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ABSTRACT. We apply the concept of threat points in game theory to explore the stability of current joint management arrangements
for shared transboundary fish stocks between Canada and the United States. We use three examples to explore the effects of projected
impacts of climate change on the productivity and distribution of these stocks between the exclusive economic zones of the two
countries. The three stocks that we study are: Atlantic cod (Gadus morhua) and yellowtail flounder (Limanda ferruginea) within the
Gulf of Maine, and Pacific halibut (Hippoglossus stenolepis) in the Pacific Coast. We define a threat point as the payoffs that the fisheries
in Canada and the United States take home given the current management agreement between the two countries. This is an application
of John Nash’s threat point, defined as the minimum payoffs that each player in a game theoretic model must receive for the solution
to a cooperative game to be stable, which is usually the outcome of a noncooperative game. First, we compute the threat points, that
is, the current profits that Canada and the United States derive from the three shared stocks, respectively. Next, we build an ensemble
of climate-marine ecosystem and economic models and use them to determine how climate change is likely to change current profits
received by each country relative to the shifts in their threat points. We find that in some cases the profits obtained by fisheries in Canada
and the United States would change under climate change both in absolute and relative terms resulting in relative changes in threat
points. These relative changes in threat points serve as the basis for our discussion of the stability of current transboundary management
agreements between Canada and the United States for these important shared stocks in the face of climate change.
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INTRODUCTION
Climate change is having an impact on marine biodiversity
(Pörtner et al. 2014, Gattuso et al. 2015, Cheung et al. 2009) with
marine species shifting their distributions (Cheung et al. 2013,
Pinsky et al. 2013), and some fish stocks recording decreases in
their productivities and potential fisheries catches (Free et al.
2019). Moreover, as climate change continues to develop, it is
projected to have a substantial impact on the management and
economics of fisheries worldwide if temperatures are not held
below 1.5°C above preindustrial levels (Hoegh-Guldberg et al.
2018). Such impacts include reduction in the potential catch of
exploited marine species (Noone et al. 2013, Gattuso et al. 2015),
a decrease in potential fisheries revenues (Lam et al. 2016), on
household budgets for seafood consumers (Sumaila 2019), and
on social benefits they provide (Allison et al. 2009), as well as
increased conflict between neighboring nations (Pinsky et al.
2018).
There are three types of shared fish stocks: (1) transboundary fish
stocks are those that migrate between the exclusive economic zone
(EEZ) of two or more neighboring coastal states; (2) straddling
fish stocks that migrate between neighboring EEZs and the high
seas; and (3) highly migratory (straddling) stocks, i.e., those stocks
that migrate between the EEZ of one or more coastal states and
the high seas, which in effect refers to tuna (Sumaila 2013). Game
theoretic models have been applied by fishery economists to study
the likely outcomes for the players in the game, as well as Nature
in terms of the fate of the fish (Munro 1979, Sumaila 2013). This
is because the theory is appropriate when more than one strategic
player, e.g., Canada and the United States, fishes the same
transboundary fish stock, e.g., Pacific halibut (Sumaila 1997a,
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Bailey et al. 2010). Within game theory, John Nash’s “threat
point” is defined as the minimum payoffs that each player in a
game theoretic model must receive for the solution to a
cooperative game to be stable, which is usually the outcome of a
noncooperative game (Nash 1953, Sumaila 2013). Game theoretic
models have been employed to understand how to achieve
economically efficient and stable outcomes as well as biologically
sustainable fishery management (Clark 1980, Levhari and
Mirman 1980). In particular, game theory has been employed to
study the optimal management of transboundary fish stocks
(Sumaila 1995, 1997b, 1997c, Armstrong 1999) and shared
fisheries such as those for Barents sea cod (Sumaila 1997b), Pacific
