Icelandic Marine and Freshwater Research Institute’s research vessels on the left; data from the Copernicus
database on the right.
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of the Icelandic Marine and Freshwater Research Institute’s research vessels on the left; data from the Copernicus
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Figure 11: Top: Temperature and salinity profiles constructed from Copernicus data along the 72 North Latitude,
for years 1998, 2000 and 2006, from left to right. The area under the EGPC is still protected against the warmer
and saltier RAW. Middle: Right: The glacier streams draining the Greenland Glacier, the 79th Glacier Stream (1)
reaches the sub-Arctic Ocean on the 79th latitude in Northeast Greenland and the Zacharias Glacier Stream (2) is
right below it. Those two drain the bulk of the main Greenland Glacier in Northeastern Greenland. The red arrow
points at Koge bugt, where the melting was the greatest in the 1990s [39]. Left: The map of the stations where
the temperature and salinity profiles of sub-Arctic Ocean along the East Coast of Greenland were taken, during the
September 2018 expedition of the research vessel Arni Fridriksson, of the Marine and Freshwater Research Institute of
Iceland. Bottom: Temperature and salinity profiles from (Qopernicus database along the 72 North Latitude, for years
2016, 2017 and 2018, from left to right. Notice how the RAW (green, with yellow salinity) makes its way onto the
Greenland continental shelf during the latter two years.



3 Prediction: The Age of Accelerated Melting

We will now use the Capelin Thermometer to measure temperature shifts in the ocean and how far the currents can
move according to those shifts. We will also measure, using the Capelin Clock, how long this shift may take. We
can then estimate when warm Atlantic Water from the RAW may reach the coast of Northeast Greenland up towards
80th latitude, so that both the Zacharias and 79th glacier stream are exposed to water of temperature of 2 degrees
Centigrade and above, see Figure 11. Historically, the ocean temperature has been below —1 degrees at these glacier
streams. What the capelin data shows is that an increase in marine temperature is associated with a shift in location.
Thus we will ask: what is the shift in kilometers that corresponds to the temperature of the water in the fjords of
Northeastern Greenland increasing from —1 degrees to 2 degrees Centigrade?
The Capelin Thermometer answers this question. Namely, the interpolation formula

T =2.53910g,,(y) — 4.396,

from our collated data set relates the increase in temperature 7' in °C to the distance y in kilometers that the capelin
migrations may shift, with regression coefficient r = 0.950. Solving for distance y, we find that

y = 10(T+4396)/2.5%9

When T = 3, an increase of 3 degrees Celsius, we see that y = 818.39 km. Since each latitude is 111 km, starting at
the 74th latitude, this shift would move the capelin 152.39 kilometers north of 80th latitude North, well above both the
Zacharias and the 79th glacier streams discussed above.

The next question is how long would this shift take? Or how long will it take the RAW to move warm Atlantic
Water onto the Greenland continental shelf, under the EGPC, all the way up to the 80th latitude from its present
position on the shelf by the 74th latitude? We can use the Capelin Clock to answer this. The interpolation formula

1 =2.2011og,,(y) — 3.004,

again from our collated data set, gives that information, where time ¢ is measured in years and shift distance y in
kilometers. Here the regression coefficient is 0.957. Substituting the shift computed above for y, we find

1 =2.20110g,,(818.39) —3.004 = 3.407 ~ 3.4

to be the time that a shift of that magnitude takes to occur. The last step reflects the accuracy in Rose’s data, it is
only one significant digit. Thus, using the Capelin Clock and Capelin Thermometer together, we predict that rapidly
accelerating melting of the glacier streams in the Northeastern Coast of Greenland could start taking place in less than
three and a half years.

