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Climate change is associated with altered oceanographic conditions that tend to shift the
geographical distributions of fish. To assess the impact of climate change on fisheries, one must go
beyond projections of catch potential and understand how fishers respond to moving target species.
Many previous studies have explicitly orimplicitly assumed that fishers follow fish that are displaced by
climate warming. Here, we evaluate this assumption by analyzing a long-term, large-scale yet high-
resolution dataset combined with a detailed oceanographic model. Our study case is the Atlantic cod
(Gadhus morhua) fishery in Norway, one of the largest whitefish fisheries in the world, with little
technological or judicial constraints on the potential spatial response of fishers. An oceanographic
model is used to predict the areas that have been suitable for Atlantic cod spawning over the two last
decades. We compare whether these areas overlap with actually observed fishing locations. While the
areas that are suitable for spawning clearly predict how much fish are caught per trip, the suitability of
an area does not predict how many vessels fish in a given area at a given point in time. In contrast, the
number of vessels in the previous week and the previous year explain the current number of vessels in
that area. Hence, future projections of climate change effects should account for the rich and nuanced

behavioral responses of humans to project climate change effects on fisheries.

Climate change profoundly affects oceanographic conditions and, as a
consequence, the expected distribution of many fish species in the future'™.
Because harvested fish is an integral part of the world food system and
because millions of people depend on fish caught in the ocean®”, it is
essential to assess how fishers respond to “species on the move™.

Studies that project the effects of climate change on fisheries often
assume, implicitly or explicitly, that fishers can follow fish'"">. However,
there may be considerable constraints on fishers™ ability to follow target
species. Especially in developing countries, available and affordable tech-
nologies limit how far fishers can move". But also in industrialized coun-
tries, economic, regulatory, and behavioral factors reduce the adaptation
potential of fisheries'*"”. A better understanding of how fishers react to
shifting species distributions with climate change is crucial to design ade-
quate adaptation and mitigation policies. Yet, surprisingly little is known
about the actual reactions of fishers to shifting species distributions'®".
Here, we match twenty years of individually observed fisher behavior with
model-based predictions of fish distribution at a fine spatio-temporal
resolution to assess the question of to what extent fishers follow fish.

To analyse how climate change affects fisheries, Cheung et al.”* cal-
culate the so-called mean temperature of observed catch (the average pre-
ferred temperature of the species that are caught, weighted by their overall
harvest). Using data from 52 large marine ecosystems between 1970 and
2006, the authors show a significant increase in the mean temperature of
observed catch in the last decades'. Besides this global evidence, there is by
now ample case-study evidence from regional studies'**, and even for lake
systems™ that highlights how climate warming affects fisheries. Yet, this
metric cannot (and is not meant to) disentangle fish behavior from fisher
behavior. In contrast, there are a small number of studies that match annual
survey data from Alaska, the US East-, and West Coast with catch and
landings data to differentiate between fish behavior and fisher
behavior'****. These studies mainly indicate a sluggish reaction of fishers to
changes in the geographical distribution of target fish. We add to this lit-
erature by analyzing highly resolved data form Norwegian fishery on the
Northeast Arctic (NEA) stock of Atlantic cod (Gadhus morhua). Hence, we
can capture within-season behavioral change, which is an important margin
for fishers. Moreover, in contrast to annual survey data, our predictions of
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Fig. 1 | Overview of the study system and illustration of the data. The map shows
the spatial resolution of the landings data (boxes) and 180 m depth contour (dotted
line). The upper panel (inlet) shows the mean longitude of landings for the months
Feb-May for each year (solid line) and the mean longitude of suitable habitat for the
same months (dotted lines). The lower panel (inlet) shows the aggregated landings

on a weekly basis for all years (solid black line) and for two example years: 2002 (Blue
solid line) and 2018 (red solid line). For illustration, the area of the suitable spawning
habitat (sum of all suitable grid points in the SVIM model; one model grid points
represents an area of 16km®) is shown for all years (dotted black line) and for two
example years: 2002 (blue dotted line) and 2018 (red dotted line).

fish distribution are directly based on exogenous oceanographic conditions
that are independent of the current stock status.