salmon (Miller and Munro 2002), Benguela Current hake
(Sumaila et al. 2004), and Pacific sardine (Cisneros-Montemayor
et al. 2020). Modeling studies and analysis of actual agreements
also shed light on the conditions under which mutually beneficial
cooperative management arrangements can be negotiated and
maintained. Game theoretic models can play a useful role in
explaining fisheries problems and assessing policy options. We
use the concept of threat points to study how a game-theoretic
perspective can contribute to understanding the challenges that
climate change will present for internationally shared stocks, and
how that understanding could be used to promote sustainable
management of these resources.
We designate the current payoff to Canada and the United States
under existing cooperative management arrangements for three
transboundary stocks studied as the initial threat points for each
country. Threat points are indicators of a player’s bargaining
power because it is the payoff that a player takes home in the event
of a breakdown in cooperation.
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Building on the model described in Palacios-Abrantes et al.
(2020), we explore the economics of changing stock-share ratios
between Canada and the United States. In particular, we calculate
the current payoff or threat points of the two countries and
determine how these are likely to shift relative to the status quo
management regimes used to jointly manage the stocks under
different scenarios of climate change. We then discuss how these
projected changes are likely to affect the stability of current
transboundary management arrangements for these species
between the two neighboring countries.
Our results suggest that the instability of current management
arrangements for the three transboundary fish stocks depends on
the stock and the intensity of climate change. This finding implies
that the current joint management regimes for two of the three
stock studied (Atlantic cod Gadus morhua and yellowtail flounder
Limanda ferruginea) would become less stable as climate change
intensifies, making their management more challenging under
intensifying global warming. For these stocks, the United States
and Canada need to develop pre-emptive and flexible
management and policy regimes that would make it possible to
adjust existing joint management agreements periodically. For
example, they could include in the agreement a periodic review of
threat points that could then serve as a basis for renegotiation of
existing agreements.
METHODS
We focus on three examples of transboundary fisheries jointly
managed by Canada and the United States on both the Atlantic
and the Pacific coasts. In the Atlantic Ocean, we focused on the
Atlantic cod and yellowtail flounder stocks distributed within the
Gulf of Maine in which Canada and the United States have an
arrangement for managing these stocks (TRAC 2016, CIA 2017).
In accordance, analyses of subsets of the total area were carried
out for the Gulf of Maine arrangement according to the
Northwest Atlantic Fisheries Organization’s (NAFO) divisions
5Y, 5Ze, and 4X within latitudes 46.2°N and 41.5°S, and
longitudes -72°W and -64°E, respectively (Fig. 1). For the Pacific
coast, the analysis was based on Pacific halibut (Hippoglossus
stenolepis), managed by the International Pacific Halibut
Commission (IPHC), which ranges from California (United
States) to the waters off British Columbia (Canada) and Alaska
(United States). Although fisheries negotiation[s] in the United
States are operated by states, in this study Alaska and the United
States contiguous states are considered as one player. Even though
this assumption seems somewhat unrealistic, it is still useful
because ultimately the United States decides as a country. In
Canada, marine fisheries are managed by the federal government,
and therefore the federal government of Canada is the sole player
representing the country in this game.
We built an ensemble of climate-marine ecosystem and economic
models (Lam et al. 2016, Sumaila 2019) and used them to
determine how climate change is likely to change the current
profits received by each country. We estimated changes to the
biomass and maximum catch potential (MCP) of fish species
under two contrasting climate-change scenarios characterized by
the IPCC representative concentration pathways (RCP). The
RCP2.6 is a strong mitigation greenhouse gas emissions scenario,
which by the end of the twenty-first century is projected to lead
to a net radiative forcing of 2.6 Wm-2 (Meinshausen et al. 2011).