The estimate derived above is an estimate of how much further north the capelin could go using the RAW in the
next 3.4 years based on their historical shifts. (Note that we are implicitly assuming here that the capelin will use
the RAW to follow the receding sea ice [47], staying as close to their feeding grounds along edge of the sea ice and
the outlets of the Greenland Glacier as they can.) It is possible that the extension of the RAW along the Greenland
continental shelf will be slower and its amplification be periodically slowed down by the influence of the North Atlantic
Oscillation (NAO) [27] or increased freshwater flux through the Fram Strait [30].

Let us then turn to the Copernicus data to obtain a direct estimate of the temperature changes from the simulations.
We can use the simulations dating back to 1993 to determine the trend in the increase of the marine temperatures. In
2016, the RAW pushed warm Atlantic Water onto the Greenland continental shelf as far north as the 72 North latitude
for the first time in recent history; four years later, in 2020, it was doing the same by the 74 North latitude, see Figure
10. Linear extrapolation from these two latitudes suggests a slower and smaller shift of the warm current than the one
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predicted by the Capelin Clock and Capelin Thermometer; it predicts two latitudes in no more than 4 years. A higher
estimate for the warming on the shelf by the 80th latitude North would, therefore, be 12 years.

We now relate these estimates explicitly. According to our work, the time until accelerated melting of the North-
eastern Greenland glacier streams starts is likely to be:

3.4 years < starting time < 12 years.

The lower estimate is provided by the capelin data, the higher estimate by the Copernicus data calibrated by the
measurements of Iceland’s Marine and Freshwater Institute.

4 Discussion

We have identified the changes in the RAW, the ocean current that could be instrumental in the increased melting of
the glaciers in Northeast Greenland. This current is ideally suited to the temperature preference of the capelin during
its feeding migrations, see [48, 49, 18, 5]. From the Copernicus database, we see that the RAW is pressing onto the
Greenland continental shelf, along the Northeastern Coast of Greenland, under the EGPC, due to its greater salinity.
This is how Atlantic Water from the warmer RAW gains access to the Greenland Glacier Streams.

The recent paper [S51] confirms our suggestion that most of the ice-loss will occur by increased ice-flow due to
undercutting by the warm RAW in the fjords of Northeast Greenland. In the paper, the authors examine the ice-loss
from different types of glaciers in Greenland, and it is concluded that the greatest ice-mass is lost by glaciers that are
in contact with deep ocean water, the so-called DW glaciers. The second-greatest loss is by the so-called FS glaciers,
glaciers that have a floating ice-shelf. The ice-shelf collapsed in 2012 resulting in substantial thinning of the 79th and
Zacharias glacier-streams, see [31]. Those ice-streams currently are FS glaciers because they do not have contact as
yet with the RAW, but our contention is that they will turn into DW glaciers, vulnerable to undercutting, within the
predicted time-frame.

Currently, the two glacier-streams, discussed above, sit at the mouth of the largest fjord in Greenland that is still
covered with ice, see Figure 12, from [34]. They lie on opposite sides of an island in the mouth of the fjord, as shown
on the left figure, and there are no coastal mountains blocking their paths. If the RAW gains access to this fjord (and
it can, both from the south and from the north, at 200 meters depth as shown on the right figure), the bulk of the ice in
Northeastern Greenland could be released [31].

The rest of the Greenland coastline in the East, Southeast, Southwest and West is lined by coastal mountains, see
Figure 12, that block the ice-sheet and allow a stable or metastable equilibrium to form after periods of great melting.
This may have happened in Southeast Greenland after the great melting in the 1990s [36]. However, this is not possible
for the 79th, Zacharias, nor Humbolt or Petermann glaciers in the North, since coastal mountains do not block their
progress. Hence, their melting is likely irreversible.

