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CLIMATE CHANGE

Slow adaptation in the face of rapid
warming leads to collapse of the Gulf
of Maine cod fishery

Andrew J. Pershing,"* Michael A. Alexander,” Christina M. Hernandez,'t Lisa A. Kerr,'
Arnault Le Bris,' Katherine E. Mills,' Janet A. Nye,? Nicholas R. Record,*
Hillary A. Scannell,”*+ James D. Scott,>® Graham D. Sherwood,' Andrew C. Thomas®

Several studies have documented fish populations changing in response to long-term
warming. Over the past decade, sea surface temperatures in the Gulf of Maine increased
faster than 99% of the global ocean. The warming, which was related to a northward shift in
the Gulf Stream and to changes in the Atlantic Multidecadal Oscillation and Pacific Decadal
Oscillation, led to reduced recruitment and increased mortality in the region’s Atlantic

cod (Gadus morhua) stock. Failure to recognize the impact of warming on cod contributed to
overfishing. Recovery of this fishery depends on sound management, but the size of the
stock depends on future temperature conditions. The experience in the Gulf of Maine
highlights the need to incorporate environmental factors into resource management.

limate change is reshaping ecosystems in
ways that affect resources and ecosystem
services (I). Fisheries, with their tight cou-
pling between ecosystem status and eco-
nomic productivity, are a prime example
of interacting social-ecological systems. The social
and ecological value of a fishery depends first
and foremost on the biomass of fish, and fishing
has often been the dominant driver of the status
of the resources and economics of the fishing
community. Modern fisheries management is
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designed to reduce harvesting levels in response
to low stock biomass (and vice versa), creating a
negative feedback that, in theory, will maintain
steady long-term productivity (2).

A failure to detect changes in the environment,
or to act appropriately when changes are detected,
can jeopardize social-ecological systems (3). As
climate change brings conditions that are increas-
ingly outside the envelope of past experiences, the
risks increase. The Gulf of Maine has warmed
steadily, and the record warm conditions in 2012
affected the American lobster fishery (4). Here,
we consider how ocean warming factored into
the rapid decline of the Gulf of Maine cod stock (5).

We used sea surface temperature (SST) data to
characterize temperature trends in the Gulf of
Maine since 1982 and over the decade 2004
2013. We compared the Gulf of Maine SST trends
to trends around the globe. Variability in Gulf of
Maine SST was related to an index of Gulf Stream
position as well as the Pacific Decadal Oscilla-
tion (PDO) and Atlantic Multidecadal Oscillation
(AMO). We then examined the impact of tem-

perature conditions in the Gulf of Maine on the
recruitment and survival of Atlantic cod. The re-
sulting temperature-dependent population dy-
namics model was used to project the rebuilding
potential of this stock under future temperature
scenarios.

From 1982 to 2013, daily satellite-derived SSTs
in the Gulf of Maine rose at a rate of 0.03°C year
(R? = 012, P < 0.01, n = 11,688; Fig. 1A). This rate is
higher than the global mean rate of 0.01°C year™
and led to gradual shifts in the distribution and
abundance of fish populations (6-8). Beginning
in 2004, the warming rate in the Gulf of Maine
increased by a factor of ~7, to 0.23°C year * (R* =
0.42, P < 0.01, n = 3653). This period began with
relatively cold conditions in 2004 and concluded
with the two warmest years in the time series.
The peak temperature in 2012 was part of a large
“ocean heat wave” in the northwestern Atlantic
that persisted for nearly 18 months (4).

The recent 10-year warming trend is remark-
able, even for a highly variable part of the ocean
such as the northwestern Atlantic. Over this
period, substantial warming also occurred off
western Australia, in the western Pacific, and
in the Barents Sea, and cooling was observed in
the eastern Pacific and Bering Sea (Fig. 1B). The
global ocean has a total area of 3.6 x 10° km?,
yet only 3.1 x 10° km? of the global ocean had
warming rates greater than that in the Gulf of
Maine over this time period. Thus, the Gulf of
Maine has warmed faster than 99.9% of the
global ocean between 2004 and 2013 (Fig. 1C).
Using SSTs from 1900 to 2013, the likelihood of
any 2° x 2° segment of the ocean exceeding this
10-year warming rate is less than 0.3%. Accord-
ing to this analysis, the Gulf of Maine experienced
decadal warming that few marine ecosystems
have encountered.