The Norwegian NEA cod fishery represents a significant share of global
whitefish production. The annual first-hand sales revenue in this fishery is
between 500 to 600 million Euro, placing it among the most valuable
whitefish fishery in the world**””. NEA cod is harvested with a variety of
gears and boats, ranging from relatively small vessels that use hand-line and
gillnets to large industrial trawlers. The main season of the NEA cod fishery
is between mid-February and early May when the fish come to spawn close
to shore along the coast of Northern Norway (Fig. 1).

These spawning aggregations make the NEA cod fishers an ideal case
study because the oceanographic conditions are tightly associated with the
suitability of an area for spawning’. Moreover, the relative proximity of the
fishery to the Norwegian shore, and the broad variety of gear used to harvest
NEA cod means that there are few technological or judicial constraints on
the potential spatial response of fishers. In simple words: if the fish move
with climate warming in our case study, and the fishers do not follow, it is
not because they can’t, it is because they don’t want to. That said, our
analysis does not aim to develop a structural model of fishers” location
choice in this specific fishery (see e.g.”"""). Rather, it is a first step that tests
whether fishers follow fish that are displaced by climate warming. Our study
thus opens the path for a more detailed investigation of fisher behavior
under climate change in this and other cases.

Next to the socio-ecological setting of the study system, it is the
availability of detailed data that allows us to answer our research question.
The Norwegian Directorate of Fisheries publishes daily landing data per trip
(2001-2021, 14.6 million observations). (The openly available data is

anonymized, but vessel, gear, and further regulatory characteristics (e.g.
which quota was used) are disclosed.) These so-called landing tickets con-
tain, for each fish landing in Norway, information on species-specific weight
and location of the catch, and by whom it was caught. We combine this data
with output from an oceanographic model (see Methods and SI) to examine
whether the number of vessels in a particular area at a given time can be
explained by an index of spawning suitability for that area.

That is, we answer the question of whether fishers follow fish displaced
by climate warming in three steps: First, we analyze how oceanographic
conditions have changed in the recent past to establish whether the area
suitable as NEA cod spawning sites has shifted. Then, we test the second
central logical premise, namely whether oceanographic conditions indeed
predict catch potential. Third, having these two pieces of evidence in hand,
we present our main result: We document that fishers in one of the highest-
value fisheries in the world have not followed fish over the past two decades.

Results
Changes in the oceanographic conditions suitable for spawning
Areas that are most suitable for spawning can change along two margins. On
the one hand, areas that have historically been suitable may become suitable
for spawning earlier in the season’>”. On the other hand, areas that have
historically not been suitable for spawning may become suitable for
spawning with climate change”**.

We estimate spawning suitability for the years 2001-2021, following™:
an area is suitable for spawning if the following three criteria were met: (i)
local depth was less than 180 m, (ii) temperature was within the range of 4-6
degrees at some location between 50 and 150 m depth and (iii) salinity was
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Fig. 2 | Annual weighted centroids of suitability and the number of vessels from
2001 to 2021. Figure S5 and S6 display two-way plots for latitude and longitude in a
time-series format, respectively.

within the range of 34.0-34.9 at some location between 50 and 150 m depth
(“Methods”). We find that suitability changed along two margins: Suitable
spawning conditions are observed earlier in the year, and more towards the
north (Fig. 1, $2)*.

Moreover, Fig. 2 shows the weighted centroids of spawning suitability
and the number of vessels operating cod fishing. The figure clearly shows
that spawning suitability is more variable than observed harvesting loca-
tions. The suitability driven by natural conditions varies year by year while
the fishers tend to stay in the same area and closer to shore.

Suitability for spawning predicts catch per trip

The second step in our investigation is to test whether fish actually follow
suitable oceanographic conditions. The true abundance of fish in the water is
not observed directly, but we can assess the catch potential by calculating
catch per trip. To this end, we extract the quantity of harvested cod in a given
trip of a given vessel from the landing tickets data. We then calculate the
average catch per trip in a given area, aggregated to the weekly level to
minimize the noise in the data and to reduce the effects of multi-day trips.
We then test whether catch per trip in a given area in a given week is related
to the spawning suitability of the area controlling for time, area, and vessel
characteristics (gear and size).

Column (1) of Table 1 shows that the suitability explains the high catch
per trip of cod. However, this sample contains many catch areas that are
offshore and will permanently be unsuitable for spawning, e.g. because they
are too deep or too far from the shore. Hence, we repeat the same regression
on a restricted sample of those coastal areas that are north of 62°N (column
(2) in Table 1).