5 Methods

The data in [42] relating the shift in location of the capelin with temperature was obtained by searching the literature
for recorded shifts. The sources are listed in Tables 1 and 2 in [42]. We augment Rose’s data, see Supplementary
Materials A, by more accurate recent measurements of spatial shifts with temperature from Iceland, the Barents Sea
and Newfoundland. In Iceland, the shift of the spawning migration is recorded. In the Barents Sea, the shift is in
the spawning locations and in Newfoundland the shift is in the feeding migrations, or main feeding locations are
measured. In all three cases, the center of gravity is determined to find the location, see [46], following the methods
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Figure 12: (Right) The topographical features of Greenland without ice. (Left) The access of seawater, (reddish) pink
< -200 meters, (light) pink < 0 meters, red < —300 meters. The (crooked) white line marks the boundary of the ice.
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in respectively, [45], [3] and [8]. The corresponding temperature and salinity shifts were both measured directly, and
temperature was also measured remotely.

The measurements presented in the paper were performed by the vessels of the Marine and Freshwater Institute
in Iceland along several latitudes ranging from the 68th North to 76th North, every fall (September to October) from
2016 to 2021. The area, covered by these latitude along the East Greenland Coast, is remote and has become ac-
cessible only in recent years with the receding sea ice [47]. Several measurements are taken along each latitude, see
Supplementary Materials B. Temperature and salinity is measured down to 500 meters depth, along with turbidity and
other oceanographic data. Water samples are taken to calibrate the measuring device. Acoustic measurements, see
below, are also made along the latitude to look for capelin schools and their behavior during each 24 hour period.

5.1 Data Sources

Data has been collected by the Marine Science Institutes in Canada, Iceland and Norway for the last 50 years. In
particular, the Marine and Freshwater Research Institute in Iceland has collected acoustic data for the migrations of
the Icelandic capelin for the last 50 years. These surveys have been collected twice a year. A stock assessment was
conducted in the fall and a survey of the spawning migration in early winter [49]. Additional surveys for the feeding
migration were also conducted for several years while fishing was allowed during the feeding migration [50]. In
addition to acoustic surveys showing the distributions, density and vertical spread of the schools and their migrations
[37], other data was collected. These include measurements of the currents, temperature, both surface and vertical,
salinity, and primary and secondary (plankton) production. Some measurements of chemical composition of the ocean
water have also been made in recent years.

Data for the other stocks and regions is also available, although the stock assessments are less extensive. The
Institute of Marine Research in Bergen had conducted similar surveys in the Barents Sea [23, 24], for time stretching
back 30 years. They have traditionally conducted stock assessments in the fall, but starting in 2019 have started
surveying the beginning of the the spawning migration of the capelin in the Barents Sea. Similar surveys of the capelin
stock have also been conducted by the Fisheries and Oceans Canada, Northwest Atlantic Fisheries Centre in St. John’s,
Newfoundland, Canada, for a more limited time [20, 12, 9, 8]. However, 70 years of temperature data and 20 years of
bio-chemical data is also available for this area.

5.2 Simulations with assimilated data

Oceanic data has also been obtained from Copernicus, the European Earth Observation and Monitoring Programme
(https://marine.copernicus.eu/). We have made use of Copernicus’ models for marine temperature and salinity through-
out this paper and compared these simulation results to direct measurements. This study has been conducted using E.U.
Copernicus Marine Service Information [13], [14] and [15]. In particular, we used the two https://resources.marine.
copernicus.eu/products: Global Ocean Physics Reanalysis and Global Ocean 1/12° Physics Analysis and Forecast
updated Daily, with 50 depth levels and both a daily and monthly mean of the variables temperature and salinity. The
dates were from the beginning of 1993 to the end of 2021 and have a 12.5 by 12.5 km resolution. The layer [14] is
used for dates between 1993 and 2020 and [15] for dates between 2019 and 2021.