As a first step toward diagnosing the potential
drivers of the recent warming trend, we cor-
related the quarterly temperatures in the Gulf
of Maine with large-scale climate indicators
(table S1). An index of Gulf Stream position (9)
has the strongest and most consistent relation-
ship with Gulf of Maine temperatures. The cor-
relations with the Gulf Stream Index (GSI) are
positive and significant in all quarters, with the
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Fig. 1. Sea surface temperature trends from the Gulf of Maine and the global ocean. (A) Daily
(blue, 15-day smoothed) and annual (black dots) SST anomalies from 1982 to 2013, showing the
long-term trend (black dashed line) and trend over the decade 2004-2013 (red solid line). (B) Global
SST trends, 2004-2013. The Gulf of Maine is outlined in black. (C) Histogram of global 2004-2013
SST trends, with the trend from the Gulf of Maine indicated at the right extreme of the distribution.

Table 1. Linear models relating Gulf of Maine summer temperature to climate indicators. GSI,
Gulf Stream Index; PDO, Pacific Decadal Oscillation Index; AMO, Atlantic Multidecadal Oscillation Index. The
final model uses all three indices. The first set of statistics refers to the models fit to the entire 1982-2013
record. The models were also fit to the 1982-2003 period, then projected onto the 2004-2013 period. The
rightmost two columns summarize the out-of-sample performance of the models.

1982-2013 2004-2013 (out of sample)
Time series 1 Time series 2
R? P AIC r? P

GSI = 0.39 0.00 63.92 0.50 0.00

PDO 0.58 0.00 54.41 0.54 0.00

AMO 0.66 0.00 48.15 0.64 0.00

PDO — 0.45 0.00 60.77 0.28 0.01
AMO 0.50 0.00 59.78 0.32 0.01

AMO — 0.23 0.01 71.06 0.11 0.13

All 0.70 0.00 45.99 0.65 0.00

strongest correlation occurring in summer (7 =
0.63, P < 0.01, n = 31). The PDO (10) is neg-
atively correlated with the Gulf of Maine tem-
peratures during spring (7 = -0.50) and summer
(r = -0.67). Summer temperatures are also posi-
tively correlated with the AMO (1) (r = 0.48, P <
0.01, n = 31).
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Building on the strong correlations with sum-
mer temperatures, we developed multiple regres-
sion models for summer Gulf of Maine temperatures
using combinations of the three indices (Table 1).
As judged by Akaike information criterion (AIC)
score, the best model used all three indices, and
this model explained 70% of the variance in Gulf

of Maine summer temperature (R> = 0.70, P <
0.01, AIC = 46.0, n = 31). This model was slightly
better than one using GSI and the AMO (R® =
0.66, P < 0.01, AIC = 48.2, n = 31). We refit each
model using data from 1982 to 2003 and then
applied the model to the 2004-2012 period. The
three-index and GSI-AMO models had nearly
identical out-of-sample performance, explaining
65% and 64% of the variance, respectively.

A long-term poleward shift in the Gulf Stream
occurred during the 20th century and has been
linked to increasing greenhouse gases (12). Previ-
ous studies have reported an association between
Gulf Stream position and temperatures in the
northwestern Atlantic (7, 13), and an extreme
northward shift in the Gulf Stream was docu-
mented during the record warm year of 2012 (14,).
Although the Gulf Stream does not directly enter
the Gulf of Maine, northward shifts in the Gulf
Stream are associated with reduced transport
of cold waters southward on the continental
shelf (15, 16). The association between Gulf of
Maine temperature and the PDO suggests an
atmospheric component to the recent trend. A
detailed heat budget calculation for the 2012
event (17) found that the warming was due to
increased heat flux associated with anomalously
warm weather in 2011-2012. These results sug-
gest that atmospheric teleconnections from the
Pacific, changes in circulation in the Atlantic Ocean,
and background warming have contributed to
the rapid warming in the Gulf of Maine.

The Gulf of Maine cod stock has been chroni-
cally overfished, prompting progressively stronger
management, including the implementation of a
quota-based management system in 2010. Despite
these efforts, including a 73% cut in quotas in 2013,
spawning stock biomass (SSB) continued to
decline (Fig. 2A). The most recent assessment
found that SSB in this stock is now less than
3000 metric tons (mt; 1 mt = 1000 kg), which is
only 4% of the SSB value that gives the maximum
sustainable yield (SSB,sy) (5). This has prompted
severe restrictions on the commercial cod fishery
and the closure of the recreational fishery.

