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Abstract

Essays on Environmental Markets and Marine Conservation

by

Juan Carlos Villaseñor-Derbez

Humanity depends on the ocean for jobs, subsistence, and way of life. Yet, many of

our activities directly or indirectly threaten the marine environment. Environmental

markets are one way to regulate these negative externalities. Environmental markets

have been frequently used in land, water, and atmospheric contexts, but their application

to the marine environment is rare and their interaction with other institutions remains

understudied. Here, I combine theory from environmental economics and ecology with

modern data science techniques and computer simulation to study three types of links

between environmental markets and marine conservation. My first chapter explores how

an existing market for fishing effort interacts with a nation’s incentive to engage in marine

conservation in the form of Marine Protected Areas. In my second chapter, I propose,

design, and analyze a global market for marine conservation, where nations can trade

conservation obligations. Finally, my third chapter studies the implied carbon costs of

human-induced whale mortality, thus providing a way to connect cetacean conservation

and carbon markets. Together, these essays show how seemingly benign nuances in

market design features and ecological processes are pivotal in determining the incentives

for marine conservation.
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1.1 Introduction

As an Environmental Scientist, I am broadly interested in design and evaluation

of policy interventions in the marine realm, the behavioral responses of humans, and

their environmental and economic outcomes. Working at the intersection of conservation

planning and environmental economics, I combine Ecological and Economic theory, Data

Science, Econometric techniques, and large data sets on environmental measures and

human activities to answer policy-relevant questions. For some projects, I evaluate past

policy interventions by using observational data, natural experiments, and cutting-edge

Econometric techniques to estimate causal effects. For others, I predict the economic and

environmental impacts of policy interventions by combining computer simulation and

mathematical modelling of coupled bio-economic systems. This dissertation contains

three essays that use this second approach to study environmental markets in marine

conservation.

Humanity depends on the ocean for livelihood, subsistence, and way of life. Yet,

many of our activities create externalities that threaten the marine environment. In

attempting to regulate these impacts, regulators have implemented a diverse array of

institutions. These range from command-and-control rules that dictate, for example, the

total allowable catch that can be extracted from a given stock, to the implementation

of Marine Protected Areas to spatially as a way of space-based management. Notably,

the use of market-based institutions in the ocean is limited and understudied. Here, I

study how environmental markets interact with other institutions (Ch. 2), the potential

for developing new markets (Ch. 3), and the ecosystem services of populations (Ch.

4). I use simulation modeling and quantitative methods to explore how environmental

markets can incentivize conservation in the marine environment.

In my first paper I explore how existing environmental markets for fishing effort

2
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interact with a nation’s incentive to engage in marine conservation in the form of Marine

Protected Areas. Specifically, I look at the vessel-day scheme used by the Parties to the

Nauru Agreement (PNA) and the Phoenix Island Protected Area (PIPA) implemented

by Kiribati in 2015. I develop a bespoke spatial bio-economic model of a market for

fishing effort, fisheries and conservation to simulate the effect of different design features

(transferability and allocation of rights). I then use vessel-tracking data and a large-scale

spatial closure to corroborate model predictions. I find that between-country transferable

fishing rights and a biomass-based allocation rule reduce the costs of displacing fishing

effort and can incentivize large-scale conservation. I also find that vessels displaced by

PIPA largely relocated to outside of Kiribati and into the waters of other PNA countries,

consistent with the model’s predictions.

In my second paper, I propose, design, and analyze a new global market for marine

conservation. Similar to a cap-and-trade market used to regulate pollution emissions,

nations receive conservation obligations in the form of Marine Protected Area coverage

targets and engage in voluntary trade to efficiently allocate their obligations. I combine

theory from ecology and economics to build conservation supply curves, simulate a global

market for marine conservation, and estimate the gains from trade. I find that global

market reduces the costs of conserving 30% of the ocean by 98%. Segmenting the market

using biogeographic regionalization to implement bubble policies brings the cost-savings

down to 76-98% relative to BAU, depending on the number of bubble policies.

Finally, the third paper, explores the link between climate change mitigation strate-

gies and whale conservation by estimating the implied carbon cost of human-induced

whale mortality. I combine an age-structured model of whale populations and quantify

their contributions to the carbon cycle. I find that the cost is driven population dynam-

ics rather than somatic growth, and that it depends largely on the species, source of

mortality and the age of the individual, but values range between $3,820 ± 1,440 (M ±
3
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SD) for Minke whales and $51,700 ± 16,000 for Fin whales.

1.2 Notes on reproducibility

All code necessary to reproduce each of the chapters can be found in the central

GitHub repository at https://github.com/jcvdav/markets and conservation. The repos-

itory contains three git submodules, one for each chapter. All code is written in R, and

were last run using R version 4.1.2 (2021-11-01) [2]. The submodules for Chapters 3 and

4 use renv to create an isolated and independent environment with a list of R libraries

used by each project.

The reproducibility protocol is different for each chapter, representing the progressive

evolution of the tools incorporated in my workflow. Chapter 2 uses a combination of

source scripts to layout the basic dependencies of the modelling and data processing

steps. These are then called by an Rmarkdown document. Chapter 3 uses only R

scripts, sequentially numbered to indicate the order in which they run. Finally, Chapter

4 uses the GNU make protocol, which uses a file called the makefile, which lists each of

the non-source files and how to compute it from other files.
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Abstract

It is commonly agreed that marine conservation should expand dramatically around the

world. However, most countries have yet to implement large-scale no-take Marine Pro-

tected Areas (MPAs). When a country closes a large fraction of its waters to fishing, it

stands to lose significant fishery revenue. While biodiversity and spillover fishing bene-

fits may far exceed these losses, benefits from large-scale MPAs typically accrue to other

countries or the high seas. To overcome this dilemma, we simulate and test an inter-

national fisheries management scheme with transferable fishing rights that incentivizes,

rather than hinders, large-scale marine conservation. By combining a bioeconomic model

of cross-country trading of fishing rights with vessel-level tracking data before and after

a large-scale conservation action is implemented, we show that transferable fishing rights

and a biomass-based allocation rule are pivotal to incentivize conservation under this

market-based setting. Our work focuses on the Vessel-Day Scheme, an environmental

market employed by the Parties to the Nauru Agreement (a group of nine Pacific Island

Nations) to manage their tuna fisheries, and where large-scale conservation interven-

tions have taken place. Overall, these results provide a template for how to incentivize

countries to engage in large-scale marine conservation within a market-based setting.
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2.1 Introduction

Recognizing the need to protect marine biodiversity and ecosystem services, various

international bodies have committed to dramatically expand marine protection around

the world by protecting 30% of the oceans [3, 4], with a focus on no-take Marine Protected

Areas (MPAs) [5, 6]. While most MPAs implemented to date have been small, it is

widely-recognized that very large MPAs must also be part of the strategy if we are

to meet these goals. But would any country rationally close 30%, 80% or even 100%

of its waters to fishing if this means losing all fishing revenue from within the closed

area? At first glance, the answer is probably “no”. Losing this important source of

revenue would cripple many fishing-dependent economies, particularly the Pacific Island

nations who are viewed by many as viable candidates for large closures [7]. On the

other hand, the closure may generate substantial “spillover” of larvae and adult fish

[8, 9] and other benefits into adjacent waters which could, in principle, offset these losses.

The problem with this argument is that for very large MPAs, these spillover benefits

could accrue to other nations and the high seas [10], with no obvious mechanism for the

conserving country to recoup them. A viable solution may lie in international fishing

effort markets, where nations trade the right to fish across international boundaries. The

design and effectiveness of fishing effort markets for fisheries management have been

explored before [11, 12], but little attention has been given to the role these markets can

play in conservation. Here, we will show how fishing effort markets can be designed (if

new) or modified (if already existing) to incentivize implementation of large-scale MPAs.

We are motivated by a real-world but relatively understudied institution called the

Parties to the Nauru Agreement (PNA). The PNA is a coalition of nine Pacific Island

Nations that collectively manages tuna purse seine fishing in its members’ waters [12, 13]

(Fig. 2.1). These waters account for 14.5 million km2 (an area four times larger than

9
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the continental US), and over 60% of skipjack tuna catch in the Western Central Pacific

[12]. The PNA manages this tuna purse seine fishery using a vessel-day scheme (VDS)

where total annual fishing effort is capped at around 45,000 vessel-days. Vessel-days

are allocated across the nine nations, which then lease them to (mostly foreign) fishing

vessels. A vessel-day grants a fishing vessel the right to fish for 24 hours within one of the

nine Exclusive Economic Zones (EEZs) within the PNA. Member nations derive enormous

benefits from leasing these fishing rights to foreign fleets, in some cases exceeding half of a

country’s GDP 1. In addition to highly productive tuna fisheries, the PNA waters provide

a wealth of ecosystem benefits, hence the focus on large-scale conservation efforts in the

region [7]. In 2015, Kiribati, a PNA member, created the Phoenix Islands Protected

Area, one of the largest protected areas on earth (408,250 km2), and Palau will close

80% of its national waters to fishing by January 2020. We draw from the PNA’s market-

based approach to managing tuna fisheries and build on it to show how an environmental

market can be designed to incentivize conservation.

Not all market-based approaches to environmental management contain the same

conservation incentives. A pervasive finding across a range of natural resources is that

features of markets, such as the allocation of rights, can have implications for the market’s

functioning [14]. In the context of fishing effort markets, we find that two market design

features are pivotal in determining the incentives for large-scale marine conservation:

trading and allocation rules. But why would these design features of a fisheries market

affect the incentives for conservation? Consider the incentives for a country to close 100%

of its waters. Such a closure might benefit other countries through the spillover of fish

from the protected area to the waters of neighboring countries. If the conserving country

could trade the rights to that spillover to adjacent countries, this could offset the foregone

fisheries revenue. But if the conserving country was not allowed to trade these rights,

1https://www.ffa.int/
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Figure 2.1: Map of the Exclusive Economic Zones (EEZs) and Marine Protected Areas
in the PNA, the bottom-left inset provides a reference for the area. Parties to the
Nauru Agreement (PNA) are shown in blue, while empty polygons indicate all others.
A red line outlines the three EEZs of Kiribati. The solid red polygons show The
Phoenix Islands Protected Area (PIPA) implemented in 2015 and the proposed Palau
National Marine Sanctuary (PNMS) to be implemented in 2020. Land masses are
shown in gray. Labels indicate ISO3 country codes for PNA members (PLW: Palau,
PNG: Papua New Guinea, FSM: Federal States of Micronesia, SLB: Solomon Islands,
NRU: Nauru, MHL: Marshal Islands, KIR: Kiribati, TUV: Tuvalu, TKL: Tokelau).
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then it would lose all of its fishing revenue. The rules for how fishing rights are allocated

across countries are equally important. Suppose rights are allocated each year based on

the previous year’s fishing effort: the more a country fishes, the more it gets allocated the

next year. This would clearly disadvantage a conservation-minded country and, in fact,

might reward undesirable behavior. In the following section, we will show how trading

and allocation rules can shape the incentives that may facilitate or hinder large-scale

conservation. We will then make use of vessel-tracking data to analyze a real-world case

of large-scale marine conservation under fishing effort markets.