In both samples, we observed a positive and statistically significant
effect of suitability on catch per trip. This result indicates that the model-
based suitability index is a valid proxy for the abundance of cod stock at a
detailed spatio-temporal scale. We controlled for various factors that could

Table 1 | The suitability index predicts catch per trip

Dependent variable: Mean catch per trip

Sample All area 62° N and North
Model: a @
Variables
Suitability 5160.17 4820.9”
(1765.1) (1676.4)
Fixed-effects
Year Yes Yes
Week Yes Yes
Area Yes Yes
Region Yes Yes
Gear category Yes Yes
Length Group Yes Yes
Fit statistics
Observations 105,515 76,651
R? 0.3551 0.3410
Within R? 0.0002 0.0003

Clustered (Area & Year) standard-errors in parentheses.
Signif. Codes: ***: 0.001, **: 0.01, *: 0.05, .: 0.1.

influence our results, such as fixed effects of time, space, and vessel attri-
butes. In particular, we found that controlling for the vessel length group was
crucial due to its strong effect on catch per trip. The time-invariant spatial
effects are controlled by spatial fixed effects (area and region). The result
demonstrates that the variation in suitability over time still explains catch in
a given area even after controlling for the effect of “always good” fishing
grounds for fishers.

Suitability for spawning does not predict where vessels fish
Having established that (i) oceanographic conditions for spawning
suitability change over time and (ii) that suitable habitats have more
cod, we can now turn to the main question, namely whether the suit-
ability for spawning of an area at a given time can explain the number of
fishing vessels that operate in that area at that time. Results are pre-
sented in Table 2.

Column (1) of Table 2 shows the results from a regression model that
explains the number of vessels in a given area at a given point in time by the
suitability index, by the number of vessels in the same area a year ago, and by
the number of vessels in the same area a week ago. The specification in
column (2) additionally includes year fixed-effects to capture conditions
that are specific to the year but the same for all vessels, such as the overall
stock size, the annual quota, or general economic conditions, as well as week
fixed-effects to capture the seasonality within a year. We see that the suit-
ability of an area is a significant predictor of the number of vessels visiting
that area in both these models.

However, once we control for area-specific effects in the specifications
in columns (3) and (4), the suitability of an area no longer predicts the
number of vessels. Interestingly, the number of vessels that were in a given
area the week earlier, or a year earlier, remains a significant predictor for
fishing effort, also when controlling for area-fixed effects.

These results are not consistent with the “fishers-follow-fish”
hypothesis that postulates a positive coefficient on suitability. By comparing
the specifications with varying sets of fixed effects, columns (3)-(4), we see
that the inclusion of area-specific fixed effects absorbs the effect of suitability
in both models. The suitability of an area is correlated with time-invariant
area characteristics such as depth. The fishers know such characteristics
based on their experiences. In addition, area fixed effects also control for
economic reasons to visit a given area such as distances to home ports and
the accessibility or perceived safety of the fishing ground.
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Table 2| The results for the effects of suitability on the number
of vessels in the area, coastal zone in the north of 62'N

Dependent variable: Num. of ves.
Model: (1) (2) 3) (4)
Variables
Constant 0.0685™"
(0.0126)
Suitability 0.3599™ 0.3696" -0.2896 -0.2884
(0.1183) 0.1177) (0.1699) (0.1708)
Num. ves. w-1 0.5800"" 0.5801"" 0.5785™" 0.5757""
(0.0216) (0.0216) (0.0217) (0.0219)
Num. ves. y-1 0.3215™ 0.3211" 0.3196™" 0.3170™"
(0.0161) (0.0161) (0.0162) (0.0163)
Fixed-effects
Year Yes Yes Yes
Week Yes Yes Yes
Area Yes Yes
Region Yes Yes
Gear category Yes
Length Group Yes
Fit statistics
Observations 1,183,200 1,183,200 1,183,200 1,183,200
R? 0.7384 0.7385 0.7388 0.7392
Within R? 0.7380 0.7291 0.7157

Clustered (Area & Year) standard-errors in parentheses.
Signif. Codes: ***: 0.001, **: 0.01, *: 0.05, .: 0.1.

