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Fisheries are constrained by ecosystem productivity and management effectiveness.
Climate change is already producing impacts on marine ecosystems through overall
changes in habitats, productivity and increased variability of environmental conditions.
The way how these will affect fisheries is under debate and, also there is uncertainty
on the best course of action to mitigate climate change impacts on fisheries. Harvest
control rules are sets of pre-agreed rules that can be used to determine catch limits
periodically and describe how harvest is automatically controlled by management in
relation to the state of some indicator of stock status. In 2017, the International
Commission for the Conservation of Atlantic Tunas adopted a harvest control rule for
North Atlantic albacore. This harvest control rule was evaluated using Management
Strategy Evaluation against the main sources of uncertainty inherent to this fishery.
Here, we used the same framework to evaluate the robustness of the adopted rule
against two types of potential climate change impacts on North Atlantic albacore
dynamics. First, we evaluated how the control rule would perform in the event of
overall changes in productivity in the North Atlantic and second, against increases
in climate driven recruitment variability. Overall, our results suggest that the adopted
harvest control rule is robust to these climate driven impacts and also suggests bounds
at which the current management framework would be vulnerable to climate change.
Throughout the manuscript we also discuss the potential of harvest control rules and
harvest strategies to adapt fisheries management to a changing environment. Our
main conclusion is that despite the many uncertainties on climate impacts on fisheries,
efficient fisheries management and HCRs will be critical to ensure the sustainability of
fisheries in the future.

Keywords: North Atlantic albacore, harvest control rule, management strategy evaluation, climate change,
adaptability
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INTRODUCTION

Marine fisheries are an important source of food and livelihood
worldwide (Garcia and Rosenberg, 2010; Rice and Garcia, 2011).
Traditionally, fisheries management has aimed at maintaining
fish stocks at levels that can produce their Maximum Sustainable
Yield (MSY), i.e., the exploitation rate where the response of
stocks to fishing through individual growth and recruitment
operates at its maximum capacity (Merino et al., 2014). In a
deterministic sense, at this level, average fish biomass remains
stable over time and the amount of fish that can be sustainably
harvested is maximized (Schaefer, 1954). In reality, marine
fisheries are all but stable, they are subject to drivers of
change such as environmental variability and shifts, inefficient
management and to the many sources of uncertainty inherent
to natural systems (Kiureghiana and Ditlevsen, 2009; Fromentin
et al., 2014; Strong and Oakley, 2014).

Climate change (CC) has emerged as an important driver
of change of marine ecosystems and fisheries. Global warming
is modifying oceanic biological response patterns by changing
habitats’ physical and chemical properties (Sarmiento et al.,
2004), by amplifying environmental fluctuations (Lehodey
et al., 2006) and by modifying the overall flux of energy
and production through marine ecosystems (Brander, 2007;
Blanchard et al., 2012). Climate change influences fishery
production through changes in primary production, food
web interactions and the life history and distribution of
fish (Blanchard et al., 2012). Changes in primary production
follow from oceanic physical and chemical environment
(Sarmiento et al., 2004), while changes in primary production
affect the productivity of the food webs (Brander, 2007;
Blanchard et al., 2012). Also, fish are adapted to their
environment through life-history strategies or traits, such
as their growth and fecundity (Moyle et al., 1986; Vila-
Gispert et al., 2005), which are predicted to be affected by
climate driven environmental changes (Chavez et al., 2003;
Cheung et al., 2012).

The most prominent biological response from fish stocks
are changes in distribution (Cheung et al., 2010), phenology
(Poloczanska et al., 2013; Asch, 2015; Poloczanska et al., 2016)
and productivity (Cheung et al., 2010, 2012; Merino et al., 2012;
Free et al., 2019). Overall, global warming is predicted to increase
fisheries catch potential in higher latitudes and to decrease in
tropical regions due to the poleward shift in the geographical
distribution of fish stocks in the Northern Hemisphere (Cheung
et al., 2010). Fisheries productivity will also be affected by
climate driven changes on key processes such as growth and
recruitment. For example, it is expected that lower oxygen and
changes in metabolism will produce an overall reduction in fish
size (Cheung et al., 2012). Long-term changes in temperature
can also affect the early stages’ survival and produce regime
shifts in recruitment (Brander, 2007; Shoji et al., 2011). With
regards to fish life cycle events, CC is expected to amplify the
variability, frequency and intensity of fluctuations, in particular
for pelagic stocks (Chavez et al., 2003; Alheit et al., 2009; Barange
and Perry, 2009). However, there is still significant uncertainty
in projecting marine fisheries under CC (Cheung et al., 2016)

and on quantifying the direct impacts of climate on fisheries
performance (Brander, 2007).