2.2 Methods

2.2.1 Bioeconomic model

We model a 10-country discrete-time meta-population system, where Country 1 con-

siders a spatial closure. Countries 1 - 9 operate under a vessel-day scheme, and Country

10 represents the high seas and other areas not managed under a VDS. The stock of

fish in each country is stationary within a single fishing season, but growth from escape-

ment redistributes across all countries annually. The price of fish is p, and catchability

is given by q (in mass of catch per unit effort and stock biomass; Kg
V essel−DaysKg

). These

parameters are held constant across countries.

Fishery dynamics

In the absence of a reserve, the revenue for vessels in country i is given by pqEiXi,

where Ei and Xi are effort (vessel-days) and stock size in country i at the beginning of a

period. The input costs of fishing in country i are given by cEβ
i , where β = 1.3 matches

commonly-used cost functions that assume marginal units of effort are increasingly costly
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to apply [15]. Finally, the cost of access fees (when relevant), is given by πiEi, where πi

is the price of a vessel-day.

Country 1 considers a spatial closure by implementing a reserve as a fraction R of

the total country (R ∈ [0, 1)). This closure reduces the amount of biomass available

for harvest, because vessels can only target fish outside the reserve. Fish movement

between the reserve and fishing areas also determines how much biomass is available for

harvest. Fish move within a country based on θ, where θ = 0 implies no movement

within the country, and θ = 1 implies that fish move so much that they can be caught

from anywhere within the country. The proportion of biomass within country 1 that is

availabe for harvest is therefore given by:

Ω(θ, R) =


θR + (1−R), if 0 ≤ R < 1

0, if R = 1

Our parameterization of within-country fish movement implies that for a given coun-

try with stock size Xi, the total biomass available for harvest will be given by ΩiXi (Eq

2.2.1). Consider the case of a sesile fish with θ = 0. If the country were to close 50%

of its waters to fishing (R = 0.5), only 50% of the stock would be available for harvest

(i.e. (0× 0.5) + (1− 0.5) = 0.5). Now, consider the same closure is applied with a stock

with high mobility, so θ = 0.9. In this case, despite the closure, fish frequently move

between the reserve and fishing grounds making 95% of biomass available for harvest (i.e.

(0.9 × 0.5) + (1 − 0.5) = 0.95). As derived in the bioeconomic model below, a vessel’s

willingness to pay to fish in a given patch will be determined by the amount of biomass

available for harvest. Within-patch stock movement therefore plays an important role in

determining a vessel’s willingness to pay in the remaining open waters: a vessel will be

willing to pay more to fish in waters where 95% of biomass is available for harvest, than

13
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when only 50% of biomass is available for harvest. No biomass is available for harvest if

the country decides to implement a reserve in the entirety of its waters (i.e. R = 1),

In country 1, profits from fishing are given by:

Π1(E1, X1, Ri) = pqE1X1Ω1 − cEβ
1 − πiEi

Since only Country 1 implements a reserve, Ωi ̸=1 = 1. Therefore, we can generalize

the profit equation to:

Πi(Ei, Xi, Ri) = pqEiXiΩi − cEβ
i − πiEi

The above equations imply that the marginal profit from the last unit of effort in a

country is given by:

Π′
i(Ei) =

∂Πi

∂Ei

= pqXiΩi − βcEβ−1
i − πi (2.1)

Note that π10 = 0 since vessels don’t pay an access fee to fish in patch 10. In practice,

the effort levels in each country are allocated by management (so E1, E2, ..., E9 are given)

and the effort level on the high seas (E10) is a result of open access dynamics. Therefore,

we assume that effort continues to enter Country 10 until the profit from the last unit

of effort is exactly zero, indicating that E10 is the value for which Π′
10(E10) = 0. Setting

Equation 2.1 (for i = 10) equal to zero and removing Ω10 = 1 for simplicity, we can solve

for E10:

E10 =

(
pqX10

βc

) 1
(β−1)

(2.2)

Under VDS-operated countries, however, profits from the marginal unit of effort

should equate to the price of fishing in the country. Therefore vessel-day price for coun-
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tries under VDS (i = (1, 9)) is given by:

πi = pqXiΩi − βcEβ−1
i

Solving for Ei we obtain:

Ei =

(
pqXiΩi − πi

βc

) 1
β−1

(2.3)

Equation 2.3 tells us the country-level effort for a given country-specific stock size

(Xi) and vessel-day price (πi). A vessel-day scheme establishes a cap on total effort

allowed. This means that fishing effort from Countries 1 - 9 must add up to this limit

(45,000 vessel-days). Therefore, total allowable effort in the fishery is given by:

Ē =
9∑

i=1

(
pqXiΩi − π

βc

) 1
β−1

(2.4)

In the above Equation, vessel-day price is the same across all countries when trading

is allowed; the subindex is dropped for this parameter.

Stock dynamics

Country-level harvest is then determined by effort and stock size:

Hi = qEiXiΩi (2.5)

Therefore, escapement in country i in time period t is the difference between initial

stock size and harvest given by ei,t = Xi,t −Hi,t and total escapement is et =
∑10

i=1 ei,t.

The entire stock then grows logistically according to:

Xt+1 = et × exp
(
r
(
1− et

K

))
(2.6)
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where r and K are species-specific intrinsic growth and carrying capacity parameters

(the slope dXt+1

det
|et=0 = exp(r)). After the stock grows, a constant and country-specific

fraction fi of the total stock redistributes to country i, so:

Xi,t+1 = fiXt+1 (2.7)

Vessel-day revenues

The vessel-day price that a country charges is given by πi from Eqn 2.1. Therefore,

country-level license revenues are given by:

ωi = πiEi (2.8)

Equation 2.5 shows that low values of θ andR > 0 would decrease harvest and increase

escapement in Country 1, for a given level of effort and stock size. This would lead to an

increase in total stock size (Equation 2.6) and a benefit to all the other countries. But

this would also cause the stock in the high seas (X10) to increase, leading to increased

effort being allocated to the high seas (Equation 2.2) and a loss of these potential rents.

Thus, the spillover benefits of increasing R are never completely captured.

2.2.2 Model parameterization

We calibrate our model to loosely match the fishery dynamics observed for the VDS

operated by the PNA. The table below contains the values used to parameterize the

model.

16



Environmental market design for large-scale marine conservation Chapter 2

Table 2.1: Model parameters.

Parameter Value Source

MSY 1.875600e+06 50th percentile from MSY in Table 8 of WCPFC Stock Assessment

Bmsy 1.628000e+06 50th percentile from MSY in Table 8 of WCPFC Stock Assessment

K 6.876526e+06 50th percentile from MSY in Table 8 of WCPFC Stock Assessment

Bc/Bmsy 0.51 50th percentile from MSY in Table 8 of WCPFC Stock Assessment

Cnow 1.679444e+06 Catches from WCPFC Stock Assessment

Bnow 3.507028e+06 Current Biomass (2012 - 2015 average)

r 0.57 From FishBase: Prior r = 0.57, 95 CL = 0.41 - 0.78

β 1.3 Standard [15]

p 1100 Mean between Thailand and Japan values (Value of WCPFC-CA Tuna Fisheries 2017 Report)

q 3.420000e-05 Estimated so that efforts match catches given biomass and vessel-day prices

c 1800 Estimated to match cost and revenue structures

f 0.1 Biomass is equally distributed between countries

Simulations

We run simulations under various market designs and test the model across a range

of reserve sizes and within-country movement parameters.The first scenario does not

allow trading. In this case, total allowable effort (Ē) and biomass Bnow are known and

equally distributed among Countries 1-9. For Country 10, we solve for Eq 2.2 until

biomass converges to match Bnow. We then proceed to “close” a portion of Country 1,

and calculate the vessel-day price in Country 1 given that only XiΩi biomass is available

for harvest. We compare vessel-day revenues of each scenario to a case with no reserve

(R = 0). This produces a measure of the cost of implementing a spatial closure of size

R in Country 1.

The second scenario allows trading. We start again by solving for the high seas to

obtain total effort. Since a closure is not in effect and VDS-managed effort is equally

distributed across the 9 countries, this equilibrium is the same as the first step above.

We then implement a spatial closure in Country 1. This essentially lowers the price
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fishers would be willing to pay to fish in a country with only biomass XiΩi, lowering

demand for vessel-days in Country 1. Countries 2 - 9 have a higher demand for vessel

days, and therefore a portion of vessel-days from Country 1 are sold to Countries 2 - 9.

This increases effort in these countries, which reduces escapement and therefore biomass.

This reduction in biomass in turn will modify the marginal profit and willingness to pay

to fish in each country. We iterate this process until biomass stabilizes. Like before, we

calculate vessel-day revenues to each country and compare them to a case with no reserve

in Country 1.

Annual vessel-days are often allocated based on a combination of historical within-

country effort and biomass. In the PNA, 60% of the allocation is calculated based on

EEZ effort over the last seven years and 40% is calculated based on the 10-year average

of each country’s share of estimated biomass (of skipjack and yellowfin tuna) within its

EEZ (see Article 12.5 of the 2012 Amendment to the Palau Agreement and in [16]).

Trading vessel-days to other countries would imply that historical within-country effort

declines through time. The allocated days to a country with a full spatial closure would

eventually be reduced to just the 40% based on biomass.

In the trading scenario above, effort from Country 1 (with the reserve) is traded

to other countries. This means that its allocation will decrease as purse seine effort

in Country 1 is reduced. To analyze the consequences of different allocation rules when

trading is allowed, we simulate a fishery 50 years into the future, and annually re-allocate

vessel-days based on a 7-year running mean of country-level effort and biomass. At the

end of every time period (a year), vessel-days are re-allocated to each country based on

the following rule:

E∗
i,t+1 =

[
α

(∑τ̂
τ=0Ei,t−τ∑τ̂
τ=0 Ēt−τ

)
+ (1− α)

(∑τ̂
τ=0Xi,t−τ∑τ̂
τ=0 X̄t−τ

)]
Ēt+1
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where α is a weight on historical effort (Ei) and 1 − α is the weight on historical

biomass (Bi). We use τ̂ = 6 to obtain a moving mean of 7 years for these measures. This

allocation rule generally captures how the PNA distributes the total allowable effort to

each party [17]. The difference between allocated days (E∗
i ) and used days (determined

by Equation 2.3) for Country 1 are the sales. We then calculate vessel-day revenues to

each country over the 50-year time horizon and compare to a case where there is no

reserve and allocations are based solely on biomass (α = 0).

2.2.3 Empirical case study

Vessel tracking data and MPAs

Automatic Identification Systems (AIS) are on-board devices that provide at-sea

safety and prevent ship collisions by broadcasting vessel position, course, and activ-

ity to surrounding vessels. These broadcast messages can be received by satellites and

land-based antennas. We use AIS data provided by Global Fishing Watch [18] to track

318 tuna purse seiners that fished within the PNA. For every georeferenced position, we

observe the time spent (defined as the time since the last position), and whether the

vessel was actively fishing versus only transiting. Of the 318 tuna purse seine vessels

that fished in PNA waters between 2012 and 2018, 64 “displaced” vessels fished within

PIPA at least once prior to its implementation, the remaining 254 “non-displaced vessels”

never fished in PIPA waters. Our dataset contains more than 37 million geo-referenced

positions for these 318 tuna purse seiners. We use these data to calculate vessel-days

(the metric used by the PNA), and to track the spatial redistribution of displaced ves-

sels. A comparison of vessel characteristics between displaced and non-displaced vessels

is presented in Supplementary Tables A.1-A.2 and Supplementary Figure A.5.