An important question is how the link between the suitability for
spawning and the number of vessels has developed over time. To study this
question, we included an interaction between a linear time trend and the
suitability index. We find suggestive evidence that the connection between
the spawning suitability and the number of vessels in a given area is
declining over time, but the effect is not statistically significant. While the
literature finds the impact of climate change on NEA cod distribution with
long-term data (e.g. 50 years), Fig. 3 illustrates these findings along with the
model of annually varying coefficients.

Our results are robust to a variety of alternative models or sample
specifications (see SI). The different selection of trip samples based on the
share of cod in the total landing gives the same results (Table. S1-2). Including
the neighborhood suitabilities also does not change the overall result (Table.
§3). Moreover, using a recalculated suitability index to account for a potential
modeling bias in the oceanographic model provides the result that the
potential bias does not cause a large change in the result (Table. S$4-5). The
higher-order lag model was estimated to address potential mischaracteriza-
tions of the persistence in location choice, and the overall results remain
consistent, as shown in Table S9. The analysis conducted with restricted
samples, focusing on extreme years when suitability was concentrated either
in the north-east or the south-west, suggests that fishers exhibit persistence in
their location choices despite changes in suitability (Table S10).

Discussion
Fisheries are coupled socio-ecological systems that support the livelihood of
millions of people around the globe. It is hence of key importance to assess
how climate change will affect fisheries. To do so, one must both account for
how the distribution of fish will change as fish follow their preferred ocea-
nographic conditions, and assess how fishers react to the changes in fish
distributions.

We find that spawning suitability can explain the number of vessels in
the basic model, but once we control for area-specific effects (such as the

Estimated coefficient value on Suitability

_2-

2010 2015 12020

Year

2001 '2005
Fig. 3 | Estimated time trends of the coefficient on suitability. The black line shows
the estimates from a model with year dummies, and the dashed blue line indicates the
estimate from a model with a linear trend. The error bars and the blue band show
95% confidence intervals.

distance to shore, or other features that do not shift through time), spawning
suitability no longer explains the number of vessels in a given area. In
contrast, the number of vessels in the same area the week or the year earlier
continues to be a significant predictor of fishing effort. Therefore, our
analysis does not support the hypothesis that fishers follow fish as fish
following suitable oceanographic conditions, at least over the time horizon
that we study in this paper. Rather, our results are in line with fishers
exhibiting “site fidelity”, even in an industrialized fishery with little tech-
nological or regulatory constraints on mobility”**.

That said, one has to keep in mind that our sample period may be too
short to capture the impact of climate change, or it could be that the
observed temperature change has been too small to affect habitat suitability
to such an extent that it would also affect fishers” harvesting locations. In Fig
$4 and S5 of the SI, we show that there is both significant intra-annual and
inter-annual variation in suitability. It is difficult to extrapolate fisher
behavior to conditions when habitats shifts outside of the range of observed
seasonal variation for prolonged periods. Our results suggest that the dis-
crepancy between the fishers and the fish locations may become larger as
climate change would affect the suitability more severely and the variations
are expected to become greater. While the subdued variations in respon-
siveness suggest a limited adaptation capacity of the fishing sector to climate
change, the situation may look different when conditions become more
extreme.

An important early study that differentiates between fish behavior and
fisher behavior is the work of Pinsky and Fogarty”. The authors contrast the
average latitude at which a species occurs in annual research surveys with the
average latitude at which the same species is landed in commercial catches in
the same year (for the US Atlantic coast) and show that fishers do follow fish,
but with a lag. Pinsky and Fogarty highlight that one of the reasons why fish
landings shifted only by 10-30% could be that fishers increased harvesting
pressure as the stock was shifting out of their historical habitat. Such a
compensatory stock depletion would yield high harvest” and mask the effect
that would be visible if fishing effort were proportional to abundance. An
important advantage of our study case is that the migratory and seasonal
nature of the NEA cod fishery means that fishers harvest at capacity during
the spawning season. Thus, there is no compensatory depletion effect, at
least in the short run.