In this context, there is also considerable uncertainty
on the course of action to manage fisheries subject to
a changing climate (Arnason, 2006). One way to address
uncertainty in fisheries is the application of the principles
of the Precautionary Approach, including the adoption of
harvest strategies. The Precautionary Approach (PA) aims at
improving the management of fish resources by exercising
prudent foresight to avoid unacceptable or undesirable situations,
taking into account that changes in fisheries systems are not
well understood and are only slowly reversible (FAO, 1995).
Harvest strategies are the systematic series of human actions
undertaken to monitor fish stocks, assess its state, implement
scientific advice and make management decisions. A harvest
strategy is a pre-agreed set of steps that can specify changes
to the total allowable catch (TAC), or any other measure,
based on updated monitoring data and methods of analysis.
Among others, adopting a harvest strategy requires specifying
management objectives, performance indicators, the data and
methods of analysis to estimate stock status and a decision rule
(harvest control rule, HCR) based on the status of the stock or
fishery indicators.

Tunas sustain some of the world’s most valuable fisheries
and dominate marine ecosystems worldwide (Juan-Jordá et al.,
2011). The International Commission for the Conservation
of Atlantic Tunas (ICCAT) is responsible for the sustainable
management of Atlantic tunas and has a generic management
objective of achieving long-term yields with a high probability
of stocks not being overfished (B < BMSY ) and no overfishing
occurring (F < FMSY ) and with a low probability of stocks
being outside biological limits. ICCAT’s objective is In line
with the United Nations Conference on Straddling Fish Stocks
and Highly Migratory Fish Stocks (UN, 1995) that defines the
fishing mortality associated to MSY (FMSY ) as an upper limit
instead of a target, but until 2017, the probability associated
to not being overfished and overfishing not occurring was not
specified. Note that when a stock is fluctuating around its MSY,
the probability of not being overfished is approximately 50%,
and the same happens with overfishing occurring. Therefore,
a management objective that is in line with international
conventions and with the PA should assign a probability higher
than 50% for overfishing not occurring and not being overfished.
In 2017, ICCAT specified components of a harvest strategy
for North Atlantic albacore, including a HCR. This rule was
adopted to achieve a management objective of maintaining
North Atlantic albacore at biomass (B) levels above, and
fishing mortality (F) below, that corresponding to its MSY
with a probability higher than 60%, i.e., [p(B > BMSY and
F < FMSY ) ≥ 60%] (ICCAT, 2017).

In essence, the adopted HCR specifies a maximum fishing
mortality that will be used to fix TAC when biomass is estimated
to be above BMSY , and a gradual reduction of fishing mortality
when biomass is estimated to be below BMSY . The HCR also
contemplates a limit reference point that would trigger the
automatic closure of the fishery or setting the fishing mortality to
a minimum. This HCR has been used to set catch limits for North
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Atlantic albacore for the period 2018–2020 calculated using the
data and methods of analysis used in the latest stock assessment
of North Atlantic albacore (ICCAT, 2016c, 2017).

Management Strategy Evaluation (MSE) is considered the
most appropriate way to assess the consequences of uncertainty
for achieving fisheries management goals (Punt et al., 2014)
and it is being used to support the adoption of HCRs and
harvest strategies worldwide. The capacity of the HCR adopted
for North Atlantic albacore to achieve ICCAT’s management
objectives was evaluated against the most important sources
of uncertainty inherent to this fishery using MSE (Merino
et al., 2017b,c). The characterized uncertainty includes using
different data sources, values for key biological parameters such
as natural mortality and steepness [which is defined as the
fraction of recruitment from an unexploited population obtained
when the spawning biomass is at 20% of the unexploited level
(Lee et al., 2012)] and fishery dynamics (catchability). When
using MSE, uncertainty is generally characterized through the
Operating Models (OM). These represent alternatives for the
“true” underlying dynamics of the fishery resource and generate
data that is used in the Management Procedure (MP) component
that describes harvest strategies (the data and methods of
analysis to estimate stock status and the HCR) in a numerical
simulation framework. The evaluation of North Atlantic albacore
HCR includes scores in fisheries performance indicators of
sustainability, safety (the probability of the stock remaining
above the biomass limit), catch and variability (ICCAT, 2016a;
Merino et al., 2017c).

How CC will affect tunas in general, and North Atlantic
albacore in particular, is being investigated (Dufour et al.,
2010; Dueri et al., 2014; Arrizabalaga et al., 2015; Lehodey
et al., 2015; Chust et al., 2019; Errauskin-Extramiana et al.,
2019) and given the long life-span of albacore (compared
to other tuna stocks) it is crucial to evaluate the combined
influences of fishing, environmental variability and CC on
this species (Dragon et al., 2015). Here, we build a series
of exploratory scenarios to characterize climate impacts on
North Atlantic albacore to evaluate if the HCR adopted for
this stock would still be an adequate tool for achieving
sustainability goals and for maintaining fisheries performance
under CC. Future scenarios are alternative images of how
the future might unfold and are an appropriate tool for
exploring how driving forces may influence the future and
assess on the associated uncertainties (IPCC, 2007). Here, we
build scenarios from the OM considered for North Atlantic
albacore (Merino et al., 2017b) by modifying the albacore
growth, recruitment variability and productivity in the MSE
simulation framework. The scenarios for these three biological
processes include gradual changes from lowest to highest from
possible values that will ultimately affect productivity and
fisheries performance. The aim of this is to gain confidence
in the current management system of North Atlantic albacore
and to identify at which levels the sustainability of this stock
may be jeopardized.