We use these data to calculate the number of vessel-days that the 318 purse seiners
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spent fishing in each PNA country and in PNA waters as a whole (Fig. 2.5). The vessel-

day equivalent of a day of fishing depends on vessel size, a measure used to control for

effort creep. The Palau Arrangement for the Management of the Western Pacific Fishery

Management Scheme2 states that a day of activity by vessels smaller than 50 meters

long counts as half a vessel-day, a day of activity by vessels 50 - 80 meters long counts

as one vessel-day, and a day of activity by vessels larger than 80 meters counts as 1.5

vessel-days. Vessel length is an observable characteristic in our dataset, and therefore

vessel-days calculated in our analyses correspond to the PNA definition of vessel-days.

We can also compare the location of fishing activity by displaced and non-displaced

vessels before and after the implementation of PIPA to better understand the effort redis-

tribution. Non-displaced vessels serve as a plausible control group that was not subject

to a spatial closure but might have redistributed in response to changing environmental

conditions, such as El Niño [19, 13].

We begin by filtering the data to keep only positions labeled as fishing events. We

then create a gridded version of the data for each year and group (i.e. displaced and

non-displaced) by binning the coordinates to a 1-degree grid and summing all fishing

hours for a given grid cell. We use a 1-degree grid as a reasonable compromise between

higher resolutions that would result in a more granular but noisy footprint, and the

simple estimation of vessel-days at the EEZ-level (as in Supplementary Figure A.8, but

represented spatially). This process results in 14 gridded datasets of fishing hours (7

years, for two groups). For each group of vessels, we then calculate the average fishing

hours before (2012 - 2014, inclusive) and after (2015 - 2018, inclusive) the implementation

of PIPA, resulting in 4 datasets of mean fishing effort (before and after for displaced and

non-displaced vessels). We then calculate the change in effort allocation between these

two periods (after minus before) for each group, and normalize the value of each grid cell

2pnatuna.com

20

https://www.pnatuna.com/content/purse-seine-vds-text


Environmental market design for large-scale marine conservation Chapter 2

by diving it by the largest within-group absolute change:

hi =
(hi,a − hi,b)

max(|(hi,a − hi,b)|)
(2.9)

Where, for a given group of vessels, i is a subindex for each cell, and a and b indi-

cate after and before. The resulting gridded differences are shown in Fig. 2.4a-b. The

redistribution by non-displaced vessels (Fig. 2.4b) therefore provides a baseline of redis-

tribution. We then compare the changes of displaced vessels to those by non-displaced

vessels (Fig. 2.4c). The spatial redistribution patterns of displaced vessels relative to

non-displaced vessels suggest that some relocated to other waters in Kiribati (i.e. the

Gilbert islands and Line islands), but also the Marshall Islands, Tuvalu, Nauru, and the

high seas.

Revenues

We obtained information on revenues from the Pacific Islands Forum Fisheries Agency

Tuna Development Indicators 2016 report. Specifically, we use data compiled by the

Pacific Islands Forum Fisheries Agency (FFA [20]) where annual revenues from license

fees (for VDS and other access programs) are reported for each country (2008 - 2016;

Fig. 2.5c; Supplementary Figures A.6-A.7). For countries in the PNA, these revenues

show a combination of vessel-day license fees as well as joint-venture operations.

Shapefiles of Exclusive Economic Zones were obtained through Marine Ecoregions of

The World, we use World EEZ v10 (2018-02-21) available for download at: marinere-

gions.org. Shapefiles for Marine Protected Areas come from the World Database of

Protected Areas, and were downloaded in March 2019 from: protectedplanet.net.
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2.3 Results

2.3.1 Designing markets for conservation

To examine how market design incentivizes or hinders large-scale conservation, we

develop a 10-country spatial bioeconomic model that mirrors the strategies and spatial

connections among the nine PNA nations and the high seas. Countries 1 to 9 represent

the PNA countries, which operate under a vessel-day scheme where vessel-days are capped

for each country and closely tracked. “Country” 10 represents the high seas, where fishing

days are unregulated and determined by prevailing economic conditions. We examine the

effects of large-scale conservation in a single country (Country 1) under markets with and

without trading between countries. In all cases, we solve the bioeconomic model for the

equilibrium vessel-day price, fishing effort redistribution across countries, and fish stock

that would be expected to occur in the market. We quantify the change in revenue to

Country 1 and compare each scenario to a benchmark scenario without any conservation

action. We simulate these outcomes across a range of reserve sizes and assumptions about

within-country stock movement.

We first simulate a fishery where trading between countries is not allowed. This

represents the status quo of any nation unilaterally engaging in large-scale conservation.

Intuitively, we find that a spatial closure in Country 1 will always result in a loss in

revenues to Country 1 (Fig. 2.2a). Higher within-country stock movement (θ = 0 implies

no within-country movement and θ = 1 implies that fish are well-mixed within the fishing

season) allows vessels to harvest the stock within the remaining open area, lowering the

cost to Country 1. Even for a highly mobile stock where fish can move in and out of the

reserve, a spatial closure reduces the amount of biomass that is available for harvest in the

conserving country (i.e. biomass outside the reserve), which reduces vessels’ willingness

to pay to fish in such waters (Supplementary Figure A.1). When countries cannot trade,
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the costs of conservation are incurred by Country 1, but the benefits are received by

the eight other countries (revenues increase between 0% and 7% each; Supplementary

Figure A.2) and the high seas. This benchmark simulation highlights the misalignment

of incentives, where a conservation-minded country incurs large costs and provides public

benefits to other nations with no mechanism for recouping these benefits.

How does trading between countries change these results? We simulate the same

fishery, but now allow for vessel-days to be traded across countries (as is the case for the

PNA). As before, a closure in Country 1 lowers the value of vessel-days in that country

(because the fishable area shrinks). But increased biomass in other countries causes

their vessel day prices to increase. As a result, vessel-days from Country 1 are traded

to Countries 2 to 9, until prices equalize across countries (Supplementary Figure A.3).

Under this market design, revenue losses to Country 1 are less than 1%, compared to the

base case with no reserve (Fig. 2.2b; note that the vertical axis now only ranges from

0 to 0.8% instead of from 0 to 100% as in Fig. 2.2a). This shows that, with trading,

the relative revenue drop will always be smaller than the relative effort drop, and the

opposite is observed when there is no trading (Supplementary Figure A.4). Overall, this

shows that 88% to 99% of the costs of conservation can be avoided if markets are designed

to allow trading (Fig. 2.2c).

We have shown that trading significantly reduces the costs of conservation. However,

a new question arises. How should rights be re-allocated every year once a country

starts closing its waters to fishing? Customarily, the allocation of fishing effort rights is

a formula that combines historical fishing effort and biomass in a country’s waters [12].

We test a range of allocation rules that weigh effort (α) and biomass (1− α) differently

as the basis for ongoing rights allocation. We simulate a fishery operating with closures

for 50 years and compare the resulting revenues to a fishery without any closures. We

find that when allocation is based on historical effort only (i.e. α = 1), implementing a
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Figure 2.2: Cost of spatial closures in a vessel-day fishery. Each line represents a pos-
sible value of within-country stock movement (θ; line colors), with θ = 0 representing
a stock that doesn’t move to θ = 1 depicting a stock that continuously moves between
the reserve and the fishing zone. The revenue losses to Country 1 (vertical axis) are
relative to a fishery with no spatial closures, and are shown as a function of reserve size
(R; horizontal axis), from no reserve (R = 0) to closing the entire Exclusive Economic
Zone (R = 1). Costs are shown for Country 1 when there is no trading (a) and when
trading is allowed (b; note the change in axis limits). Costs avoided by trading are
shown in (c). Dashed red line in (a) is a 1:1 line. When trading between countries
occurs, 88.5% to 99.2% of revenue losses can be avoided.
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reserve results in long-term losses to the conserving country of up to 93.4%, depending

on the size of reserve and stock movement (Fig. 2.3). However, a biomass-only allocation

rule (i.e. α = 0) results in revenue losses of up to 0.7%, essentially eliminating the costs

of conservation. This result implies that if allocation is based purely on the biomass

within a nation’s waters, and not on fishing intensity, the incentives for conservation can

be sustained through time.
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Figure 2.3: Costs of a spatial closure for Country 1 under different allocation rules.
Each line represents the revenue losses for a combination of allocation rules (α; line
type) and movement (θ; color) for different reserve sizes (R; horizontal axis). A value
of α = 1 implies that allocations are based entirely on historical effort, while a value
of α = 0 implies a 100% biomass-based allocation rule. A value of θ = 0 represents a
stock that doesn’t move, and θ = 1 depics a stock that continuously moves between
the reserve and the fishing zone. The proportion of the Exclusive Economic Zone
closed to fishing is given by R. An effort-based allocation and low within-country
movement values result in the highest costs. Cost can be minimized for all movement
values if allocation is based on biomass within each country’s waters.

2.3.2 Markets and conservation in practice

A large-scale MPA was recently implemented in PNA waters, providing the ideal

empirical setting to test our predictions. In January 2015, Kiribati closed 11.5% of its
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EEZ to implement the Phoenix Islands Protected Area (PIPA), effectively displacing

all fishing effort within its boundaries [21, 22]. By protecting important tuna spawning

habitat [9], PIPA may provide important recruitment and biomass benefits to adjacent

waters. We combine vessel-level tracking data [18] and country-level license revenue

data reported by the Pacific Islands Forum Fisheries Agency (FFA) [20] to quantify the

displacement of vessel-days and the likely costs of conservation. Of the 318 tuna purse

seine vessels that fished in PNA waters between 2012 and 2018, 64 “displaced” vessels

fished within PIPA at least once prior to its implementation and 254 “non-displaced

vessels” never fished in PIPA waters but fished within PNA waters. We use the vessel-

level tracking data to calculate vessel-days in the same way that the PNA does (see

Methods for details). We present descriptive statistics on the redistribution of fishing

activity before and after the implementation of PIPA.

Consistent with our model’s prediction, after PIPA was implemented, displaced ves-

sels relocated largely outside of Kiribati, and into other PNA countries’ waters (Fig.

2.4). Indeed, from 2014 to 2015, displaced vessels spent 2,115 fewer vessel-days (a 25%

reduction) in Kiribati, and 2,298 fewer vessel-days in PNA waters (a 17 % reduction;

Fig. 2.5a-b). On the other hand, non-displaced vessels spent 4,656 additional days in

Kiribati during 2015, and an additional 9,598 vessel-days in PNA waters. By 2018, we

observe a net decrease of vessel-days within Kiribati, from 12,671 in 2014 to just 7,677

in 2018, with displaced vessels driving the decrease (Fig. 2.5a). However, aggregate

effort at the PNA-level remains relatively constant and we do not observe a “fishing the

line” effect (Supplementary Figures A.8 - A.9). The reduction in effort in Kiribati and

constant effort at the PNA-level suggest that trading facilitated redistribution of effort

within PNA waters, just as the model predicts.