More generally, our estimate of the geographical distribution of the
target fish is based on a physical model that is, by construction, independent
of fishers harvesting behavior. We find that spawning cod are likely to be
observed earlier in the year, and more towards the north. Our model pre-

dictions thus replicate earlier findings™ ™.
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Certainly, such model-based projections of fish distribution come with
the important caveat that they are but an imperfect proxy of the true dis-
tribution, which is not observed. That is why the first step of our analysis,
showing the significant relation between the spawning suitability of an area
and the catch per trip in that area is important and reassuring.

A central feature of our study is the high spatial and temporal reso-
lution of our data. This resolution allows us to assess intra-seasonal beha-
vioral responses, which are an important margin for the profit maximization
of fishing firms. We find that fishers did not follow fish as fish follows
suitable oceanographic conditions in the NEA cod fishery between 2001 and
2021. Spawning suitability does not predict the number of vessels in a given
area at a given point in time once we control for area-fixed effects. In
contrast, the number of vessels in that area one week prior, or one year ago,
remains a significant predictor of where fishers go.

For the interpretation of this result, it is important to appreciate that we
do not structurally model fisher behavior. Instead, we conduct a “reduced
form” estimation that can test our hypothesis but does not uncover the
specific mechanisms at play. The area-fixed effect absorbs many important
economic conditions that are constant for a given area, such as the distance
to the nearest port (and hence travel cost) or the differential exposure to
wind and waves. For example, the fact that the number of vessels that have
historically been active in a given area is a significant predictor of current
activity may reflect that fishers are constrained in the information they have
available when forming expectations about which area to go to’". If the
information on spawning suitability can be made available in real-time to
fishers, this could be a business opportunity for private firms or a welfare-
enhancing policy for public regulators.

Indeed, a better understanding of how fishers behaviorally respond to
changes in species distribution is essential for effective and resilient resource
management. Young et al."’, for example, analyzed adaption strategies in the
US Atlantic coast. A key contribution of Young et al."’is to study the location
of fishing (as opposed to the location of landing) at a high resolution. Our
approach allows us to do so as well, but in contrast to™, we focus on one
species only and match the fishing location with the predicted fish location.
In other words, our focus is not so much on fishers” global adaptation
strategies, but more on their spatio-temporal mobility as a response to shifts
in the availability of their main target species.

In addition to mobility, another adaptation strategy is catch
diversification*"*>. Catch diversification not only allows fishers to buffer
current risks*, but it may also prepare fishers to buffer future risks. Young
et al.”’, for example, show that vessels with historically lower catch diversity
are less likely to persist over time compared to vessels with higher catch
diversity. Yet, specialization versus diversification involves a considerable
economic trade-off. Analyzing how such a trade-off plays out under
expected climate change is an important avenue for future research.

A number of studies analyze the vulnerability of fishing communities
to future climate change risks*****. Our study complements this growing
literature by matching actually observed fisher behavior with model-based
fish behavior. It hence provides a ground truthing for such vulnerability
assessments. We find that fishers do not seem to follow the fish, even in a
technologically advanced fishery with little regulatory constraints on where
fishers go.

For the specific case of the NEA cod fishery, this is good news, as it may
reduce tensions between Russia and Norway that share this fishery. Game-
theoretical work has highlighted how the strategic interactions between the
two countries may be adversely affected by the shift in distribution when
fishers follow fish*>"’. (As one player, Russia in this case, gains more access to
the stock and the other player, Norway in this case, loses access to the stock,
competition intensifies, which may jeopardize the sustainability of the
fishery””.) When fishers do not follow the shift in fish distribution (or at least
to a lesser extent), this may lead to less competition than originally
anticipated.

Whether the finding that fishers do not follow fish as fish follow suitable
oceanographic conditions is good news more generally is an open question.
Certainly, it remains important to anticipate and prepare for shifting

geographical locations of target species due to climate change’. Our study
emphasizes that future projections must account for the rich and nuanced
behavioral responses of humans to assess climate change effects on fisheries.

Methods

Data sources

The source of the landing ticket data is the Directorate of Fisheries. (https:/
www.fiskeridir.no/Statistikk/A Apne-data/A Apne-datasett/Fangstdata-
koblet-med-fartoeydata) The landing tickets specify, each time a vessel lands
fish in Norway, which species are landed (landings are differentiated by typical
market categories and mainly recorded in terms of weight, but sometimes also
in terms of individual specimens that were caught). Additionally, the data
contains information about the vessel that was used to catch the fish and the
self-reported area where the fish was caught. The GPS coordinates of the catch
areas (“fangstfelt”) is downloaded from the map (https://kart.fiskeridir.no/
fiskeri), "statistikkomrader” then Lokasjoner (t.o.m. 2017)”. These areas are
our basic unit of analysis and we count the number of vessels that fish in a
given area in a given week in a given year. We aggregate the landing ticket data
to the weekly level despite the fact that it is available with a daily resolution to
minimize noise and to account for multi-day trips.