To sum up, the objective of this work is to evaluate the
robustness of the HCR adopted for North Atlantic albacore
against a range of exploratory scenarios of climate change impacts

on this stock. These include potential changes in fish growth,
recruitment productivity and variability.

MATERIALS AND METHODS

The MSE for North Atlantic Albacore
Management strategy evaluation involves using simulation to
compare the relative effectiveness of different combinations of
(i) data collection schemes, (ii) methods of analysis, and (iii)
subsequent process leading management actions (Punt et al.,
2014), i.e., different MPs, for achieving fisheries management
objectives. In this document, MSE is used to evaluate if the HCR
adopted for North Atlantic albacore is robust to the uncertainties
derived from a changing climate. For this, a MSE framework
has been developed following a series of guidelines and best
practices, including six basic steps (Rademayer et al., 2007;
Punt et al., 2014):

Identification of Management Objectives and
Performance Statistics
The foundational objective of ICCAT is to maintain populations
at levels that can permit the MSY (or above). This is converted
into operational objectives relative to stock status, safety, catch
and stability through ICCAT’s recommendation 16–06 (ICCAT,
2016b) for North Atlantic albacore: The management objective
is to maintain the stock in the green quadrant of the Kobe
plot (B > BMSY and F < FMSY ) with at least 60% probability
and a low probability of being outside biological limits (low
probability not specified), while maximizing long-term catch
(how much catch is maximum is not specified), and minimizing
the inter-annual fluctuations in Total Allowable Catch (TAC)
(variability not specified). The use of biological limits is generic
in ICCAT recommendations but it refers to values of biomass
where the recruitment for future years would be jeopardized.
To evaluate how the HCR can help achieving those objectives,
we use four performance indicators: Probability of being in the
green quadrant, probability of biomass falling below the limit
reference point established for this stock (Blim = 0.4 x BMSY ),
long term catch, and interannual variability. We evaluate these
performance metrics for the period 2040–2060. This period was
chosen because it is in the temporal range of climate change
impact predictions (IPCC, 2007; Cheung et al., 2012; Merino
et al., 2012; Barange et al., 2014). Here, we evaluate the capacity
of the HCR to achieve management objectives by scoring its
performance on four indicators.

Selection of Hypotheses of System Dynamics
MSE requires characterizing the main sources of uncertainty
inherent to fisheries. These generally include gaps in biological
processes and fishery dynamics. The first are often dealt
with hypotheses on input biological parameters to population
dynamics’ models; and the second with hypotheses over the
available datasets or parts of them. The uncertainties explored
in the original North Atlantic albacore MSE (Merino et al.,
2017b,c) include hypotheses on the available data series, together
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with natural mortality, stock recruitment relationship and fishery
dynamics scenarios (see Table 1, Past dynamics).

Here, we add three additional hypotheses in relation to the
potential responses of the stock to CC: (a) Climate change will
affect recruitment variability: An increase in future recruitment
variability [from current values (20%) to extreme variability
(+200%)], (b) Climate change will affect fish body size: variations
in the average body weight [from severe reductions (-30%) to a
slight increase (+10%)] in response to sea warming and lower
oxygen and, (c) Climate change will produce long term changes
in recruitment: a recruitment regime shift [from moderately
negative (-20%) to moderately positive (+ 20%)], reflected in
the expected recruitment at unfished biomass. These changes are
introduced in the simulation by modifying the average weight-
per-age, the productivity parameter (generally formulated as
α) in the Beverton-Holt stock-recruitment model, and on a
recruitment variability coefficient.

Constructing OMs
OMs are representations of the “true” dynamics of the system and
may include a set of the most plausible hypotheses or unlikely but
not impossible situations (ISSF, 2013). In MSE frameworks the
OMs represent the system that will be managed through MPs,
i.e., the “true” system that is observed, analyzed and managed
through data collection systems, stock assessment and HCRs. The
OM built for the North Atlantic albacore are conditioned from
the hypotheses and assumptions made in the 2013 assessment
using the model Multifan-CL (Kleiber et al., 2012; Kell et al., 2013;
Merino et al., 2017b). The different model set-ups were prepared
choosing alternative model and data options (see Table 1 and
Merino et al., 2017b for a more detailed description of the
OMs). The OMs were conditioned using R (Project for Statistical
Computing1) functions and libraries from the FLR-project2. The
conditioned OMs are objects composed by a single fishery and
include parameters (selectivity, growth, natural mortality, stock-
recruitment and maturity), time series of catch and biomass
(in total and by age) and harvest time series, among other

1https://www.r-project.org/
2http://www.flr-project.org

information. Finally, the OMs were projected forward to 2015
with total catch information from 2012–2014, and to 2019 with
catch and TAC from 2015–2018.