The decrease of vessel-days in Kiribati could be alternatively (or jointly) explained

by changes in oceanographic conditions that drive the distribution of target species and
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Figure 2.4: Change in spatial footprint of fishing activity by 318 tuna purse seiners.
Black lines show Exclusive Economic Zones (EEZ), and red line outlines the Phoenix
Island Protected Area (PIPA). Panels a and b show the normalized change in average
fishing hours through time for displaced (panel a; n = 64) and non-displaced vessels
(panel b; n = 254). Panel c shows the difference between a and b, highlighting areas
where displaced vessels redistributed to, relative to non-displaced vessels. Note that
displaced vessels allocate more hours to the Gilbert Islands and Line islands (part of
Kiribati’s EEZs), but also Tuvalu and the high seas surrounding PIPA and Kiribati’s
EEZ. 27
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Figure 2.5: Effort displacement and license revenues. Panels (a) and (b) show
AIS-derived annual vessel-days for Kiribati and for all Parties to the Nauru Agreement
(PNA) by 318 tuna purse seine vessels. Annual effort is broken down by displaced (n
= 64) and non-displaced (n = 254) vessels. The dashed horizontal lines represent the
total allowable vessel-days in Kiribati (11,000 days [1]) and the PNA (45,000 vessel–
days). Panel (c) shows annual revenue from fishing license fees by country and year
(2008 - 2016) and panel (d) shows the correspondence between FFA-reported revenues
and AIS-derived vessel-day observations (2012 - 2016). The dashed line in panel (d)
represents line of best fit, and the shaded area represents the standard error around
the regression. Colors in panels (c) and (d) are given by ISO3 country codes for PNA
members (PLW: Palau, PNG: Papua New Guinea, FSM: Federal States of Microne-
sia, SLB: Solomon Islands, NRU: Nauru, MHL: Marshal Islands, KIR: Kiribati, TUV:
Tuvalu, TKL: Tokelau).
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fishing vessels. For example, as El Niño events develop, tuna species are known to shift

longitudinally across PNA waters, causing vessels to redistribute [13, 19]. However, the

aggregate decrease that we observe for Kiribati in Fig. 2.5a is driven by the relocation

of vessels that historically fished within PIPA, not by the entire fleet. Oceanographic

conditions should be influencing the entire fleet whereas the closure of PIPA should have

a stronger impact on vessels that used to fish there. Thus, the large drop in effort

within Kiribati for the displaced vessels (relative to the non-displaced vessels) is consis-

tent with the argument that PIPA displaced these vessels to waters outside of Kiribati.

One could argue that differences in vessel characteristics between displaced and non-

displaced vessels may influence their ability to redistribute or take advantage of different

oceanographic conditions in Kiribati. It should be noted that, on average, displaced ves-

sels have smaller crew sizes, more engine power, are larger than non-displaced vessels,

fished more in the PNA in 2014, and are more likely to be registered to the Republic of

Korea (Supplementary Tables A.1-A.2 and Supplementary Figure A.5). Thus, another

alternative explanation for the observed changes in fishing patterns is a change in inter-

national relations between Kiribati (or other PNA countries) and the flag country of a

particular vessel, although we are not aware of any occurring between 2012 and 2018.

Ruling out alternative explanations for observed effects is an important component of

careful empirical evaluation of MPAs [23]: as such, our results should not be interpreted

as the direct causal impacts of PIPA but are better viewed as patterns that are consistent

with the predictions of our theoretical model.

As predicted by our model, the implementation of PIPA resulted in a decrease in

fishing effort within Kiribati’s water without large revenue losses. Kiribati’s reported

revenue increased from US$127.3 million in 2014 to US$148.8 million in 2015, before

decreasing to US$118.3 million in 2016 (Fig. 2.5c). The increase and subsequent decrease

in revenues matches the vessel-day patterns observed for Kiribati from 2014 to 2016
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(Fig. 2.5d). But, critically, the drop in revenue in 2016 (20%) is smaller than the drop

in vessel-days (35%). This supports a key prediction of our model: with trading, the

relative revenue drop will be smaller than the relative effort drop but, without trading,

the opposite relationship would hold (Supplementary Figure A.4). At the PNA level,

total revenues showed a net increase of $64.7 and $28 million USD for 2015 and 2016

respectively (Supplementary Figure A.6), despite the PIPA closure.

2.4 Discussion

Our findings may help inform management and implementation of existing and up-

coming MPAs in the PNA. In January 2020, Palau will close nearly 80% of its EEZ to

commercial fishing to create the Palau National Marine Sanctuary (PNMS): the 14th

largest protected area in the world (Fig. 2.1). Vessel-tracking data (2012 to 2018) shows

that, on average, the proposed PNMS boundaries have historically contained 86 ± 5.30%

(± 1SD) of longline vessel-days (non-tradable) and 91.3 ± 5.03% (± 1SD) of purse seine

vessel-days (tradable) in Palauan waters (Extended Data Figures A.10 - A.11).

While trading would allow Palau, Kiribati, and other PNA members to reduce revenue

losses from large-scale conservation, our model indicates that moving from the current

40% biomass-based allocation rule to a 100% biomass-based rule would ensure long-term

financial security in the presence of large-scale MPAs, and further incentivize conservation

within the PNA. A 100% biomass-based allocation rule means that fishing rights will

be distributed between nations based on the proportion of total biomass within their

waters, regardless of historical fishing intensity. In contrast, an effort-based allocation

would reward undesirable behavior by granting more fishing rights to a country that

fishes the most. This is a model prediction that cannot be empirically tested in the PNA

context because the allocation rule has not been experimentally modified. Nevertheless,
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the PNA countries have already shown that rights-based management of transboundary

resources can result in large management and economic benefits [12, 13]. By facilitating

trade and allocating rights based on biomass, they may also have become pioneers in

effective large-scale marine conservation in a market-based setting.

There are, however, a series of important considerations to take into account. First, in

our model only one of the countries considers the implementation of a protected area. An

interesting extension could consider cooperative conservation. In that setting, a group of

countries could coordinate on an optimized, large-scale strategic closure -perhaps using

vessel-day trading as a means of compensation- in a manner similar to the model above.

Future research could explore the role of heterogeneous costs and benefits between coun-

tries, and the way in which these can shape conservation outcomes in a market-based

setting. A second consideration is the role of the high seas: environmental markets re-

quire secure property rights, which are lacking in the high seas [24]. Benefits accruing to

the high seas could potentially be eroded by the prevailing open access conditions. There-

fore, a conservation-minded nation has no mechanism to capture the benefits provided

to the high seas, highlighting the importance of empowering high seas governance and

transboundary cooperation [13, 24]. Finally, our work focuses on fisheries and large-scale

conservation, but the framework could potentially be expanded and applied to other sys-

tems and natural resources. For example, similar mechanisms could be implemented in

markets for tradable water rights [25] or game hunting [26] where secure property rights

and the presence of a market may incentivize users to conserve the resource in question.

The use of environmental markets for conservation is a common but contentious ap-

proach among conservation scientists and resource managers [27]. One of the driving

concerns is that markets may create incentives that lead to undesirable outcomes, thus

emphasizing the need for careful design. We show that without cross country markets, in-

dividual countries have little incentive to undertake large-scale marine conservation, but
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that this incentive can be reversed if those countries are in an appropriately-designed

market-based setting. For the market to create these incentives, certain design features

are paramount. In the case of fishing rights and large-scale MPAs, cross-country trans-

ferable fishing rights and a biomass-based allocation rule are two necessary conditions

to achieve the conservation incentive. International goals over the next decade have set

ambitious targets for terrestrial and marine conservation, which will provide benefits

ranging from preserving biodiversity to enhancing human well-being [3, 4, 28, 29]. Our

work shows how well-designed environmental markets can provide the right incentives

for effective large-scale marine conservation.
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Abstract

International coordination can help reduce the cost of marine conservation, but no in-

stitution currently allows for nations to cooperate over the conservation of the marine

environment. Here, we use ecological principles, global empirical data on biodiversity and

fisheries, and environmental economics to propose and analyze a new institution where

nations can trade conservation obligations within reasonable ecological constraints: a

global market for marine conservation. We describe the challenges and solutions to de-

signing a market for marine conservation, and provide an example of how to build such

a market and estimate the gains from trade. We find that the high spatial heterogeneity

in habitat quality, costs, and sheer area across nations implies large efficiency gains are

possible. For a 30% conservation target, the market-based approach would reduce the

global cost of conservation by 98%, relative to the case of unilateral conservation. We

consider several bubble policies (where trading is spatially restricted on the basis of habi-

tat representation) and alternative conservation targets and find that a market always

reduces the costs to all nations.
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3.1 Introduction

Even when the global benefits of marine conservation are unequivocal [30, 31, 32, 33,

34], the costs of conservation, which are borne by individual countries, often dominate

the debate and lead to little or no ambition and commitment. The consequence is that

little conservation actually ensues, with some notable exceptions. This paper specifically

addresses this mismatch for marine conservation: less than 3% of the ocean is protected

under no-take marine reserves [35]. We posit that if the cost of conservation could be

dramatically reduced, this would incentivize nations to undertake substantially more of

it.

Previous work has shown that international coordination could reduce the costs of

meeting conservation targets [36, 37, 38] and ensure protection of transboundary marine

life [39]. Yet, no institution exists that would allow nations to meaningfully engage in

coordinated conservation. We propose, design, and analyze a new institution in which na-

tions’ conservation obligations are transferable: a global market for marine conservation.

This institution allows countries who can provide high quality conservation cheaply to

conserve more and countries for whom it is very expensive to conserve. The basic princi-

ple is borrowed from successful market-based approaches to environmental improvement

which have led to significant benefits to air quality [40, 41], fisheries [42, 43], water pro-

vision and quality [44, 45]. The main allure of market based approaches, as opposed

to mandates or other regulations, is that their allocative efficiency has the potential to

substantially reduce compliance costs [46].

In this paper, we show how such an institution can be designed to adhere to MPA

design guidelines. We use ecological principles, global data on biodiversity and fisheries,

spatial modelling, and economic theory to propose and analyze this new institution, where

nations can trade conservation obligations within reasonable ecological constraints. We
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find that the high heterogeneity in habitat quality, costs, and sheer area across nations

implies potentially large efficiency gains. For a 30% conservation target, the market-based

approach would reduce the global cost of conservation by 98%, relative to the business as

usual (BAU) case of unilateral conservation. We also consider several ”bubble” policies

where trading is restricted to spatially-delineated biogeographic units and find that cost

savings are still large (76% - 97%) compared to BAU. Across a range of protection targets,

a market approach always produces cost-savings to all nations participating in it.

Our proposed approach has three compelling attributes. First, it dramatically lowers

the cost of meeting global conservation targets, minimizing the main obstacle to support

and ratification of conservation targets. Second, it provides net financial benefits for all

coastal nations. Third, it generally implies that nations who tend to specialize in fishing

will financially compensate nations who tend to specialize in biodiversity protection. Our

work is particularly relevant as we enter the United Nations ”Decade of Ocean Science

for Sustainable Development”, where innovative approaches will be required if we are to

meet ambitious conservation targets.