Acknowledgments:

Alethea Barbaro’s contribution to this research was supported in part by the National Science Foundation under Grant
No. DMS-1319462. This project (ECOTIP) has also received partial funding from the European Union’s Horizon
2020 research and innovation program under grant agreement No 869383. The authors want to gratefully acknowl-
edge helpful conversations, data and analysis form the following colleagues and collaborators: Katy Craig (UCSB,

15



Mathematics, Santa Barbara, CA, USA), Steve Gaines and Christopher Costello (UCSB, Bren School of Environmen-
tal Science & Management, Santa Barbara, CA, USA), Georg Skaret (Institute of Marine Research, Bergen, Norway),
Jenny Brynjarsdottir (Case Western Reserve University, Statistics, Cleveland, OH, USA), Porsteinn Sigurdsson, Birkir
Bardarsson, Maria Dolores Pérez-Hernandez, Hédinn Valdimarsson, Gudmundur J. Oskarsson, Eygl6 Olafsdéttir, An-
dreas Macrander, Sélveig Olafsdottir, Steingrimur Jénsson, and Kristinn Gudnasson, (Marine and Freshwater Res.
Inst. of Iceland, Reykjavik, Iceland), Sigurdur F. Hafstein (University of Iceland, Reykjavik), Geir Huse and Morten
Skogen (Institute of Marine Research, Bergen, Norway), Fran Mowbray, Aaron Adamack and Frederic Cyr (Fisheries
and Ocean, St. John’s, NL, Canada), Robert S. Pickart (Woods Hole Oceanographic Institution, Woods Hole, MA,
USA), Cecilie Mauritzen (Norwegian Meterological Office, Oslo, Norway), Luiza Angheluta (University of Oslo,
Norway), Stephani Zador, Ivonne Ortiz and Kerim Aydin (Alaskan Fisheries Science Institute (NOAA), Seattle, WA,
USA) and foremost Harald Gjgseter (Institute of Marine Research, Bergen, Norway).

Author contributions: Bjorn Birnir and Alethea Barbaro conducted the research and wrote the paper. Hannah Mur-
phy, Warsha Singh, Sam Subbey and Salah Alrabeei, provided the shift data for the new data points in Labrador-
Newfoundland, Iceland and the Barents Sea, respectively.

Competing interests: The authors declare no competing interests.

Materials Correspondence should be addressed to Bjorn Birnir.

References

[1] APALGEIRSDOTTIR, G., MAGNUSSON, E., PALSSON, F., THORSTEINSSON, T., BELART, J. M., JOHAN-
NESSON, T., HANNESDOTTIR, H., SIGURPSSON, O., GUNNARSSON, A., EINARSSON, B., ET AL. Glacier
changes in iceland from 1890 to 2019. Frontiers in Earth Science 8 (2020), 523646.

[2] AHN, Y., AND HOWAT, I. M. Efficient automated glacier surface velocity measurement from repeat images
using multi-image/multichip and null exclusion feature tracking. IEEE Transactions on Geoscience and Remote
Sensing 49, 8 (2011), 2838-2846.

[3] ALRABEEIL, S., SUBBEY, S., GUNDERSEN, S., AND GJ@SATER, H. Spatial and temporal patterns of capelin
(mallotus villosus) spawning sites in the barents sea. Fisheries Research 244 (2021), 106117.

[4] AsTPORSSON, O. S., AND VILHIALMSSON, H. Iceland shelf LME: decadal assessment and resource sustain-
ability. Large Marine Ecosystems of the North Atlantic (2002), 219-243.

[5] BARBARO, A., EINARSSON, B., BIRNIR, B., SIGURDSSON, S., VALDIMARSSON, H., PALSSON, 0. K,
SVEINBJORNSSON, S., AND SIGURDPSSON, P. Modelling and Simulations of the Migration of Pelagic Fish.
ICES Journal of Marine Science 66 (2009), 826-838.

[6] BJORNSSON, H. The glaciers of iceland: A historical, cultural and scientific overview.

[7] BLASZCZYK, M., JANIA, J., AND HAGEN, J. O. Tidewater glaciers of svalbard: Recent changes and estimates
of calving fluxes.