Overall, there were 132 initial OMs. For this work, we
modified the initial set of OMs to represent CC impacts by
changing stock recruitment relationships (4 options), variability
in the recruitment dynamics (4 options) and changing the age vs
body weight curve (4 options), resulting in 1,584 OMs (132× 12).

Defining MPs
MPs represent how the true dynamics underlying fisheries
exploitation are represented through stock assessment and
driven by fisheries management. A population-model-based
framework within which the data obtained from the fishery are
analyzed and the current status and productivity of the fishery
are estimated through a stock assessment model (Rademayer
et al., 2007). The outputs of this are plugged into a HCR
that, provides recommendation for management action. In this
study, one observational error model (OEM) generates simulated
abundance indices for fitting the biomass dynamic model used to
evaluate North Atlantic albacore in 2016, to estimate stock status
and productivity. These are used in combination with the HCR
adopted in 2017 to determine TAC every 3 years (as happened
when the HCR was adopted in ICCAT). The following sections
provide a detailed description of the components of the MP:

Observation Error Model
In MSE, the OM is used to simulate resource dynamics in
order to evaluate the performance of a MP. Where the MP
is the combination of pre-defined data, together with an
algorithm to which such data are input to provide a value
for a management control measure. To link the OM and the
MP it is necessary to develop an OEM to generate fishery-
dependent or fishery-independent resource monitoring data. The
OEM reflects the uncertainties, between the actual dynamics
of the resource and perceptions arising from observations and
assumptions by modeling the differences between the measured
value of a resource index and the actual value in the OM
(Kell and Mosqueira, 2016). A procedure to simulate catch per
unit of effort data (CPUE) from the OM and compare the

TABLE 1 | OMs of the North Atlantic albacore MSE and future CC scenarios used for this study.

Past dynamics (1950–2015) Future climate change impacts (2050–2100)

Multifan- CL runs Natural
Mortality

Steepness Catchability
dynamics

Recruitment
shift

Recruitment
variability

Body weight
change

Base case 0.2, 0.3,
0.4

Estimated and
fixed (0.75,
0.85, 0.95)

· Constant and
1% increase

(−20%, −10%,
+10%, +20%)

(+25%, +50%,
+100%, +200%)

(−30%, −20%,
−10%, +10%)

Longline freq data and dome shaped selectivity · Constant

Size data downweight

Include Japanese size data

Include age-sp M

Exclude data 2008-2011

Equal weight to size and cpue data

Catch in weight, effort in numbers

Include tag data
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properties of the simulated to those used in the latest assessment
of North Atlantic albacore was used (Merino et al., 2017a).
This method (eq. 1) is used to generate four abundance indices
(Spanish baitboat, China Taipei longline, Japanese longline, and
a combined index to simulate Venezuelan and United States
longline, which were the indices used in the 2016 assessment of
this stock) from the OMs:

Indexf =

∑max
a Catcha,f x Selectivitya,f fbar x ε;

f = fleet; a = age; fbar = fishing mortality (eq. 1)

Stock Assessment
The indices generated with equation 1 are used to fit the
biomass dynamic model mpb, which was used in the 2016
stock assessment of North Atlantic albacore (ICCAT, 2016c;
Kell, 2016). The fits are made using the same specifications and
modeling choices as in 2016, i.e., CPUE series starting as in the
stock assessment (Table 2) and the same starting values used in
2016 with the Fox model (Fox, 1970; Table 3).

Harvest Control Rules
Harvest control rules describe how harvest is automatically
controlled by management in relation to the state of some
indicator of stock status (ISSF, 2013). In the rule adopted for
North Atlantic albacore (Figure 1), when the stock level is
above the precautionary threshold (Bthresh = BMSY ), the fishing
mortality applied to the stock will be the target fishing mortality
(Ftar = 0.8xFMSY ). When the stock falls below Bthresh but above the
limit reference point Blim (0.4xBMSY ), the fishing mortality will be
gradually reduced from Ftar . When the stock falls below Blim, the
remedial management action will be determined by Fmin (0.1 x
FMSY ). As part of HCRs, threshold and limit reference points are
intended to restrict harvesting to avoid highly undesirable states
of the stock, such as the impairment of the recruitment, from
which recovery could be irreversible or slowly reversible.

In addition, in the spirit of avoiding the adverse effects of
potentially inaccurate stock assessments and to increase stability,

TABLE 2 | CPUE series used in the 2016 stock assessment and their starting
and ending years.

Index First year of series

Chinese Taipei late Longline 1999–2015

Japan bycatch Longline 1988–2015

Spanish Baitboat 1981–2015

United States continuity Longline 1987–2015

Venezuela Longline 1991–2015

TABLE 3 | Specifications of the biomass dynamic used for the 2016 stock
assessment and also used in this MSE.