3.1.1 Leveraging heterogeneity to reduce costs

There are at least three reasons to be optimistic that the market approach could

substantially lower the cost of meeting any conservation target. First, suitable habitat is

heterogeneously distributed around the planet, creating biodiversity hot-spots and areas

with lower conservation value [47, 48, 49]. Second, fishing activity –and the cost of

displacing it– is also heterogeneous in space, with some areas of the ocean containing

several orders of magnitude more fishing than others [50]. Finally, what ultimately

matters for the cost effectiveness of trading is the ratio of conservation benefit divided

by cost, and its spatial distribution. This important metric has not been empirically
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Figure 3.1: Stylized conservation supply curves and market outcomes, which are as-
sumed to be linear for illustrative purposes. MC1 and MC2 indicate the marginal
costs curves to each nation. The opaque triangles labeled TC1 and TC2 indicate the
total costs to each nation. The solid triangles labeled S1 and S2 indicate the savings
to each nations under a market.

studied, so it is not clear whether this will exacerbate or mitigate the aforementioned

heterogeneity. For example, if places of high conservation priority are also the most costly

to protect, then the value of trading will be blunted. But if places of high conservation

priority are relatively inexpensive to protect, then trading could deliver large efficiency

gains. The magnitude and distributional effects of the gains from trade is ultimately an

empirical question which we will explore in this paper.

But how do markets leverage this heterogeneity to reduce the costs of conservation?

Consider the stylized example shown in Figure 3.1A, which shows the marginal cost

curves for two nations (these are assumed to be linear for illustrative purposes here, but

we later relax this assumption). Each curve indicates the change in total cost that arises

from producing an additional unit of conservation (the marginal cost). Note that the two

curves have different slopes, which arises due to heterogeneity in conservation benefits

and costs. To attain Q units of conservation, Nation 1 (in blue) would face a marginal
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cost of Phigh when protecting its last unit of conservation, and would incur total costs

TC1 (blue triangle). Note that Nation 2 faces a lower marginal cost of Plow for the same

Q, and that its total cost TC2 are lower than the costs incurred by Nation 1. Together,

they produce 2Q units of conservation, at an aggregate cost of TCbau = TC1+TC2. The

differences in these marginal cost curves imply that there may be a more cost-effective

way to attain the same level of conservation.

Under perfectly competitive markets, the marginal cost curves are the same as the

supply curve [51] and indicate the quantity a nation is willing to conserve for a given

price. Figure 3.1B shows the conservation outcome when trade with each other. For a

price Pmkt, Nation 1 would conserve 2
3
Q in its waters, and then pay Nation 1 to protect

an extra third in its name (shown in red-blue hashed area). Nation 2 now protects 4
3
Q

of its water. As in the case of unilateral conservation above, this outcome also produces

2Q units of conservation. However, Nation 1 avoided the the costs of paying the high

price, and Nation 2 was paid to protect. The market gains are therefore S1 + S2.

The main allure of trade is that it can lower the costs of conservation to all nations.

”Buying” nations could benefit from trading because it lowers their cost of compliance,

and ”Selling” nations could benefit from trading if the selling price more-than-offsets the

cost of expanded protection. We outline the steps to design a market that 1) produces

the same amount of conservation as would be mandated by unilateral conservation, 2)

maintains the principle that each nation is treated fairly and equally but introduce flex-

ibility via voluntary trade in conservation obligations, and 3) adheres to marine reserve

design principles.

In designing such a market, two challenges arise. First, we must construct conserva-

tion supply curves for all coastal nations; to the best of our knowledge, this is an empir-

ical task never done before. Second, not all ecosystems are created equally: protecting a

hectare of coral reef is not the same as protecting one of kelp forest. A market that ignores
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this could inadvertently undermine important habitat representation principles [52, 53].

We show how ecological principles can be used to build conservation supply curves, and

how biogeographic regionalization can guide the design of ecologically-coherent policies

that ensure habitat representation and avoid perverse incentives.

3.2 Methods

We provide a road map for constructing conservation supply curves and using them in

a manner that is consistent with desired conservation outcomes. We begin by describing

the data sources that we use to define the conservation benefits and costs faced by nations.

These two measures will be crucial in estimating the marginal cost of conservation for

every grid cell in the world, which we will use to build conservation supply curves. We

then show how to construct conservation supply curves and simulate a market to estimate

the gains from trade.

3.2.1 Data description

This work relies on multiple sources of spatial and tabular data to establish the

potential benefits and costs of conservation. We use species distribution models, spatially

explicit catch data, ex-vessel price of catch, location of existing marine protected areas,

political boundaries, and biogeographic regions to construct conservation supply curves

and simulate trade outcomes. We provide a detailed description of the data and how we

incorporate them in our work. When necessary, data sets were reprojected and rasterized

to conform to a 0.5 x 0.5 degree raster with standard WGS84 ellipsoid and datum. In

principle, these data and our approach would allow for the construction of conservation

supply curves for terrestrial or marine conservation purposes, but we will focus on the

latter.

39



A global market for marine conservation Chapter 3

Gridded data sets

We use species distribution models (SDM) from AquaMaps [54]. These provide the

probability of a species occurring on any given ocean grid cell along. The entire data set

contains information for 33,518 species. We remove 9,819 species for which SDMs were

built using less than 10 records – these species are considered data-poor or with extremely

restricted distribution and Kashner et al [54] advise not to use them in large-scale analysis.

SDM’s for the remaining species are used to compute the Habitat Suitability Index as

described in Section 3.2.2.

Our cost layer is built by combining annual ex-vessel price of seafood with spatially-

explicit data on capture fisheries. We corroborate and update taxonomy across data sets

using taxonomic data from FishBase [55] and SeaLifeBase [56] accessed via rfishbase 3.1.9

[57]. The tabular data-set on ex-vessel prices contains 97,293 distinct records taxa-specific

annual ex-vessel prices. We removed records identified as ”freshwater”, records occurring

outside the 2005-2015 period, and records with no ex-vessel price reported, leaving us

with 17,419 records. We calculate the median annual price for each species, genus,

family, order, and ISCAAP code (Acronym for the ”International Standard Statistical

Classification for Aquatic Animals and Plants”, which categorizes species into 50 groups

based on taxonomic, ecological and economic characteristics[58]).

We use spatially-explicit taxa-level reconstructions of annual catch by industrial and

non-industrial fisheries from Watson et al., [59]. We keep records between 2005 and 2015

and combine industrial and no-industrial reconstructed catch at the grid-cell-year-taxa-

level. We then combine these data with the corresponding taxa-specific price data. Price

data are not available for all species included in the reconstructed catch data set. We

therefore perform a series of hierarchical matching steps based on taxonomy. We first

attempt to match at the species-level, then by genus, then family and order, and finally
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class. The remaining groups are matched on the basis of ISCAAP groups.

Combining catch and price data allows us to calculate the cell- and species-specific

annual fisheries revenue as the product of catch of species j at time t and grid cell i (cjti)

and unit prices of species j at time t (pit). We then collapse the temporal dimension

by taking the median revenue for each cell and produce a spatially-explicit measure of

fisheries revenue R for patch i:

Ri = median

(
J∑

j=1

pitcitj

)
(3.1)

The resulting gridded data are shown in in Fig B.2.

Vector data

The gridded data described above will allow us to identify benefits and costs of con-

serving a given marine grid cell. But to construct national conservation supply curves,

we must assign jurisdiction to each cell. And to simulate bubble policies, we must also

assign each grid cell to a hemisphere, realm, and province. We assign jurisdiction based

on Version 11 of the ”Maratime Boundaries and Exclusive Economic Zones” produced

by the Flanders Marine Institute [60]. We define ”nation” as the nation state indicated

by the standard 3-letter code of the territory for each polygon in the data set. When

territory data were missing for a polygon, we used sovereign attribute instead. We assign

biogeographic attributes based on Spalding’s biogeographic regionalization which divides

the world into 12 realms and 60 provinces [61]. All vector data were rasterized onto a

0.5 x 0.5 degree and matched on a cell-by-cell basis to the cost and benefit gridded data

sets described above.

Finally, our work must account for areas that have already been protected. We

use Marine Protected Area (MPA) boundaries from MPAatlas (mpaatlas.org) and keep
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only strongly-protected areas as defined by IUCN protected area management categories,

which classify areas based on their management objectives. We keep only polygons

belonging to cateogires Ia (Strict nature reserve), Ib (Wilderness area), and II (National

park). These three categories are largely. These are the three most stringent categories,

and while they have slight differences in their objectives, they generally seek to conserve

a ”particular natural feature” or ”whole ecosystem and ecosystem processes” [62]. The

resulting data set contains 2,866 spatial features.

3.2.2 Building conservation supply curves

Our description of the benefits of conservation must capture spatial heterogeneity: the

fact that some ocean grid cells are inherently more suitable for biodiversity than others

[47]. We use species distribution models for 23,699 species available from Aquamaps,

which provide the probability of occurrence of a species across a 0.5-by-0.5 degree grid.

The probability of occurrence is modeled from the abiotic characteristics of the grid

cell, such as temperature, dissolved oxygen, salinity, and depth [54]. Importantly, these

abiotic factors are unaffected by the protection status of the grid cell or the protection

status of adjacent grid cells.

Let pij be the probability of occurrence of species j in grid cell i. We retain only grid

cells for which pij ≥ 0.5, thus represent a species’ core habitat [54]. We then calculate

the habitat suitability of grid cell i as the average probability of occurrence across all

species that inhabit it:

HSIi =
1

Si

Si∑
j=1

pji (3.2)

This represents the average suitability of grid cell i for species that reside in it. In

the extreme, all species in the grid cell i have a probability of 1.0, then HSIi = 1. Thus,
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HSIi is bounded between 0.5 and 1.

If the area of grid cell i is αi (in km2), then our measure of conservation benefit

produced by protecting grid cell i is given by:

Qi = αiHSIi (3.3)

This measure combines the area of a grid cell (αi) with the suitability of that pixel for

the biodiversity distributed in it (HSIi). Therefore, it aligns with the current wording of

international area-based targets for marine conservation [63], but without the downside

of creating a perverse incentive to conserve areas of little or no conservation benefit

[64, 65, 66]. We calculate Qi for all 52,879 oceanic grid cells that occur within the

Exclusive Economic Zone of 186 coastal nations (Fig B.1).

Multiple prioritization studies have indicated where MPAs should be sited to meet

a variety of objectives, ranging from protecting biodiversity hot-spots to blue carbon

stocks [47, 67, 53, 38]. Regardless of the goal, a prevailing barrier to action are the large

political costs that policy makers face when potentially displacing economic activities,

such as fisheries [68, 69]. Even if conservation were to create fishery benefits in the long-

run, immediate costs halt action. We therefore use fisheries revenue as a measure of the

political cost faced by policymakers. We combine high-resolution spatio-temporal data

on fisheries catch[70] and ex-vessel prices[71] to produce a spatially-explicit data set of

average fisheries revenue observed between 2000 and 2015 (Fig B.2).