The RCP8.5 is a high greenhouse gas emissions scenario that
projects a net radiative forcing of 8.5 Wm-2 by the end of this
century. Following the method described in Sumaila et al. (2019),
MCP was projected using a dynamic bioclimatic envelope model
(DBEM; Cheung et al. 2016) and an ensemble of earth system
models (ESMs) consisting of the GFDL-ESM2M model from
the U.S. National Oceanic and Atmospheric Administration’s
Geophysical Fluid Dynamics Laboratory (https://www.gfdl.
noaa.gov/earth-system-model/), the IPSL-CM5LR model from
the Institute Pierre Simon Laplace (https://cmc.ipsl.fr/ipslclimate-models/), and the MPI-ESM from the Max Planck
Institute for Meteorology (https://www.mpimet.mpg.de/en/
science/models/mpi-esm/).
Fig. 1. Study area. The International Pacific Halibut
Commission (IPHC) management area is in red and the
Northwest Atlantic Fisheries Organization (NAFO) areas
within the Gulf of Maine are represented in green.

The ESMs simulate changes in temperature, oxygen content
(represented by O2 concentration), net primary production, as
well as other variables such as ocean current patterns, salinity,
and sea-ice extent from 1951 to 2099. The outputs of the ESMs
were then used to project the impacts of climate change on growth,
production, and distribution of the three species under study
(Cheung et al. 2010). To project future changes in biomass (B)
and MCP of the three studied species, fishing mortality is assumed
to be the level required to achieve maximum sustainable yield (see
Cheung et al. 2016 for details of the method). Change in B and
MCP of each species within the boundary of each player were
estimated for each ESM under high emission and low emission
scenarios from 2015 to 2099 relative to the current (2005 to 2014)
period.
Based on the projected changes in MCP, we calculated changes
in catches, total costs, and profits generated from the three fish
stocks by Canada and the United States under the two climate

πp,t0 =
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(Vp,t0 - Wp,t0)Cp,t0

(1)

p = [Canada, United States]
scenarios. First, we calculated the current (from 2005 to 2014)
annual catches, total cost, revenues, and profits under existing
joint management arrangements between Canada and the United
States. For each fishery, total cost was estimated as weighted
average of gear costs and their respective catch share. Specifically,
let Cp,t0 denote the catch of player p in the starting year (i.e., t =
t0) and Vp,t0 and Wp,t0 represent the unit price and the unit cost
of fishing by weight, respectively, then the profit to player p at the
start of the analysis, πp,t0, is given by:

πp,t0 = (Vp,t0 - Wp,t0)Cp,t0
p = [Canada, United States]

change. Still, it is possible to easily explore the effects of this
assumption on our results by conducting sensitivity analysis on
this parameter. We run a sensitivity analysis on the fixed costs
and prices assumption considering three future scenarios in which
these could change. For each scenario, we randomly selected three
values from 5% to 50% using the R function runif (R studio base)
for both price and cost (Appendix 1, Table A1). We then estimated
future cost and price (Var) for each future scenario (l) for each
species and country as follows:

Vars = Or *
*r

(1)

Our key hypothesis is that climate change will change the relative
profits to Canadian and American fisheries targeting Atlantic
cod, Pacific halibut, and yellowtail flounder as it leads to changes
in fish biomass productivity and distributions (Cheung et al. 2010,
2015). That is, πp,t0 ≠ πp,ti for each stock at i = [midcentury, endof-midcentury].
We compute the potential shifts in threat points, for Canada and
the United States, that is, the current value profits that the two
countries are likely to generate under the two climate-change
scenarios described at the mid- and end of the twenty-first
Vars = Or
** r
century, respectively.
Estimates
were carried out for(2)
each ESM
and presented as averages (± s.d.) to account for model structural
uncertainty. The relative changes in threat points serve as the basis
for the discussion of the stability of current transboundary
management agreements between Canada and the United States
for these important shared stocks in the face of climate change
(see NOAA 2018 for a list of bilateral agreements and
arrangements). We compute present values of profits because for
our purposes in this contribution, we are interested only in the
relative, not absolute, profits under each scenario. The stability
of existing transboundary management of the fish stocks is
determined by the change in the proportion of the total profits
generated from each stock by each country under high and low
emission at midcentury (2041-2060) and end-of-century
(2080-2099) relative to at the start of the analysis.
We implicitly assume that the share of the stock is dictated partly
by its distribution across national maritime boundaries, and there
is evidence of this with respect to Pacific salmon, where quotas
had to be renegotiated in the past to adjust for changes in the
distribution of this species between Canada and the United States
(Miller and Munro 2002).
Data
We used reported landings (i.e., excluding discards) from the
industrial fishing sector by fishing country, fishing gear (i.e., hook
and line or trawl), and stock. Data for Atlantic cod and yellowtail
flounder were provided by the Sea Around Us (Zeller et al. 2016).
For Pacific halibut, landings data were provided by the IPHC.
Natural history data for each species were gathered from
FishBase. We relied on two main fisheries economics databases
to estimate revenues. Ex-vessel price for each species caught by
each country was obtained from Tai et al. (2017), which built on
Sumaila et al. (2007) and Swartz et al. (2013). Fishing costs per
fishing gear are needed to compute profits, which were obtained
from Lam et al. (2011). It should be noted that we assume constant
real prices. Partly, this allows us to isolate the effects of climate

(2)