Software Model Catch series Starting values

mpb Fox 1930–2014 Intrinsic growth rate: r = 0.1
Carrying capacity: K = 3.6 × 106 tons
Biomass at t = 0 (fixed): 1 × K

two control parameters are included in the adopted HCR: First,
TAC will not exceed a maximum of 50,000 tons and, second, a
maximum 20% of change in TAC will be allowed when the stock
is estimated to be above BMSY .

Simulation With Feedback
The OMs and the MPs were linked through specifically tailored
R functions and libraries from the FLR project in the MSE
framework (Figure 2). The OMs produce series of biomass,
catch and fishing mortality, which are measured every 3 years to
generate series of catch and abundance indices through the OEM.
These are then used to fit the surplus production stock assessment
model, mpb. The outputs of this model include estimates of
biomass and fishing mortality, reference points (BMSY , FMSY ,
MSY) and model parameters. These are plugged into the HCR to
set catch limits, which are then used to project forward the OMs
for three more years. This process is simulated every 3 years for
the duration of the simulation, until 2065.

Summary and Interpretation of Performance
Statistics
The evaluation of HCRs is completed with the summaries and
interpretation of the performance of the OMs. Four groups of
indicators relative to stock status, safety, catch and stability are
used and compared to the values estimated for the HCR without
the CC included.

RESULTS

The CC scenarios formulated here predict changes on North
albacore stock’s dynamics, changes including productivity and
variability. In the modeling framework used here, stocks’
productivity is specified from stock recruitment relationships,
growth equations and mortality parameters. With these, we
can calculate stock’s equilibria between spawning stock biomass
(SSB), recruitment, fishing mortality and catch (Figure 3). These
figures illustrate how CC would modulate stocks’ productivity
and abundance and how we have accounted for these changes in
our modeling framework. For this, we have generated scenarios
of body shrinkage (-30, -20, and-10%) and increase (+ 10%), and
recruitment baseline variations from moderate (± 10%) to high
(± 20%). We show how CC affected one OM (the Base Case
considered in the 2013 stock assessment), but the 132 OMs are
modified likewise for the simulations. The productivity of the
stock (equilibrium catch) would be more affected by recruitment
shifts than by changes in fish body weight (Figure 3).

Figure 4 shows how CC would affect albacore’s productivity
and abundance (MSY and unfished biomass, K), in all the OM
used in this study. The characterized response of fish stocks to CC
were predicted to be larger through changes in recruitment than
through changes in body growth (Figure 4). A differential impact
of ±10% in body weight would produce a 0.99 thousand tons
change on stocks’ productivity (MSY) while the same differential
impact on recruitment shift would produce a variation of 4.19
thousand tons. The stock’s response to climate will also modify
the niche they could occupy. This is reflected on stocks’ carrying
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FIGURE 1 | The HCR adopted for North Atlantic albacore displayed in a Kobe plot. The coordinates of the HCR are: Bthresh (= BMSY ), Blim (Limit RP), Fmin (F that
would be applied if the stock is assessed to be below Blim and, Ftar = target fishing mortality, which will be applied when the stock is assessed to be above
Bthresh = BMSY .

capacity (K) or unfished biomass, the SSB level that would
be achieved if fishing mortality was reduced to zero. In this
case, the differential impact is very similar when recruitment

FIGURE 2 | Scheme of the numerial framework used in the North Atlantic
albacore MSE.

or body growth are modified: A change of ± 10% produces a
change of ± 70 thousandtons in K in both cases. Figure 4 also
shows the differences in productivity across OMs for the same
differential impact. For example, for the assumption of no climate
impact, North Atlantic albacore MSY ranges between 60 to 25
thousand tons, with most OM estimated MSY between 25 and
40 thousand tons.

Figure 5 shows one OM projected forward through the
simulation period with no CC impacts. This figure shows how
for a single projection the numerical framework produces a range
of estimates for each year and that the uncertainty expands
through the simulation. In the simulations, variability is caused
by the stochastic recruitment model in the OM and to the
uncertainty on the CPUE indices used in the MP, generated by
the OEM. Thus, the results of each simulation can be expressed as
probability distributions similar to what happened when results
were aggregated for all OMs for each climate impact.

For all the climate impacts characterized in this study, the
HCR adopted for North Atlantic albacore in 2017 would achieve
ICCAT’s management objective of maintaining the stock in
the green quadrant of the Kobe plot with a probability higher
than 60% (Figure 6). With regards to keeping the stock above
biological limits, North Atlantic albacore would be above the
limit reference point adopted for this stock at least with a
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FIGURE 3 | Climate change driven changes in the North Atlantic albacore equilibria based on hypothetical but realistic changes in body weight and recruitment.
Colors reflect from large negative effects (red) to positive effects (blue) and the intensity of the color reflects the expected change from large (dark colors) to small
changes (light colors).

probability of 95.7% (Recruitment shift of -10%). With regards
to long term-catch, this would range between 20.6 thousand
tons and 35.5 thousand tons (similar to recent catches). The
stability of catches would be very similar across scenarios with
Mean Absolute Proportional (MAP) change in catch ranging
from 7.4 to 10.3%.