To estimate the suitability for spawning of a catch location ("fangstfelt”)
at a certain day in a certain year, we used the output from an oceanographic
model. The model used was the Regional Ocean Modeling System
(ROMS,***) applied to the Northeast Atlantic Ocean (SVIM,”). A hindcast
archive has been established for this model covering the period 1959 to the
present. The spatial horizontal resolution of the model run was 4 x 4 km,
which gives a grid cell count for each of the rectangles in Fig. 1 varying from
180 points in the south to 120 points in the north. The model has been
validated and is considered to perform well”, especially with regard to
modeled temperatures. However, salinity is less well represented in the
model and we have correspondingly conducted sensitivity tests (SI).

For most of the analysis, we concentrate on coastal areas. The spawning
sites of NEA cod are distributed along the coast and the main fleet targeting
this aggregated stock is the coastal fleet. Coastal areas in this study are
defined as the main statistical areas (Hovedomrdder) that include 12 nautical
miles lines (Figure S1).

Suitability index
Following™, we defined that a grid point in the oceanographic model was
suitable for spawning if the following three criteria were met:
1. local depth was less than 180 m,
2. Temperature within the range of 4-6 degrees at some location between
50 and 150 m depth
3. Salinity within the range of 34.0-34.9 at some location between 50
and150 m depth.

The suitability was assessed daily for each grid point over the period
with reliable data on landings at the catch area scale (2001-2021) between
February and May, covering the spawning season of NEA cod. To facilitate
comparison with the landing ticket data, the suitability was aggregated
inside each catch area and over weeks. This was done by assessing the daily
percentage of suitable grid points inside each catch area and then averaging
over weeks. Note that we consider the fraction of suitable areas and not the
fraction of suitable volume as cod tend to separate into two distinct depth
groups with female distributed higher up in the water column compared to
males™. Hence, we consider an area-based index more appropriate than a
volume-based index.

Empirical methods
We model the total number of vessels fishing in an area, Nj,,,, for fleet i
during week w in year y in area a as

N

iwya —

Z (xj + ﬁoswya + ﬁlNi[wfl]ya + ﬁzNiw[yfl]a + Eiwvya (1)
j=liwy.a}
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where ; represents the fixed effects (varying intercept) for year, week, area
(fangstfelt), region (hovedomrdde), and fleet. A fleet is defined as the com-
bination of the gear that is used and the length group of the vessel. S,,,, is the
suitability index.

We estimate model (1) using the R-package fixest, see’. The main test
is whether the coefficient f3 is positive. If it is, then we can reject the null
hypothesis that there is no relationship between the suitability of an area for
spawning at a given point in time and the number of vessels in that area at the
same point in time. In addition to testing this hypothesis for varying sets of
fixed-effects oy, we include two additional controls in the regressions: Njj,,—1jya
the number of vessels in the same area and the same year but a week earlier,
and Njy,(,— 1] the number of vessels in the same area and the calendar week
but a year earlier. Finally, we include an interaction of the suitability index and
alinear time trend in one specification to test whether the association between
the location of the fishing effort and the suitability is changing over time. This
interaction term is not reflected in the regression model (1), but the result is
shown in Fig. 3.

Data availability

The data that support the findings of this study are openly available at the
Directorate of Fisheries at https://www.fiskeridir.no/English/Fisheries/
Statisticsand https://www.fiskeridir.no/Tall-og-analyse/A Apne-data/
Fangstdata-seddel-koblet-med-fartoeydata. The results from the numer-
ical model results are openly available. They were originally published on
https://archive.norstore.no/pages/public/datasetDetail jsf?id=10.11582/
2015.00014*, but limited to a period ending in 2011. The simulation was
subsequently extended in time, and the full period is openly available as a
sub-settable  dataset from  https://thredds.met.no/thredds/nansen-
legacy.html.
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