With these measures of costs and benefits in hand, we proceed to build conservation

supply curves. We calculate the per-unit cost of conservation benefit for each grid cell

by taking the ratio of benefits to costs, and then rank all grid cells within a nation in

ascending order. The amount of conservation attained by protecting a grid cell is simply

Qi, which moves us along the x-axis (See Fig. 3.1). The per-unit cost of protecting that
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Figure 3.2: Conservation supply curves for 186 coastal nations. Note the large het-
erogeneity in potential conservation benefits and marginal costs of conserving.

grid cell is the marginal cost (how many dollars of fishery revenue would be displaced for

each unit of conservation attained), our y-axis (See Fig. 3.1).

Importantly, we account for presence of existing protected areas and adjust the conser-

vation supply curves by excluding grid cells within strongly protected areas (specifically,

MPAs IUCN Class Ia, Ib, and II [62]). We do this to eliminate the possibility of down-

grading or down-sizing existing protected areas [72]. Nations that have already met their

target by protecting in situ are therefore not required to protect any additional units, but

are allowed to produce additional conservation by selling conservation credits to other

nations. The resulting conservation supply curves are shown in Figure 3.2.

3.3 Results

With the conservation supply curves at hand, we now turn to the task of quantifying

the potential gains from trade. As in the stylized example in figure 3.1, we use these

supply curves to simulate a business as usual scenario (labeled BAU ) where nations can
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only protect habitat within their waters, and one where nations are allowed to trade

(labeled MKT ). We calculate the total costs incurred by each nation under each scenario

as the sum of fisheries revenue that would be displaced by the implementation of marine

protected areas, and calculate the gains from trade as the difference between scenarios.

In the market-based scenario, we also trace the cost-savings to each nation, and note

whether these arise through avoiding costs by purchasing conservation credits (these are

the ”buyers”), or through transfers that arise from conserving in other nations’ name

(these are the ”sellers”).

3.3.1 Gains under a 30% target

How much of the oceans should be protected remains unclear, and a diversity of

targets exist. However, there seems to be increasing support to protect at least 30%

of the marine environment under no-take marine reserves [73]. This target has been

incorporated into the Post-2020 Global Biodiversity Framework draft, and would seek

to meet it by 2030 [74]. We run BAU and market-based simulations with a global

conservation target of 30%. Under the BAU scenario, each nation is required to protect

habitat in its waters, while the market-based simulation allows nations to trade and

allocate protection in the most cost-effective way. We find that trade would help nations

avoid 98% of the costs. Importantly, every nation participating in the market stands to

gain from this cooperative approach (Fig 3.3).

The market-based approach reduces the costs of conservation by changing the location

where MPAs are sited (Fig. B.9). These alternative locations will either have higher HSI

and less surface area or vice versa. We track the surface area and HSI of grid cells

protected under each scenario, and find the market-based approach requires up to 0.77 -

1.23% less surface area than a BAU scenario (Fig. B.10). This indicates that a market-
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Figure 3.3: Map of savings. The color indicates whether a firm buys (blue) or sells
(red) conservation credits, and the hue indicates the magnitude of the savings, similar
to the area of the stylized ”savings triangles” described in Fig 3.1C.

based approach relocates MPAs to grid cells with more suitable habitat (i.e. higher

HSI).

3.3.2 Bubble policies

Not all ecosystems are created equally. We therefore need a way to ensure that protec-

tion targets are met within spatial units of similar ecological characteristics. In environ-

mental economics, the spatial delineation of a market is known as a bubble policy[75, 76].

One way to divide the World is on the basis of geographic location. For example, we can

divide the World into four hemispheres. Another alternative is to divide the world on

the basis of biogeographic regionalization. Biogeographic principles have been adopted

by conservation planning to design and implement marine protected areas [67, 77]. We

use the biogeographic regions defined by Spalding et al[61] to divide the world into

ecologically-coherent trading bubbles. Specifically, we implement two additional bubble

policies that restrict trade within realms (12 bubbles), and provinces (60 bubbles; Fig

B.5).
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The rules of a bubble policy warrant further explanation. A bubble policy determines

the spatial basis for the segmentation of the global market. For example, a hemisphere

policy creates four distinct markets, one for each hemisphere. A nation holds rights

(and conservation obligations) to a segment if its Exclusive Economic Zone intersects

the hemisphere. Under a 30% global target, 30% of each segment has to be protected.

Therefore, conservation credits can not be traded between hemispheres and nations can

only engage in trade on markets to which they hold rights. A nation that holds rights

to more than one market segment may be a net buyer in one segment and a net seller in

another.

But ensuring ecological representation will come at a cost. Segmentation of a market

reduces its allocative efficiency (e.g. A ”nation” bubble policy would in fact divide the

world into 186 segments on the basis of Exclusive Economic Zones, making the BAU

and market-based scenario identical). How much of the cost savings will be reduced by

dividing the world into hemispheres, realms, and provinces is indeed an empirical question

of great interest and its answer may ultimately determine the potential support for this

new institution. We repeat the process of building conservation supply curves but now

do it at the nation-hemisphere, nation-realm, and nation-province levels (B.6,B.7,B.8).

Like before, we simulate the outcomes of a 30% protection target under business as usual

and a market. We find that the gains from trade decrease as the numbers of segments

increases. But even under a strict division of the world into 60 biogeographic provinces

reduces the costs of conservation by 77.12%, relative to BAU (Fig 3.4).

3.3.3 Other conservation targets

Multiple targets, agreements, and commitments seek to dramatically increase global

marine conservation from the current 3% up to 10% (UN Sustainable Development Goals
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Figure 3.4: Gains from trade of a market for marine conservation under four bubble
policies. The y-axis shows the difference between the total costs under market and
total costs under BAU, relative to the total costs under BAU. The x-axis shows the
bubble policy implemented, with numbers in parentheses indicting the number of
bubbles implemented under each policy.

and Convention on Biological Diversity), 30% (International Union for the Conservation

of Nature), or even 50% (Half-Earth Coalition) of the ocean. These targets are all

ambitious and highlight the diversity of potential targets.

Whatever the combination of conservation target or bubble policy may be, we can

use our conservation supply curves to calculate its cost-savings. We simulate a range

of protection targets between 10% and 99% under a global market and the same three

bubble policies as before. Independent of target or bubble policy, we find that a market

always reduces the cost of conservation (Fig. 3.5). For example, 90-99% of the costs can

be avoided for the lower bound of a 10% conservation target, depending on the bubble

policy. The gains from trade decrease for a 50% target, but are still large and range

between 67-97%.
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3.4 Discussion

Twice now, we have failed to attain Marine Protected Area coverage targets in time.

And while some nations have made notable advances, the ocean as a whole remains largely

under-protected [73, 35, 78]. We posit that the main impediment is the high political

cost of closing large swaths of ocean to economic activities, and propose an institution

where nations can engage in trade to lower the costs of marine conservation. We find

that a global market for marine conservation substantially reduces the costs of attaining

any conservation target. This result holds across a range of bubble policies, although

market segmentation reduces the potential gains from trade. Under our simulations,

the market-based approach relocates MPAs to locations that would displace less fishing

revenue, requires less surface area, and sites MPAs in areas with a higher suitability
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index.

An important feature of a market-based approach is the voluntary nature of transac-

tions. This has two broad implications. Firstly, that no nation can be forced to buy or

sell conservation credits from other nations. For example, a nation with large swaths of

valuable habitat may chose not to sell conservation credits if sovereignty concerns were to

arise [79, 80]. And, secondly, every nation voluntarily participating in the market would

be better-off, relative to the BAU scenario. The extent to which nations are willing to

engage in trade will ultimately determine the cost-savings potential of a market.

Nations may be more willing to engage in trade with nations with which they already

collaborate on other fronts. We showed how biogeography could be used to guide the

design of bubble policies, but alternative bubble policies could be created on the basis of

international coalitions that jointly manage marine resources. Notable examples include

the Parties to the Nauru Agreement via the Palau Arrangement [81, 82] or the European

Union via the Common Fisheries Policy [83, 84]. Moreover, political boundaries and bio-

geographic regions are not mutually exclusive, and bubble policies could be implemented

based on their spatial intersection. As we show, this further segmentation of the market

would reduce the gains from trade but could ensure that habitat representation guide-

lines remain present within international coalitions, thus helping incentivize conservation

action.

A prevailing concern surrounding Marine Protected Areas is that these can displace

users and reallocate spatial property rights from resource users to the public interest

[85], which has raised concerns around their distributional impacts [79]. A global market

for marine conservation may help alleviate some of this concerns by placing MPAs in

areas that would produce similar conservation benefits but imply a lower displacement

cost. Importantly, this implies that nations who generally specialize in fisheries would

compensate those who specialize in biodiversity conservation. On the other hand, a

50



A global market for marine conservation Chapter 3

market-based approach may generate the concern that the government’s appraisal of a

”patch” could not accurately capture the cost borne by individual resource users who

may be displaced. To assuage this concern, nations could allocate spatial property rights

to fishers or fishing cooperatives who would in turn participate in the global market.

We make no attempt to identify optimal conservation targets, prioritize locations,

nor we advocate for a particular measure of costs and benefits. The purpose of this work

is the more modest one of presenting the steps for designing a global market for marine

conservation and calculating the gains from trade under certain simplifying assumptions.

Our choice of measures of benefits and costs measures used to build the supply curves

therefore warrants a discussion.

We use habitat-suitability-weighed area as a measure of benefits because it aligns with

the international area-based measures [63], but incorporates a flexible way of adjusting

for the differential value of habitat; the HSI allows us to discern between to grid cells

of equal-area, and assigns a greater value to the one that would be more suitable on

average. We construct our HSI assuming equal weighs for all species under the assumption

that MPAs seek to protect ecosystems and ecosystem processes, rather than individual

species or populations. However, the habitat suitability index could be re-calculated as a

weighed average that includes, for example, the species conservation status or the inverse

of the area of a species’ distribution as weighs, as previous assessments of at-risk marine

biodiversity have done [86]. Alternatively, other measures could also be used to weigh

the area of a pixel. For example, the quality of a habitat in a grid cell as determined

by bottom-up (e.g. ecological surveys) or top-down (e.g. the Ocean Health index [87])

methods.

We use fisheries revenue as a measure of the political cost that policy makers would

face when displacing fishing effort to give way to conservation. However, this excludes

other potential sources of forgone revenue, such as extraction of mineral resources or the
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potential to develop offshore infrastructure (e.g. wind farms or mariculture plants). The

extent to which costs are heterogenously distributed in space, and their relationship to

the benefits of protection, will ultimately dictate the potential gains from trade. Using

different measures of costs and benefits will ultimately change the magnitude of cost-

savings. But a market will result in gains so long as the ratio of costs to benefits is

heterogenously distributed ins pace.

Finally, we must address the potential role of climate change. We use present-day

species distribution models and recent fisheries revenue, which implicitly ignores the

redistribution of biodiversity and losses in fishery productivity that are induced by climate

change [88, 89]. While the effect of climate change on both measures is idiosyncratic

[90, 89], there is evidence that present-day MPAs might be exposed to novel conditions

by 2050 [91, 92]. The extent to which the design and implementation of MPAs will be able

to account for these changes depends on our ability to predict environmental conditions

in the ocean and the redistribution of marine biota [77, 93].