Figure 7 illustrates the heterogeneity of the “true dynamics”
considered in the North Atlantic albacore MSE. As the impact
goes more negative (i.e., lower body weight, lower recruitment
and higher variability), the amount of OMs that deviate from

the median value increases. Thus, the uncertainty considered in
the initial set of OMs is amplified when stocks are subject to
CC impacts and many of the potential “true” trajectories diverge.
For example, when the OMs are projected without any climate
impact, more than 75% of the OMs reach the management
objective of 60% probability of being in the green quadrant of
the Kobe plot (gray box above 60%, Figure 7). However, with
the negative impacts on productivity due to body weight and
recruitment reduction modeled here, nearly 40% of the OMs
would not reach the management objective (values of -30, -20,
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FIGURE 4 | Impacts of CC on stocks’ productivity (MSY) and unfished biomass (K) explored in this study. Each point represents the reference point of one OM for
different levels of impact of CC through body growth (top) and recruitment shift (bottom). Colors reflect from large negative effects (red) to positive effects (blue) and
the intensity of the color reflects the expected change from large (dark colors) to small changes (light colors).

and -10%). In contrast, the increased variability leads to lower
average catch and an increased probability of being in the green
quadrant of the Kobe plot. This appeared to be because with
larger values of variability, the MP stock status estimator is
underestimating biomass and therefore, setting TACs at lower
levels. When looking at catch and stability indicators a wide
range of performances are observed across OMs for the same
climate impact, with variability also increasing for the more
negative impacts.

Should the impact of CC on North Atlantic albacore
productivity be positive [i.e., greater body growth (+ 10%) or
increased recruitment (+10%, +20%)], the median catch would
likely increase. The HCR adopted for this stock contemplates a
maximum TAC of 50 thousand tons and for some OMs, this
value is well below their MSY. Therefore, for a number of model

runs the increased productivity would not result in a proportional
increase in catch and this would lead to higher values of
probability of being within the green quadrant, which means that
this may be a very precautionary management outcome.

DISCUSSION

Our results demonstrate that the HCR adopted in 2017 for North
Atlantic albacore is adequate to achieve ICCAT’s sustainability
objectives under CC. Albacore’s biological response to global
warming will modulate the maximum productivity and predicted
long term catches of North Atlantic fisheries but will also increase
their variability. Importantly, CC is predicted to amplify the
uncertainties identified for this fishery. These conclusions rely
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FIGURE 5 | Example of one OM projected forward with the HCR adopted for North Atlantic albacore under no climate change effects. Solid lines are median
trajectories and pink and light-pink areas represent the 25–75% and the 10–90% quantiles, respectively, for recruits, spawning stock biomass, catch and fishing
mortality.

upon the results of an MSE framework specifically tailored
to characterize the uncertainties inherent to this fishery and
to the predictions of stocks response to global warming. The
MSE was built from the most recent stock assessments of
North Atlantic albacore and the decision rule adopted ICCAT’s
Recommendation 17-04.

This study aims at reducing the uncertainties on the
course of action necessary to mitigate the impacts of global
environmental change on fisheries (Arnason, 2006) under the
principles of the Precautionary Approach (FAO, 1995). This
principle recommends to determine the status of fish stocks
relative to target and limit reference points, to predict the
outcomes of management alternatives for reaching the targets
and avoiding the limits and to characterize uncertainty in all cases
(Garcia, 1996). A target is a management objective based on a
level of biomass that should be achieved and maintained with
high probability and a limit indicates the stock size below which
the stock is in serious danger of collapse. In the case of North
Atlantic albacore, ICCAT adopted the management objective of
maintaining the stock in the green quadrant of the Kobe plot

with at least 60% probability while maximizing long-term catch
and recommended testing alternative target, threshold and limit
reference points (ICCAT, 2015). To achieve the management
objective, ICCAT adopted reference points and a HCR (ICCAT,
2017) that wwere evaluated against the most important sources
of uncertainty identified for this stock (Merino et al., 2017a,b,c).
Previous studies by Merino et al. (2017a,b,c) evaluated a range of
alternative HCRs against the performance indicators used here
to support ICCAT adopting the HCR evaluated here (ICCAT,
2017). This study adds to the previous works by characterizing
the uncertainty on CC impacts on North Atlantic fish stocks
and by evaluating the robustness of the HCR to keep the
stock at sustainable levels under these impacts. Also, this study
predicts the performance of North Atlantic albacore fisheries
in the long term under CC including its catch and variability
in annual catches.