Where Or is the original value, s is scenario, and r is the random
number. Finally, for each scenario, species, and EEZ, we estimated
the future profit at midcentury under a high emission climatechange scenario (Appendix 1, Fig. A1).
Addressing uncertainty
Given the design of our analysis, we applied methods to capture
the uncertainty embedded in the earth system models, climatechange scenarios, and the consequent modeling of species
distributions under climate change (Palacios-Abrantes et al.
2020). The use of multiple ESMs allowed us to capture the
structural uncertainty embedded in the climate-change models.
Moreover, there is a natural ambiguity in future societal decisions
regarding policies that address climate change. We addressed this
uncertainty by considering two extreme RCP scenarios that
encompass the whole spectrum of possible mitigation paths
currently used by the IPCC. Perhaps more important for this study
is the uncertainty surrounding the data providing key biological
and economic parameters used to model species distributions and
estimate the economic impact of such changes. All data used were
collected from global efforts to construct fisheries-related
databases applying different methods to address data gaps, thus,
although these databases have been wildly used, they are not free
from uncertainty (Lam et al. 2011, Zeller et al. 2016, Tai et al.
2017).
RESULTS
Current profits generated by fisheries in Canada and the United
States
Current catches of Atlantic cod are somewhat balanced between
Canada and the United States with a slight inclination toward
Canada (Table 1). For yellowtail flounder, Canada’s catches are
almost double those of the United States. On the other hand, the
United States takes about five times the catch compared to
Canada when it comes to Pacific halibut. Although current
discounted profits accruing to the countries follow the same
patterns as in the case of catch for both yellowtail flounder and
Pacific halibut, different ex-vessel prices per gear invert the pattern
for Atlantic cod. According to the data, the United States’ profit
per tonne (US$1803) is almost double that of Canada (US$921);
this is mainly due to the difference in ex-vessel price, which is
almost US$1000 per tonne higher in the United States.
The climate change projections suggest that by the midtwentyfirst century, both countries will see an increase in nondiscounted
profits for Pacific halibut but a decrease for the other two species,
regardless of the RCP scenarios (Fig. 2). Such a trend is expected
to carry until the end of the twenty-first century, when both
Canadian and American fisheries are expected to be less
profitable, except in the case of Pacific halibut fisheries.
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Table 1. Current average (2005 to 2014) catch (million tonnes),
total cost, revenue, and discounted (at 5%) profit (million
US$ 2010) by species and country.
†

Average

Total (million US$)

Catch

Cost Revenue Profit

Species

Country

Atlantic cod
(Gadus morhua)

Canada
United States

1.42
1.17

2.41
2.08

Pacific halibut
Canada
(Hippoglossus stenolepis) United States

3.58
18.13

11.98 27.53
60.68 132.09

12.60
57.83

Yellowtail flounder
(Limanda ferruginea)

1.31
0.81

2.22
1.52

2.11
0.97

Canada
United States

3.72
4.13

4.81
2.71

1.07
1.67

†

Prices of Atlantic cod for Canada and the United States per tonne are
US$2618 and US$3500, respectively; for Pacific halibut US$7690 and
US$7285, and for yellowtail flounder US$3675 and US$3343,
respectively. The average cost of all fishing gears for Atlantic cod in
Canada and the United States per tonne is US$1697 (960) and US$2003,
respectively; for Pacific halibut, US$3346 for both countries, and for
yellowtail flounder US$1700 (960) and US$2003, respectively.

increasing from a low of 39% initially to a high of 65% of total
profit under high emissions. This is mainly due to a potential
poleward shift in the species distribution, therefore, increasing
catch on Canada’s EEZ. Although less certain, a shift is possible
even under a low emissions scenario. Finally, yellowtail flounder’s
average proportion shows a decrease in Canada’s bargaining
power toward midcentury under high emission. The pattern then
inverts by the end of the century, with an actual increase in the
bargaining power of Canada to even higher than initially.
However, uncertainty from ESMs leaves the possibility of a
potential shift by the end of the century under a high-emission
scenario, or important reduction to almost 50-50 in the
proportion of total profit under a low-emission scenario.
Fig. 3. Proportion of total profits by country (Canada purple,
United States maroon), species, and climate scenario (left panel
high emission, right panel low emission). Solid line represents
average earth system models (ESM). Error bars represent
average ± 2*s.d.