It is widely acknowledged that the ocean can play an important role in the livelihood

of millions of people, carbon sequestration, food security, among other benefits; this has

prompted calls to significantly increase global marine conservation from the current 3%

up to 10%, 30%, or even 50% of the ocean1. Under most of these proposals, conservation

obligations would be spread uniformly across nations, but the costs of meeting a given

target will differ dramatically across nations. Our work shows that the total costs of

attaining any of these targets can be drastically reduced by implementing a global market

for marine conservation, in which all nations stand to benefit. Moreover, meeting these

ambitious targets will require equally ambitious and innovative approaches that promote

international collaboration towards equitable conservation of the oceans.

1Sustainable Development Goals, International Union for the Conservation of Nature, Half Earth
Coalition
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Abstract

Nature-based climate solutions seek to remove Carbon from the atmosphere by seques-

tering it into biomass, often in the form of trees. Whales, however, store large amounts

of Carbon in their body, sequester it when they die, and stimulate primary production

through nutrient recycling. What is the monetary value of a whale’s contribution to the

Carbon cycle? The value of a whale will depend not only on the amount of Carbon

stored in its body, but also on the ecological and demographic processes associated with

each organism. I build a model that couples an age-structured whale population, its con-

tributions to the Carbon cycle, and economic principles to calculate the implied cost of

human-induced whale mortality in terms of the forgone Carbon sequestration potential.

I find that the cost ranges from $3,820 ± 1,440 (M ± SD) per Minke whale to $51,700 ±

16,000 per Fin whale. Importantly, the main Carbon cost of removing a whale accrues

due to the ensuing population dynamics of its removal, not due to the Carbon that was

once stored in said whale. Combining our estimates with catch data reported by the

International Whaling Commission, I estimate the implied Carbon cost of whaling to be

in the order of $5.9 M USD per year. These numbers may inform cost-benefit analy-

sis of whale conservation programs, or help design institutions that would link them to

nature-based climate change mitigation strategies.
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4.1 Introduction

Humans have altered the Earth’s climate by increasing atmospheric concentration

of green-house gasses, such as CO2 [94]. Pollution, habitat fragmentation and degrada-

tion, and direct resource extraction, have significantly reduced population sizes of many

plants and animals [95]. Today, climate and conservation scientists would generally agree

that we have too much CO2 in the atmosphere, and not enough plants and animals alive.

Nature-based solutions can help respond to the drivers and implications of climate change

and provide a way to conserve life on Earth [96]. In the context of climate change mitiga-

tion, nature-based solutions seek to remove Carbon from the atmosphere and sequester

it into biomass [97, 96]. Linking conservation actions to Carbon benefits can help mon-

etize the gains. This can contribute to cost-benefit analysis of policy interventions, and

provide additional sources of funding.

Sequestering Carbon into biomass is a goal of many forestry policies, and has the

potential to contribute to the conservation and climate mitigation agendas [98, 99, 100].

For example, Carbon sequestration capacity in the United States alone could be increased

by 187.7× 106 (±9.1× 106) tonnes per year by fully stocking productive forestland [101].

Many have studied the Carbon storage and sequestration potential of other terrestrial

and coastal ecosystems, such as savannas [102], marshes [103], and mangroves [104],

highlighting the potential to link climate change mitigation and conservation policies.

However, the role of marine biota has been largely neglected, with only a few studies

focusing on fish [105] or algae [106, 107].

A growing body of literature suggests that whales once played a significant role in the

Ocean’s Carbon cycle. Pershing et al., [108] estimate that present-day whale populations

of baleen whales store 9.1 × 106 tonnes less Carbon than pre-whaling populations, and

that rebuilding whale populations could remove 1.6×105 tonnes per year through sinking

55



The implied carbon cost of human-induced whale mortality Chapter 4

whale carcasses. These numbers are modest relative to other nature-based Carbon se-

questration alternatives, but a better understanding of whale’s role in the Carbon cycle

could contribute to their conservation by informing cost-benefit analysis or by linking

conservation programs with funding sources like Carbon markets. But monetizing the

value of a whale requires careful consideration of the inter-generational dynamics and

ecological processes in wild populations.

An important distinction between Carbon stored in managed forests and Carbon

stored in animal populations lies in the growth and management of the underlying stock.

Estimates of Carbon sequestration potential by forests often focus on comparing policies

that affect the growth of individual trees –or use broad measures of Carbon density– in a

managed forest [109]. This loosely implies that the maximum number of trees a replanted,

and that sequestration comes from tree growth. In wild animal populations this is akin

to somatic growth: the accumulation of biomass as an individual grows in age and size.

However, wild populations –especially those with low present-day abundances– can also

grow in size; not only do organisms grow, but they also produce offspring (which also

grow and reproduce). These inter-generational dynamics imply that the Carbon value of a

whale is composed of the Carbon stored in a whale and the Carbon sequestration potential

of the demographic and ecological processes. The value of each of these processes remains

understudied, and estimating their relative contributions is one of our contributions.

Among animals, whales are some of the best candidates to link conservation and Car-

bon sequestration policies. Their persistent low population sizes imply large potential for

recovery. And there are at lest three reasons that make whales suitable candidates for

Carbon sequestration policies: 1) they are some of the largest and longest-living organ-

isms on earth, which means Carbon in their bodies remains stored for decades or even

centuries [108], 2) when they die, a large portion of this in-body Carbon is sequestered

in deep-ocean sediments [110, 111], and 3) recent advances have shown that whales also
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enhance primary production in the ocean by recycling nutrients [112, 113] and stimulat-

ing primary production in above the mixed-layer depth [106, 107]. The combination of

these processes implies that whale conservation strategies may also contribute to climate

change mitigation via Carbon storage and sequestration [114].

Today, the Carbon sequestration potential of most whale species is limited by pre-

vailing low population values [108]. Present-day whale populations face multiple sources

of direct and indirect human-related mortality. Direct sources include harvesting, vessel

strikes, debris, and entanglement with fishing gear [115]. Indirect sources include nutri-

tional stress and disease, that result from noise pollution or poor water quality [115]. It

is difficult to precisely quantify the rate of human-induced whale mortality, but obser-

vational data can still provide some information. For example, an assessment of whale

entanglements on the U.S. west coast found that at least 10% of whales entangled in

human-made materials were found dead [116]. And data on vessel collisions show that

an average of two blue whales per year were killed by ship strikes off California[117].

Importantly, ship strikes have been historically more frequent and prevalent on the U.S

East coast and amongst more abundant whale species, such as fin and humpback whales

[118]. These numbers should be interpreted as lower bounds of human-induced whale

mortality, since many dead whales likely go unreported or undetected and fishers and

boat captains often face an incentive to not disclose these types of information.

Whales store Carbon in their body, sequester it when they die, and stimulate pro-

ductivity through nutrient transport [119, 108, 112, 113]. Human-induced whale mor-

tality halts somatic growth of the deceased individual, prevents the further stimulation

of productivity, and may also prevent the body from being sequestered depending on

how and where they are killed. But importantly, it also prevent it from having off-

spring which would contribute to these processes, therefore highlighting the dynamism of

inter-generational Carbon sequestration. What is implied Carbon cost of human-induced
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whale mortality? Here, I build a model that couples an age-structured whale population,

its contributions to the Carbon cycle, and economic principles to calculate the implied

Carbon cost of human-induced whale mortality for five baleen whale species.

The cost will ultimately depend on which whale is removed from the population, the

fate of the removed whale’s biomass, and the population size from which it is removed.

The first point relates to the fact that survival, fecundity, and mass change with whale

age. The second point recognizes that Carbon stored in a whale that is harvested for

human consumption will have a different fate than that of a whale that has been struck

by a ship and has a probability of sinking. Finally, the third reason points at the density-

dependence dynamics that arise in animal populations – removing an individual from a

small population has a larger impact on population growth than removing an individual

from a large population.

4.2 Methods

A simple framework to establish the implied Carbon cost of human-induced whale

mortality requires at a minimum three components: i) a model of whale population

dynamics, ii) a model of Carbon storage and sequestration, and iii) a way to calculate

the net-present value of whale Carbon. The first component captures the fact that a

whale and its offspring will capture Carbon over their lifetimes. The second component

addresses the process by which whales directly and indirectly contribute to the Carbon

cycle. Finally, the third component monetizes these dynamics by connecting them to the

social cost of Carbon.
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4.2.1 Model description

I use bold symbols to denote matrices and vectors, and Greek letters to denote pa-

rameters in the model. When relevant, I use sub-indices to denote specific times (t) or

age-classes (i).

Population dynamics

The general discrete-time, density-dependent, deterministic age-structured popula-

tion model builds on Jensen [120], and is given by:

N t+1 = N t + δ(M − I)N t (4.1)

N t is a α×1 vector of age-specific population sizes at time t. Parameter α denotes the

terminal age-class of the population. The parameter δ is a scalar that induces density-

dependence via total population biomass, and takes the form δ = K−B
K

(where B is the

total biomass of the population and K is the carrying capacity of the population).

Finally, M is an α × α population projection matrix and I is the identity matrix.

Letting µi and σi be the age-specific fecundity and survival, respectively, M can be

defined as follows:

M =



µ1σ0 µ2σ1 ... µασα−1 0

σ0 0 ... 0 0

0 σ1 ... 0 0

0 0 ... σα−1 0


Note that I use the birth-pulse form of the model in which reproduction occurs fol-

lowing survival, so that the number of offspring produced by age-class x is given by:

N (x, t)sx−1mx [121]. When simulating human-induced mortality, organisms are removed
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prior to any survival and growth. Age-specific survival and fecundity parameters are not

available for all whale populations, but general parameter estimates are available for ju-

veniles and adults. All age classes lower than age at maturity are assigned a fecundity

of zero, and an equal probability of survival associated with juveniles. Adults receive

a constant fecundity rate, described as the inverse of calving interval, and a constant

probability of survival (See Table 4.1). The probability of survival for the last age class

is exactly zero.

Abundances can be converted into biomass using the von Bertalanfy mass-at-age

formulation:

M(a) =M∞
(
1− e−k(a−a0)

)
(4.2)

I then define a vector M of length α that contains the corresponding mass-at-age val-

ues for our species of interest. Total biomass at each time step is then Bt =
∑α

i=1N tM .

All demographic parameters are shown in Table 4.1.

Carbon dynamics

The stock of whale Carbon at time t is then given by:

C̄t =
a∑

i=1

N itM iC
b

︸ ︷︷ ︸
In-body Carbon

+
a∑

i=1

N itM iC
p

︸ ︷︷ ︸
Stimulated

+
a∑

i=1

(1− σi)N itM iC
s

︸ ︷︷ ︸
Whalefall

(4.3)

Cb, Cp, and Cs are represent the per-kilogram parameters of in-body storage of Car-

bon, Carbon storage via productivity enhancement, and sequestration due to death and

sinking, respectively. While biological and physical activity may result in remineral-

ization of these Carbon, these processes are time-invariant and independent of whale

abundance, and thus not relevant to this exercise.
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Valuation

We must monetize the costs of damages associated to the forgone Carbon sequestra-

tion potential. The social cost of Carbon (SCC) quantifies these damages by characteriz-

ing how additional CO2 emissions today impact future economic outcomes. Specifically,

it is the discounted value of annual damages caused by 1 additional metric ton of CO2 re-

leased in period t, summed over the number of years that it is present in the atmosphere,

and discounted to period t.