Predicted changes in ocean productivity have been used to
estimate proportional changes of fish catch under CC (Lehodey
et al., 2006; Cheung et al., 2010, 2012; Blanchard et al., 2012;
Arrizabalaga et al., 2015; Errauskin-Extramiana et al., 2019;

Frontiers in Marine Science | www.frontiersin.org 9 October 2019 | Volume 6 | Article 620

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00620 October 8, 2019 Time: 13:1 # 10

Merino et al. Adaptation of Albacore Fishery to Climate Change

FIGURE 6 | Performance of the North Atlantic albacore fishery represented with median values of indicators of sustainability (pGreen = probability of being in the
green quadrant of the Kobe plot), safety (probability of biomass staying above Blim), catch and stability (Mean Annual Proportional change of TAC). A single
probabilistic estimate (median) is used to illustrate fisheries performance of sustainability, safety, catch and variability across OMs. The values for each indicator are
printed inside the circles. Colors reflect from large negative effects (red) to positive effects (blue) and the intensity of the color reflects the expected change from large
(dark colors) to small changes (light colors).

Plagányi, 2019). However, decreases or increases from current
catch levels may depend on management decisions now and in
the future, rather than on the fish response to CC alone (Barange,
2019). Therefore, it is of great importance to incorporate
fishery management when projecting future fisheries scenarios.
Few studies have evaluated the synergic impact of CC and
management in marine fisheries (Chavez et al., 2003; Merino
et al., 2012; Barange et al., 2014). For example, Barange et al.
(2014) conclude that despite the projected human population
increase and predicted CC impacts, global demands for fish will
be met if strategies for sustainable fisheries are implemented.
Merino et al. (2012) suggest that efficient management and
technological development in aquaculture, and not climate
change, will be the most significant factor in securing sustainable

fish production in the future. Here, we first evaluate the
direct impact of CC on North Atlantic albacore’s maximum
productivity alone using scenarios built from a range of predicted
fish responses through body weight and recruitment. Then, we
evaluate the ability of the current stock assessment and decision
rule for North Atlantic albacore for each fish response scenario
by estimating the probability of the stock being in the Green
quadrant of the Kobe plot, the risk of falling below safe limits,
the long-term catch and its variability. Our results suggest that
the capacity of the management scheme adopted by ICCAT is
likely to achieve sustainability objectives under CC, representing
yet another benefit of well-designed HCRs.

MSE is the appropriate tool to characterize the impacts
of uncertainty in fisheries and to evaluate the robustness of
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FIGURE 7 | Performance of the North Atlantic albacore fishery represented with box and whisker plots that represents the variety of results achieved across OMs.
Boxes represent the 25–75% of OMs and whisks represent 5–95%. Points are outlier OMs. This figure shows indicators of sustainability (pGreen = probability of
being in the green quadrant of the Kobe plot), safety (probability of biomass staying above Blim), catch and stability (Mean Annual Proportional change of TAC).
Colors reflect from large negative effects (red) to positive effects (blue) and the intensity of the color reflects the expected change from large (dark colors) to small
changes (light colors).

management plans toward achieving sustainability (Punt et al.,
2014). The MSE used here was peer reviewed and overall, it
was found that the MSE framework used in 2017 “appears
to be high quality and robust to uncertainty” (Scully, 2018).
However, some suggestions for improvement were made and
therefore, the code used here is not exactly the same used in
2017. For example, the MP model did not have a mechanism
to set TACs if a stock assessment failed to converge in a year
of the MSE simulation. We have improved that by setting a
rule for maintaining the previous TAC in these cases. In the
previous version, the model estimated very low biomass and catch
was decreased to a minimum. Also, we don’t only show point
estimates with medians across OMs (Figure 6) but we also report

on the uncertainty around the medians by using boxplots with
outliers (Figure 7). Finally, the OMs used in this study don’t
include one group of OM used in the MSE evaluation of North
Atlantic albacore, the Multifan-CL scenarios starting in 1950s.
This is because when we tried to run the CC scenarios the OMs of
this group showed problems in the projections, which will need
to be understood. These problems consist on the model crashing
during the simulation but the underlying reasons for this will
need to be further investigated.

In this study we have characterized CC impacts by modifying
the biological properties of the simulated stock of North Atlantic
albacore. Starting from a suite of OM developed to characterize
current uncertainties (Merino et al., 2017b), we have built a set
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of new OM by modifying the initial OM with changes in body-
growth and recruitment equations. The new set of OM represent
a number of potential “true dynamics” for North Atlantic
albacore under CC. From the climate impacts characterized in
the OM, variations in recruitment levels are the major driver
of change on fish stocks’ maximum sustainable catch. The
range of impacts characterized here is not arbitrary: Cheung
et al. (2012) estimate changes in individual-level maximum
body size of fishes for the Atlantic within a range of -30 to
10% with median at ∼-10%. With regards to the impact of
environmental regime shifts, Chavez et al. (2003) identify warm
and cool periods in the Eastern Pacific that are directly linked
with the abundance of anchovy and sardine, which end-up
modulating the recruitment of yellowfin tuna (Maunder and
Watters, 2001). Using coupled ocean-biogeochemical-population
dynamics models, Lehodey et al. (2003), identify climate related
changes in Pacific skipjack, yellowfin and South Pacific albacore
within a range comparable with the values used here. For North
Atlantic albacore in particular, stock-recruitment-environment
models have been fitted to identify changes in recruitment
(Arregui et al., 2006). The Beverton–Holt model used here was
tested with the added factor of the NAO index and yielded
estimates of the productivity parameter (α) ranging from∼0.7 to
∼1.1× 107, approximately in a range of -20 to+20% of its value
without the environmental impact (Arregui et al., 2006). With
regards to the recruitment variability scenarios explored here,
current state is described with a coefficient of variability (CV) of
20% on recruitment which is similar to other studies (Maunder
and Watters, 2001). From this value, we increase variability up
to +200%, representing a CV of 0.8. This variability is linked to
large-scale atmospheric forcing (Chavez et al., 2003) and could
potentially decrease resilience to fishing (Kuparinen et al., 2014).
The values used in this work range between the medium to large
values considered in a recent study for a variety of Atlantic stocks
(Kuparinen et al., 2014). This study is carried out with a model
that does not have a spatial component and therefore, the impact
of climate change on habitat was directly estimated.