The Gulf of Maine is near the southern limit of
cod, and previous studies have suggested that
warming will lead to lower recruitment, sub-
optimal growth conditions, and reduced fishery
productivity in the future (18-20). Using popula-
tion estimates from the recent Gulf of Maine
cod stock assessment (5), we fit a series of stock-
recruit models with and without a temperature
effect (table S2). The best models exhibited
negative relationships between age-1recruitment
and summer temperatures (table S3). Gulf of
Maine cod spawn in the winter and spring, so
the link with summer temperatures suggests a
decrease in the survival of late-stage larvae and
settling juveniles. Although the relationship with
temperature is statistically robust, the exact
mechanism for this is uncertain but may include
changes in prey availability and/or predator risk.
For example, the abundance of some zooplankton
taxa that are prey for larval cod has declined in
the Gulf of Maine cod habitat (21). Warmer tem-
peratures could cause juvenile cod to move away
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Fig. 2. Relationships between Gulf of Maine cod and temperature. (A) Time series of Gulf of Maine cod spawning stock biomass (blue) and age-
1 recruitment (green) from the 2014 assessment. Cod age-1 recruitment was modeled using adult biomass and summer temperatures (dashed line). The
gray squares are recruitment estimated using a model without a temperature effect fit to data prior to 2004. The yellow diamonds are a temperature-
dependent model fit to this earlier period. (B) Mortality of age-4 cod as a function of temperature (R?> = 0.57, P < 0.01, n = 21). The temperature is
composed of the fall values from the current year and 3 years prior, weighted using the coefficients from the linear model.

10

Fig. 3. Temperature-
dependent rebuilding 9
potential of Gulf of
Maine cod. We sim-
ulated a population
growing from the 2013
biomass (black curves)
without fishing under
three temperature sce-
narios: a cool scenario

Spawning Stock Biomass (10,000 mt)
[9)]

(solid line) represented 4

by the 10% lower

bound of the CMIP-5 3
ensemble of climate

model projections, a 2

warm scenario (heavy 1

line) represented by the

climate model ensem- 0 .

ble mean, and a hot
scenario (plus signs)
with warming at the

2000 2005

2010

2015 2020

Year

2025 2030 2035 2040

0.07° year ™! rate observed in the summer in the Gulf of Maine since 1982. This population is contrasted
against an estimate of the temperature-dependent SSB,, (blue lines and shading), an estimate of SSBsy,
without accounting for temperature (gray dashed line), and the carrying capacity of the population (green
lines and shading). The yellow circles mark where the rebuilding population reaches the temperature-
dependent SSBr.sy: squares denote when a population fished at F = 0.1 would be rebuilt.

from their preferred shallow habitat into deeper
water, where risks of predation are higher (22).
‘We also looked for other signatures of temper-
ature within the population dynamics of cod. We
found a strong association between the mortality
of age-4 fish and fall temperatures from the
current year and the second year of life (Fig.
2B, R? = 0.57, P < 0.01, n = 21). Age 4 represents
an energetic bottleneck for cod because of the
onset of reproduction and reduced feeding ef-
ficiency as fish transition from benthic to pelagic

SCIENCE sciencemag.org

prey (23). Elevated temperatures increase meta-
bolic costs in cod (24), exacerbating the energetic
challenges at this age. The average weight-at-age
of cod in the Gulf of Maine region has been
below the long-term mean since 2002 (25), and
these poorly conditioned fish will have a lower
probability of survival (26).

The age-4 mortality relationship improves
significantly with the addition of temperatures
from the second year of life (table S6). This
suggests that a portion of the estimated age-4

mortality reflects mortality over the juvenile
period that is not explicitly captured in the as-
sessment. Temperature may directly influence
mortality in younger fish through metabolic
processes described above; however, we hypoth-
esize that predation mortality may also be higher
during warm years. Many important cod preda-
tors migrate into the Gulf of Maine or have feeding
behaviors that are strongly seasonal. During a
warm year, spring-like conditions occur earlier
in the year, and fall-like conditions occur later.
During the 2012 heat wave, the spring warming
occurred 21 days ahead of schedule, and fall
cooling was delayed by a comparable amount
(4). This change in phenology could result in
an increase in natural mortality of 44% on its
own, without any increase in predator biomass
(see supplementary text).

If fishing pressure had been effectively reduced,
the population should have rebuilt more during
the cool years and then declined less rapidly
during the warming period. Instead, fishing
mortality rates consistently exceeded target
levels, even though fishermen did not exceed
their quotas. The quota-setting process that is
at the heart of fisheries management is highly
sensitive to the number of fish aging into the
fishery in each year. For Gulf of Maine cod, age
classes 4 and 5 dominate the biomass of the
stock and the catch (5). The temperature-mortality
relationship in Fig. 2B means that during warm
years, fewer fish are available for the fishery. Not
accounting for this effect leads to quotas that are
too high. The resulting fishing mortality rate was
thus above the intended levels, contributing to
overfishing even though catches were within pre-
scribed limits. Socioeconomic pressures further
compounded the overfishing. To minimize the
impact of the quota cuts on fishing communities,
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the New England Fishery Management Council
elected to defer most of the cuts indicated for
2012 and 2013 until the second half of 2013. The
socioeconomic adjustment coupled with the two
warmest years on record led to fishing mortality
rates that were far above the levels needed to
rebuild this stock.