[8] BUREN, A. D., MURPHY, H. M., ADAMACK, A. T., DAVOREN, G. K., KOEN-ALONSO, M., MONTEVECCHI,
W. A., MOWBRAY, F. K., PEPIN, P., REGULAR, P. M., ROBERT, D., ET AL. The collapse and continued low
productivity of a keystone forage fish species. Marine Ecology Progress Series 616 (2019), 155-170.

16



[9] CARSCADDEN, J. E., FRANK, K. T., AND LEGGET, W. T. Ecosystem changes and the effects on capelin

(Mallotus villosus), a major forage species. Canadian Journal of Fisheries and Aquatic Sciences 58, 1 (2001),
73-85.

[10] CARSCADDEN, J. E., GI@SETER, H., AND VILHJALMSSON, H. A comparison of recent changes in distribu-
tion of capelin (mallotus villosus) in the barents sea, around iceland and in the northwest atlantic. Progress in
oceanography 114 (2013), 64-83.

[11] CARSCADDEN, J. E., GIGSETER, H., AND VILHJALMSSON, H. Recruitment in the barents sea, icelandic, and
eastern newfoundland/labrador capelin (mallotus villosus) stocks. Progress in oceanography 114 (2013), 84-96.

[12] CARSCADDEN, J. E., NAKASHIMA, B. S., AND FRANK, K. T. Effects of fish length and temperature on the
timing of peak spawning in capelin (Mallotus villosus). Canadian Journal of Fisheries and Aquatic Sciences 54,
4 (April 1997), 781-787.

[13] COPERNICUS. https://doi.org/10.48670/moi-00018.
[14] CoPERNICUS. GLOBAL_MULTIYEAR_PHY_001_030.
[15] CoPERNICUS. GLOBAL_ANALYSIS_FORECAST_PHY_CPL_001_024.

[16] CURRY, R., AND MAURITZEN, C. Dilution of the northern north atlantic ocean in recent decades. Science 308,
5729 (2005), 1772-1774.

[17] DEMPSON, J. B., SHEARS, M., AND BLOOM, M. Spatial and temporal variability in the diet of anadromous
arctic charr, salvelinus alpinus, in northern labrador. In Ecology, behaviour and conservation of the charrs, genus
Salvelinus. Springer, 2002, pp. 49-62.

[18] EINARSSON, B., BIRNIR, B., AND SIGURDPSSON, S. A Dynamic Energy Budget (DEB) model for the energy

usage and reproduction of the Icelandic capelin (Mallotus villosus). Journal of Theoretical Bilology 281, 1 (July
2011), 1-8.

[19] ENDERLIN, E. M., HOWAT, I. M., JEONG, S., NOH, M.-J., VAN ANGELEN, J. H., AND VAN DEN BROEKE,
M. R. An improved mass budget for the greenland ice sheet. Geophysical Research Letters 41, 3 (2014),
866-872.

[20] FrRANK, K., CARSCADDEN, J., AND SIMON, J. Recent excursions of capelin (mallotus villosus) to the scotian
shelf and flemish cap during anomalous hydrographic conditions. Canadian Journal of Fisheries and Aquatic
Sciences 53,7 (1996), 1473-1486.

[21] FRIEDLAND, K., REDDIN, D., AND KOCIK, J. Marine survival of north american and european atlantic salmon:
effects of growth and environment. ICES Journal of Marine Science 50, 4 (1993), 481-492.

[22] GEYMAN, E. C., JJ VAN PELT, W., MALOOF, A. C., AAS, H. F., AND KOHLER, J. Historical glacier change
on svalbard predicts doubling of mass loss by 2100. Nature 601, 7893 (2022), 374-379.

[23] GI@SATER, H. The population biology and exploitation of capelin (Mallotus villosus) in the Barents sea. Sarsia
83, 6 (1998), 453—496.

[24] GI@GSAETER, H., DOMMASNES, A., AND R@TTINGEN, I. The Barents sea capelin stock 1972-1997. A synthesis
of results from accoustic surveys. Sarsia 83, 6 (1998), 497-510.