Another salient conclusion of our study is that for increased
impacts of CC, the variability of behaviors among OMs
increases. For example, fishery’s performance is relatively
well centered in the median and boxes for the simulations
without climate impacts (Figure 7, gray box). In contrast,
the increased negative impacts seem to produce a wider
range of results within the set of OMs. This effect is
somehow masked by the relatively stable median performances
(Figure 6) but corroborates that CC is predicted to increase
the uncertainty on the dynamics of fish stocks and natural
systems (Cheung et al., 2016) and therefore, further investigations
will be necessary to reduce this uncertainty and to improve
the understanding the environmental impacts on this stock
and in fisheries in general. We also recommend further
investigations to explore the combined impacts of biological
responses to CC evaluated in this study. It is expected that
changes in growth will happen simultaneously to changes
in recruitment variability and productivity and this is not
evaluated in this study.

Overall, our estimates of CC impacts on fisheries performance
were expected: The higher the increase in overall productivity,
the higher the catch. However, this study produced results
that were initially unexpected: Those scenarios simulating the
most negative impacts of CC (-30% of body growth and -20%
in recruitment productivity) and increased variability lead to
higher values of probability of being in the green quadrant of
the Kobe plot (pGreen). This is explained by the capacity of
the biomass dynamic model used in the MP. With the set of
new OMs and for the more negative impacts of CC the MP
has difficulties in fitting the generated data with the range of
parameters used and, this lack of convergence leads to lower
catches even if the stock is at safe levels. In these cases, the
stock biomass continues to increase. With regards to the positive
impacts (increased body growth and recruitment), the pGreen
achieved may be undesirable and larger sustainable catches would
be possible. In the current HCR, there is a limit to the increase
of TAC and also a maximum limit of 50 thousand tons, which
in the case of potential productivity increases could hamper the
performance of fisheries unnecessarily. Therefore, the potential
future adoption of a model based MP that includes not only the
HCR but also the model and starting values should be flexible
to modifying these values to reach a better convergence and
a more accurate estimate of stock status. A possible way to
do so would be to adopt the data, model and the HCR but
leaving some modeling choices open to the working groups,
like the bounds for the parameters or their initial values. Also,
should there be evidence of environmentally driven changes on
the productivity of the stock, there should be flexibility on the
inclusion (or not) of parts of long data series. This was somehow
done in the last assessment of North Atlantic albacore, when
CPUE data prior to 1981 was discarded as potential proxy of stock
abundance due to a number of reasons, including the potential
change in recruitment regimes throughout the history of the
fishery (ICCAT, 2016c; Kell et al., 2016). Finally, the stability
clauses of the current HCR should also be eventually adapted if
there is evidence of a large-scale environmentally driven change
in productivity.

We have only characterized phenological changes through
variability in recruitment but fish are subject to many other
sources of climate-driven variability (Barange and Perry, 2009).
For example, North Atlantic albacore has shown phenological
and migratory trends that affect fisheries, specially a northward
trend in habitat (Chust et al., 2019). The reasons for these changes
are still uncertain and understanding their underlying causes
would improve management significantly and contribute to
mitigating their impacts. In particular, distribution changes will
affect albacore fisheries performance in different latitudes. The
nations that have historically targeted albacore (Spain, France)
are prone to be negatively affected by geographical changes while
nations at higher latitudes could be benefited.

The best option to address the CC challenge is still undefined
(Maury et al., 2017), but the inefficient management can only
amplify its effects and is considered responsible for the inefficient
stewardship of global fisheries (Bank, 2009). A lagged response
to natural productivity changes to reduce fishing pressure
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can amplify fish population collapses (Essington et al., 2015).
Globally, effective management of fisheries is still an exception
(Mora et al., 2009) and our study adds to previous research
(Brander, 2007; Merino et al., 2012; Barange et al., 2014; Barange,
2019) in emphasizing the importance of ensuring efficient
management of fisheries in a changing climate and that fisheries
management appears to be more important than direct CC
impacts predicted in fisheries.
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