Fig. 2. Average (± standard deviation) profits generated by
fisheries in Canada and the United States under climate change.
Midcentury represents the average of 2041-2060, and end-ofcentury is the average of 2080-2099. Values presented in
constant US$2010 million. Solid line represents profits
discounted to 5% and shaded dotted line represents
nondiscounted profits.

DISCUSSION AND CONCLUSION
We focused on how climate change is likely to affect the stability
and resilience of current management arrangements for
transboundary fish stocks, which are shared between Canada and
the United States. We applied a game theory model for two players
(Canada, United States) to examine how the threat points of three
important transboundary fisheries would likely shift as climate
change intensifies. In a broad sense, we addressed the question of
how climate change might affect the economic prospects for the
cooperative governance of fisheries that are shared between
nations in these examples.
Proportion of total profits, threat point shifts, and the stability of
current joint management arrangements
The average share of profit to the two countries changes for both
Atlantic cod and yellowtail flounder under high emissions
whereas in the case of halibut the share or proportions of profits
is very stable regardless of the climate change scenario (Fig. 3).
For Atlantic cod, the relative threat point payoffs to Canada as
climate change intensifies shows the country’s share of profit

As shown in Table 1, there is a large difference between profits
generated by Pacific halibut between Canada and the United
States. This is because the United States regions are allocated 80%
of the total allowable catch (TAC) of Pacific halibut because
Canada has only one region (2B off the coast of British Columbia;
IPHC 2019). Our analysis suggests that the current joint
management arrangement between Canada and the United States
for Pacific halibut is likely to be stable and resilient to changes in
climate, at least to some extent (Fig. 1). The initial joint
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management equilibrium payoffs turned out to be very stable with
the initial proportion of total profit to the two countries virtually
unchanged under both scenarios of climate change. This is most
likely because of the movement of halibut to Canada from the
contiguous United States and a subsequent movement from
Canada to Alaska. In addition, there is a potential upward
expansion of the fishery’s range due to a more suitable
environment (Palacios-Abrantes et al. 2020). Thus, the potential
increase in Alaska’s landings is larger than the loss in the
contiguous states. This is, however, not the case for current
transboundary management of Atlantic cod and yellowtail
flounder in the Gulf of Maine. Despite an overall reduction in
profits within the region, the average proportion for Atlantic cod
under high emissions will change in favor of Canada, thus
increasing the bargaining power of that country vis-à-vis the
United States. This is because threat points will practically switch
from an initial domination of United States (61% vs 39% of
Canada) to a Canadian majority by the end of the century of 65%
to 35% of the United States. The implication is that the current
joint management arrangements for this stock are unstable and
not resilient to the impacts of climate change on the distribution
and productivity of these stocks.
In the case of yellowtail flounder, Canada not only harvests more
of the stock within the study area, but also has a lower cost of
fishing, a factor of the gears used and the ex-vessel price. The
fluctuation in the proportion of the yellowtail flounder stock as
the species’ habitat expands to new suitable grounds represents a
challenge for joint fisheries management. For example, within the
agreement, the management of cod and yellow flounder are
limited to eastern subpopulations within the Gulf of Maine, thus
potential localized changes in the stock distribution could be of
even more significant importance to the arrangement’s resilience
(Palacios-Abrantes 2020). Such fluctuation also represents
instability and a threat to the treaty longevity as happened in the
late 1970s when Canada and the United States broke off
negotiations over Pacific salmon. An environmental driven shift
in the Fraser River sockeye salmon (Oncorhynchus nerka) stock
resulted in large interceptions by the Canadian fleet driving the
United States fleet to an increase in salmon capture. This new
situation created an imbalance in the Pacific Salmon Treaty,
threatening the sustainability of the stock. The negotiations lasted
for 10 years and joint management was only reinstated after a
series of modifications in the treaty including creation of a
conservation fund that works as a de facto side payment (Miller
et al. 2013).
Cooperation over transboundary stocks can have different levels
of agreement, from scientific cooperation to full joint
management (Miller et al. 2013) and players from two (e.g.,
Canada and the United States over Pacific halibut ) to multiple
(e.g., regional fisheries management organizations that oversee
tuna-like species are composed of multiple nations). For example,
Canada, Mexico, and the United States share Pacific sardine
(Sardinops sagax) in the California Current. However, although
Mexico and the United States have a memorandum of
understanding for scientific collaboration over marine resources
in the Pacific (MEXUS-Pacífico research program; NOAA 2018),
Canada and the United States lack any formal agreement that
includes sardine (DFO 2018). It has been demonstrated that
ecosystem-based cooperative fishing strategies outperform