The impact of temperature on Gulf of Maine
cod recruitment was known at the start of the
warming period (20), and stock-recruitment model
fit to data up to 2003 and incorporating temper-
ature produces recruitment estimates (Fig. 2A,
yellow diamonds) that are similar to the assess-
ment time series. Ignoring the influence of tem-
perature produces recruitment estimates that
are on average 100% and up to 360% higher
than if temperature is included (Fig. 2A, gray
squares). According to a simple population dynam-
ics model that incorporates temperature, the
spawning stock biomass that produces the max-
imum sustainable yield (SSB,sy,) has been de-
clining steadily since 2002 (Fig. 3) rather than
remaining constant, as currently assumed. The
failure to consider temperature impacts on Gulf
of Maine cod recruitment created unrealistic
expectations for how large this stock can be and
how quickly it can rebuild.

We estimated the potential for rebuilding the
Gulf of Maine cod stock under three different
temperature scenarios: a “cool” scenario that
warms at a rate of 0.02° year ’; a “warm” scenario
that warms at 0.03° year, the mean rate from
climate model projections; and a “hot” scenario
that follows the 0.07°C year™" trend present in the
summer temperature time series. If fishing
mortality is completely eliminated, populations
in the cool and warm scenarios could rebuild
to the temperature-dependent SSB,q, in 2025,
slightly longer than the 10-year rebuilding time-
line established by U.S. law, and the hot scenario
would reach its target 1 year later (Fig. 3). Al-
lowing a small amount of fishing (¥ = 0.1)
would delay rebuilding by 3 years in the cool
and warm scenarios and 8 years in the hot scenario.
Note that estimating SSB,,s, without temper-
ature produces a management target that may
soon be unachievable. By 2030, a rebuilt fishery
could produce more than 5000 mt year ' under
the warm scenario, a catch rate close to the
average for the fishery for the previous decade.
Under the hot scenario, the fishery would be
1800 tons year '—small, but potentially valu-
able. Thus, how quickly this fishery rebuilds
now depends arguably as much on temperature
as it does on fishing. Future management of Gulf
of Maine cod would benefit from a reevaluation
of harvest control rules and thorough manage-
ment strategy evaluation of the application of
temperature-dependent reference points and
projections such as these.

As climate change pushes species poleward
and reduces the productivity of some stocks,
resource managers will be increasingly faced
with trade-offs between the persistence of a
species or population and the economic value
of a fishery. Navigating decisions in this context
requires both accurate projections of ecosystem

812 13 NOVEMBER 2015 « VOL 350 ISSUE 6262

status and stronger guidance from society in the
form of new policies. Social-ecological systems
that depend on a steady state or are slow to
recognize and adapt to environmental change
are unlikely to meet their ecological and economic
goals in a rapidly changing world.
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EXTINCTION EVENTS

Body-size reduction in vertebrates
following the end-Devonian

mass extinction

Lauren Sallan’* and Andrew K. Galimberti>t

Following the end-Devonian mass extinction (359 million years ago), vertebrates experienced
persistent reductions in body size for at least 36 million years. Global shrinkage was not related
to oxygen or temperature, which suggests that ecological drivers played a key role in
determining the length and direction of size trends. Small, fast-breeding ray-finned fishes,
sharks, and tetrapods, most under 1 meter in length from snout to tail, radiated to dominate
postextinction ecosystems and vertebrae biodiversity. The few large-bodied, slow-breeding
survivors failed to diversify, facing extinction despite earlier evolutionary success. Thus, the
recovery interval resembled modern ecological successions in terms of active selection on size
and related life histories. Disruption of global vertebrate, and particularly fish, biotas may
commonly lead to widespread, long-term reduction in body size, structuring future biodiversity.

ody size plays a crucial role in life histories,
affecting generation times, energy demands,
and population sizes (7, 2). Size increases
(Cope’s rule) are thought to define Phan-
erozoic biodiversity, resultant from coor-
dinated active trends, preferential survival of
larger-bodied forms (lineage sorting), or passive
diffusion (2-4). In contrast, the Lilliput effect—
that is, temporary size reduction after mass

extinction—is supported by few observations and
remains under dispute (4, 5). This effect is
widely considered a passive result of extinction
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Slow adaptation in the face of rapid warming leadsto collapse of

the Gulf of Maine cod fishery
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Editor's Summary

Double jeopardy
In the best of worlds, exploited fish stocks are monitored so that harvest quotas protect the
reproductive ability of the population. Climate changeis likely to complicate this process substantially.
Pershing et al. found that cod stocks declined continuously during intense warming in the North
Atlantic. Fisheries quotas, even though they were responsibly set and followed by fishers, decreased the
reproductive rate. Thus, managing fisheriesin awarming world is going to be increasingly problematic.
Science, thisissue p. 809
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