17



[25] H;\VIK, L., PICKART, R., VAGE, K., TORRES, D., THURNHERR, A., BESZCZYNSKA-MOLLER, A., WAL-
CZOWSKI, W., AND VON APPEN, W.-J. Evolution of the East Greenland Current from Fram Strait to Denmark

Strait: Synoptic measurements from summer 2012. Journal of Geophysical Research: Oceans 122, 3 (2017),
1974-1994.

[26] HIORT, J. Fluctuations in the great fisheries of northern europe viewed in the light of biological research. ICES.

[27] HURRELL, J. W., AND LOON, H. V. Decadal variations in climate associated with the north atlantic oscillation.
In Climatic change at high elevation sites. Springer, 1997, pp. 69-94.

[28] INGOLFSSON, O., BENEDIKTSSON, [. 0., SCHOMACKER, A., KJZR, K. H., BRYNJOLFSSON, S., JONS-
SON, S. A., KORSGAARD, N. J., AND JOHNSON, M. D. Glacial geological studies of surge-type glaciers in
icelanddATresearch status and future challenges. Earth-Science Reviews 152 (2016), 37-69.

[29] JONSSON, S., FOLDVIK, A., AND AAGAARD, K. The structure and atmospheric forcing of the mesoscale
velocity field in fram strait. Journal of Geophysical Research: Oceans 97, C8 (1992), 12585-12600.

[30] KARPOUZOGLOU, T., DE STEUR, L., SMEDSRUD, L. H., AND SUMATA, H. Observed changes in the arctic
freshwater outflow in fram strait. Journal of Geophysical Research: Oceans 127, 3 (2022), €2021JC018122.

[31] KHAN, S. A., CHOI, Y., MORLIGHEM, M., RIGNOT, E., HELM, V., HUMBERT, A., MOUGINOT, J., MILLAN,
R., KIZR, K. H., AND BIgRK, A. A. Extensive inland thinning and speed-up of northeast greenland ice stream.
Nature 611, 7937 (2022), 727-732.

[32] MAURITZEN, C. Production of dense overflow waters feeding the north atlantic across the greenland-scotland
ridge. part 1: Evidence for a revised circulation scheme. Deep Sea Research Part 1: Oceanographic Research
Papers 43, 6 (1996), 769-806.

[33] MAURITZEN, C., RUDELS, B., AND TOOLE, J. The arctic and subarctic oceans/seas. In International Geo-
physics, vol. 103. Elsevier, 2013, pp. 443—470.

[34] MORLIGHEM, M., WILLIAMS, C. N., RIGNOT, E., AN, L., ARNDT, J. E., BAMBER, J. L., CATANIA, G.,
CHAUCHE, N., DOWDESWELL, J. A., DORSCHEL, B., ET AL. Bedmachine v3: Complete bed topography

and ocean bathymetry mapping of greenland from multibeam echo sounding combined with mass conservation.
Geophysical research letters 44,21 (2017), 11-051.

[35] MOUGINOT, J., RIGNOT, E., BIGRK, A. A., VAN DEN BROEKE, M., MILLAN, R., MORLIGHEM, M., NOEL,
B., SCHEUCHL, B., AND WoOD, M. Forty-six years of greenland ice sheet mass balance from 1972 to 2018.
Proceedings of the national academy of sciences 116, 19 (2019), 9239-9244.

[36] MURRAY, T., SCHARRER, K., JAMES, T., DYE, S., HANNA, E., BOOTH, A., SELMES, N., LUCKMAN, A.,
HUGHES, A., COOK, S., ET AL. Ocean regulation hypothesis for glacier dynamics in southeast greenland and
implications for ice sheet mass changes. Journal of Geophysical Research: Earth Surface 115, F3 (2010).

[37] OLAFSDOTTIR, A. H., AND ROSE, G. A. Influences of temperature, bathymetry and fronts on spawning
migration routes of icelandic capelin (mallotus villosus). Fisheries Oceanography 21, 2-3 (2012), 182-198.