partial and noncooperative strategies when the economic benefits
from the Pacific sardine fishery are considered as a whole, rather
than country specific (Cisneros-Montemayor et al. 2020). Moving
toward a joint cooperation scheme for this species is especially
important as sardine distribution is strongly influenced by climate
and thus hard to anticipate as climate historic patterns changes
in the region (Bond et al. 2015, Cavole et al. 2016, CisnerosMontemayor et al. 2020). Unlike the IPHC in which rules
emplaced are to be followed by parties, the Gulf of Maine
arrangement is not official (e.g., allocation rules are suggested not
binding) making it less resilient to future stock shifts (PalaciosAbrantes et al. 2020). For example, despite a weighted quota
allocation of the Gulf of Maine stocks’ distribution (90-10%
current and historical distribution, respectively; TRAC 2016),
countries do not have any obligation to the proposed quota and
the ultimate decision is made at the country level (Soboil and
Sutinen 2006). Formalizing these types of arrangements will
strengthen their legal basis making them more resilient to the
impacts of climate change, such as those presented (Miller et al.
2013).
There are ecological and social-political gaps that cooperative
transboundary fishing agreements and arrangements will have to
address to prepare for climate change. Overall, countries will need
to be ready to share more information and collaborate on
scientific advances to tackle the ecological uncertainties
embedded in climate change (Miller et al. 2013). It will be
fundamental for international agreements as well as arrangements
to explicitly address climate change within their management
measures (see Koubrak and VanderZwaag 2020). This will not
only generate paths for response (rather than wait and act) but
will also reduce the velocity mismatch between species
distributional change and that of policy implementation (Pinsky
and Fogarty 2012). Specifically, management tools will need to
be included as species shift their distribution reaching new EZZs
(Pinsky et al. 2018) and exiting others (Oremus et al. 2020).
Finally, collaborative policy frameworks will have to be adaptive,
inclusive, flexible, and ecosystem-based if agreements are to resist
the uncertainties related to climate change (Engler 2020, PalaciosAbrantes et al. 2020).
As previously mentioned, accounting for the impact of
uncertainty on fisheries management under climate change is
important to adopt the best management decisions looking
forward (Morley et al. 2018). We captured two main sources of
uncertainty in our analysis, that of the different ESMs’ structure
(error bars in Figure 1) and that of the climate-change scenarios
to follow. Pacific halibut shows the less variation in terms of both
structural and scenario uncertainty. This could be due to a better
resolution of the ESMs at larger spatial scales (Morley et al. 2018)
as well as the DBEM at the management area level. Currently,
the IPHC regulatory areas cover most of the species’ known
distribution (IPHC and Gustafson 2017; see also http://www.
aquamaps.org). Therefore, a potential poleward shift in the stock
would most likely affect the southern regions (Canada and the
United States below latitude 43) as seen in Palacios-Abrantes et
al. (2020). Although this shift could have other types of
complications, it might not be an issue when thinking about threat
points and joint management at the federal level. The implications
are different for both Atlantic cod and yellowtail flounder. The
possibility of shifting threat points, even under a low emission
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scenario, creates a challenge for managing these shared stocks.
Planning ahead for this type of fluctuation in stock proportion
and applying more local-based models could reduce the
uncertainty and increase the resilience of the agreements and help
the sustainability of the fisheries.

Responses to this article can be read online at:
https://www.ecologyandsociety.org/issues/responses.
php/11660
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Appendix 1. Results from the sensitivity analysis on economic variables.

Fig. A1. Profits for mid and end of the 21st century under different future scenarios of price and
cost. Each level represents the original value x random multiplayer (see Table A1). Category
“Original” represents the values used in the present study.

Table A1. Values randomly selected for each future scenario used in the sensitivity analysis
Variable
Level A
Level B
Level C
Price
1.362173 (36%) 1.425854 (43%) 1.061325 (6%)
Cost
1.311245 (31%) 1.427684 (43%) 1.323787 (32 %)