[38] BsTBY, T. L., SCHULER, T. V., HAGEN, J. O., HOCK, R., KOHLER, J., AND REIUMER, C. H. Diagnosing the
decline in climatic mass balance of glaciers in svalbard over 1957-2014. The Cryosphere 11,1 (2017), 191-215.

18



[39] PELTO, M. The figure is obtained from the blog: https://blogs.agu.org/fromaglaciersperspective/2014/01/21/koge-
bugt-outlet-glacier-southeast-greenland/.

[40] PEREZ-HERNANDEZ, M. D., PICKART, R. S., PAVLOV, V., VAGE, K., INGVALDSEN, R., SUNDFJORD, A.,
RENNER, A. H., TORRES, D. J., AND EROFEEVA, S. Y. The Atlantic Water boundary current north of Svalbard
in late summer. Journal of Geophysical Research: Oceans 122, 3 (2017), 2269-2290.

[41] RIGNOT, E., FENTY, ., MENEMENLIS, D., AND XU, Y. Spreading of warm ocean waters around greenland as
a possible cause for glacier acceleration. Annals of Glaciology 53, 60 (2012), 257-266.

[42] ROSE, G. Capelin ( mallotus villosus ) distribution and climate: a sea canary for marine ecosystem change.
ICES Journal of Marine Science 62,7 (2005), 1524—-1530.

[43] ROSE, G. A., AND O’DRISCOLL, R. L. Capelin are good for cod: can the northern stock rebuild without them?
ICES Journal of Marine Science 59, 5 (October 2002), 1018-1026.

[44] SCHULER, T. V., KOHLER, J., ELAGINA, N., HAGEN, J. O. M., HODSON, A.J., JANIA, J. A., KAAB, A. M.,
LUKsS, B., MALECKI, J., MOHOLDT, G., ET AL. Reconciling svalbard glacier mass balance. Frontiers in Earth
Science 8 (2020), 156.

[45] SINGH, W., BARDARSON, B., JONSSON, S. P., ELVARSSON, B., AND PAMPOULIE, C. When logbooks show
the path: Analyzing the route and timing of capelin (mallotus villosus) migration over a quarter century using
catch data. Fisheries Research 230 (2020), 105653.

[46] THORSON, J. T., PINSKY, M. L., AND WARD, E. J. Model-based inference for estimating shifts in species
distribution, area occupied and centre of gravity. Methods in Ecology and Evolution 7, 8 (2016), 990-1002.

[47]1 VAGE, K., PAPRITZ, L., HAVIK, L., SPALL, M. A., AND MOORE, G. W. K. Ocean convection linked to the
recent ice edge retreat along east greenland. Nature communications 9, 1 (2018), 1-8.

[48] VILHJALMSSON, H. The Icelandic capelin stock. Journal of the Marine Research Institute Reykjavik XIII, 1
(1994), 281 pp.

[49] VILHJALMSSON, H. Capelin (Mallotus villosus) in the Iceland-East Greenland-Jan Mayen ecosystem. ICES
Journal of Marine Science 59 (2002), 870-883.

[50] VILHJALMSSON, H., AND CARSCADDEN, J. E. Assessment surveys for capelin in the Iceland-East Greenland-
Jan Mayen area, 1978-2001. ICES Journal of Marine Science 59 (2002), 1096—1104.

[51] WooD, M., RIGNOT, E., FENTY, 1., AN, L., BIGRK, A., VAN DEN BROEKE, M., CaAl, C., KANE, E.,
MENEMENLIS, D., MILLAN, R., ET AL. Ocean forcing drives glacier retreat in greenland. Science advances 7,
1(2021), eaba7282.

[52] WOODGATE, R. A., FAHRBACH, E., AND ROHARDT, G. Structure and transports of the east greenland current
at 75 n from moored current meters. Journal of Geophysical Research: Oceans 104, C8 (1999), 18059-18072.

19