The total value of whale Carbon over a horizon of length T is then given by:

PV =
T∑
t=1

θtC̄tψ

(1 + ρ)t
(4.4)

Haight et al [109] use the same formulation to estimate the present value of Carbon

sequestration in US forests when evaluating the climate change mitigation potential of

three forest management policies. Here, θt represents the Social Cost of CO2, the $ per

ton CO2 emitted in period t (See Table C.1), and ρ is the discount rate associated with

its estimation (ρ = 2.5%). Finally, ψ is the ratio of the molecular weight of Carbon

dioxide to that of Carbon (44:12), and acts as a conversion factor between C and CO2

(ψ = 3.67tCO2

1tC
).

A business as usual scenario –where current whale populations grow with no human-

induced mortality– allows me to generate a benchmark, Cbau. By simulating different

policy interventions (e.g. harvesting a single whale of age α at time t), I can calculate

the net value of said intervention, PV mrt. It follows that the difference, PV mrt −PV bau,

is the implied Carbon cost of human-induced whale mortality.
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4.2.2 Parameterization

The first module pertains to whale population dynamics (Eq. 4.1). Pershing et

al., [108] provides a summary of present-day whale population size and demographic

parameters required to construct M matrices (See Table 4.1). Survival-at-age (σα) and

fecundity-at-age (µα) are assumed to be constant across the two life stages (juveniles and

adults) as indicated by the age-at-maturity by species (αm).

The second part of the model tracks the ways in which whales contribute to the Car-

bon cycle. The first term in Eq. 4.3 points at Carbon stored in a whales body. Jelmert

and Oppen-Berntsen [122] provide the information to calculate the in-body Carbon con-

tent of a whale: A whale has a dry-weight content of 40%. From this dry biomass,

proteins and lipids account for 20% each, and have a Carbon content of 54% and 77%,

respectively. Thus, Cb = 0.4× 0.2× (0.54+ 0.77) = 0.1048 (Kg C / Kg Whale biomass).

The second term term in Eq. 4.3 pertains to the possible stimulation of primary

production induced by whales. Savoca et al [123] empirically estimate feeding rates of

baleen whales (whales eat 5 - 30% of their body-weight daily, and feed for 90 - 120 days

/ yr), which I combine with data on excretion rates and iron-content of whale feces from

Ratnarajah et al., 2014 [113], we can derive the per-Kg contribution of whales to primary

production via iron fertilization. Specifically, 1 ton of whale biomass mass results in the

fixation of 8.28 g of Carbon by Phytoplankton (i.e. Cp = 8.28 g C / Kg whale).

Finally, I must account for Carbon sequestered due to whales dying and sinking

(third term in Eq. 4.3). The estimates of whale falls vary by species and location, and

can range from 10% (for right whales) to 90% (most whales; [111, 108]). I therefore use a

conservative estimate and assume that only 50% of natural mortality events will become

whale falls (Thus Cs = 0.5× Cb).

The last part of the model monetizes the Carbon contributions of whales (Eq. 4.4). I
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Table 4.1: Demographic and mass-at-age parameters for five baleen whale species. K
represent the pre-whaling biomass (in thousand tonnes) estimates used as carrying
capacity. N0 are the present day (2011) estimates of abundance. αm is the age at
maturity, α is the maximum age attained, µ is the fecundity, σjuv and σadt are the
juvenile and adult survival rates, andm∞, k, and a0 are the von Bertalanfy parameters
for mass-at-age conversions. All parameters come from Pershing et al., 2010.

Species K N0 αm α µ σjuv σadt m∞ k a0

Fin 43,340 110 8 118 0.12 0.854 0.976 64.5 0.2 -4.8
Humpback 6,151 42 7 74 0.13 0.856 0.977 30.0 0.1 -9.4
Minke 5,060 507 9 86 0.15 0.850 0.974 6.0 0.2 -1.0
Gray 674 16 7 97 0.12 0.846 0.976 30.0 0.1 -9.4
Right 3,075 9 8 97 0.13 0.858 0.977 40.0 0.1 -9.4

Table 4.2: Other model parameters.

Parameter Symbol Value Source

Proportion of body as carbon Cb 0.1048 [122]
Productivity stimulation
(g Phytoplankton / T whale biomass) Cp 8.28 [123]
Proportion of dead biomass sequestered Cs 0.0524 [108]
Discount rate ρ 2.5% [124]

use the 2021 estimates of the social cost of Carbon produced by the Interagency Working

Group [124]. As previous estimates, these are produced from multiple runs of DICE,

FUND, and PAGE across a series of scenarios. The latest interim update seeks to incor-

porate a lower discount rate in the calculation of the SCC, identified as more appropriate

for inter-generational analysis. They provide social cost of Carbon under three discount

rates (5%, 3%, and 2.5%). Here, I use the values obtained with a 2.5% discount rate (See

Table C.1).

4.2.3 Simulations

I am interested in how the Carbon cost of human-induced whale mortality changes

with population size, fate of the whale removed from a population, and age of the whale
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harvested. I perform a series of in silico experiments to answer each of these questions

for five baleen whale species for which population status, demographic parameters, and

von Bertalanfy growth parameters are available (Table 4.1).

I use the standard computational experiment hierarchical nomenclature:

• Experiments are designed to answer a question by individually manipulating spe-

cific parameters of interest across scenarios.

• Scenarios are akin to treatments in laboratory experiments. The treatment effect

is defined as the difference between outcomes from a treatment and a control. In

our case, a ”treatment” group is a scenario with human-induced whale mortality;

a ”control” is a business as usual (BAU) scenario using identical parameter values

as the treatment scenario, but no human-induced whale mortality. Each scenario

can be composed of one or more simulations.

• A simulation is an individual model run, where a population is simulated over a

time horizon.

Stable age distributions

While current population estimates exist, the number of individuals in each age class

–known as the age structure of the population– are not available. This information is

crucial, as age-structured population models can exhibit oscillations in age structure at

the beginning of simulations (See Fig. C.1). To ensure that changes observed between

scenarios are attributable to the simulated intervention –and not to the dynamics of age-

structure stabilization– we must first identify the stable age structure of the population.

One can identify the stable age structure by simulating the population until the

population reaches carrying capacity and the number of organisms in age class is also

stable. However, this is a computationally intensive task, since the time to reach that

64



The implied carbon cost of human-induced whale mortality Chapter 4

equilibrium is unknown (See Fig. C.1). Alternatively, the stable age structure of the

population can be identified via eigenanalysis. For an α × α matrix M , there are α

eigenvalues. The dominant eigenvalue λ of M is the long-term population growth rate.

From the matrix model we can find the right (ω) and left (µ) eigenvectors ofM associated

with the dominant eigenvalue λ. These eigenvectors satisfy the conditions:

Mω = λω

µTM = λµT

The right eigenvector ω of M is the stable age distribution or the long-term equilib-

rium states (Fig. C.2). The left eigenvector µ is the reproductive value; the contribution

of age-class α to long-term population size (Fig. C.3; [125]).

I use the demographic parameters for each species to construct the population ma-

trices M and find the eigenvector ω associated with the dominant eigenvalue λ of each

population. I then use the identified stable age distribution on the last time step to gen-

erate a vector of relative population sizes, which we’ll use to determine the age structure

with which to prime our BAU and intervention simulation: N = N0 × N∑
N
. Stable age

distributions for all five baleen whale species are shown in Figure C.2.

Scenarios with human-induced mortality

Eigenanalysis allows me to determine the stability conditions of the system. But I

am concerned with the transitory dynamics of the population, and how these translate to

contributions to the Carbon cycle and discounting of costs through time. I therefore run

simulations where human-induced mortality occurs at the beginning of the simulation;

remaining organisms then survive and reproduce based on Eq. 4.1. The following sections
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describe the computational experiments and manipulation of parameters in each of them.

Source of mortality

As discussed before, whales face multiple sourced of direct and indirect mortality,

which detemrine the fate of a whale’s carcass. For example, ship-whale collisions are a

well-documented phenomenon in which the carcass often sinks. To capture this potential

differences, I run two different mortality scenarios. One of them assumes that the whale

is removed from the ocean and the Carbon in it’s body is no longer sequestered into

the deep-sea sediments. The other scenario assumes a whale would follow the same fate

as if it had died of natural causes and has a probability of sinking [111, 108]. I run

factorial combinations between source of mortality and age at which mortality occurs.

All scenarios assume a biomass-based density-dependent function, and initial population

sizes reflect the estimates of current population size reported by Pershing et al., 2010

[108].

Initial population size

The previous experiment uses current population sizes to estimate the cost of human-

induced mortality across two types of fates for the whale carcass. However, the forgone

sequestration potential is influenced by population size, because a small population has

a greater net sequestration potential than one that is already at carrying capacity. I run

scenarios for the factorial combinations between initial population sizes and age classes

at which a whale is removed from the population. I use ten initial population sizes (N0),

such that N0

K
∈ (0.1, 0.2, ..., 0.9, 1)). For each possible value of initial population size, I

run a series of simulations where a single whale is removed from a single age class at

the beginning of each simulation. For example, Gray whales have a life expectancy of 97

years. The population size experiment is thus made up of 970 independent model runs.

This experiment assumes that whales removed do not sink and therefore do not sequester

Carbon into deep-sea sediments.
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Simulating business as usual BAU

Each experiment needs a business as usual scenario against which to compare the

effect of mortality. I run the required simulations to provide the business as usual (BAU)

for each of the scenarios above. These BAU scenarios are identical to the mortality

scenarios, absent the human-induced mortality. An example of BAU population trajec-

tories for the density-dependence experiment are shown in figure C.4. A summary of the

experiments is shown in Table 4.3.

I run all simulations in the BAU and mortality scenarios out to 2050, the last year for

the Inter-agency Working Group on the Social Cost of Green House Gases reports the

annual social cost of Carbon [124]. At each time step I calculate population size, biomass,

and the contributions to the three Carbon processes (Eqs. 4.1-4.3). I can calculate the

present value of Carbon sequestration (Eq. 4.4) of each treatment scenario and compare

it to its corresponding BAU to obtain the forgone Carbon sequestration attributed to

the intervention.
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Table 4.3: Summary of experiments (rows), scenarios (columns), and simulations
(cells) used to explore the costs of human-induced whale mortality. This protocol is
applied to all five baleen whale species. Note that human-induced mortality is not
present in the Business As Usual (BAU) column.

ExperimentBAU Treatment

Mortality
source

• Default parame-
ters

• 1 run

Factorial combinations of:

• Two mortality sources:
harvesting and ship-
whale collisions

• Mortality at age Ma ∈
(1, 2, ...α− 1, α)

• 2× α simulations

Population
size

• Initial popula-
tion sizes of N0

K
∈

(0.1, 0.2, ..., 0.9, 1)

• No human-
induced mortal-
ity

• 10 simulations

Factorial combinations of:

• N0

K
∈ (0.1, 0.2, ..., 0.9, 1)

• Mortality at age Ma ∈
(1, 2, ...α− 1, α)

• 10× α simulations
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Average value of a whale

The above scenarios independently manipulate a parameter of interest. The rationale

behind running these is that we have a reason to believe the implied Carbon cost of

removing a whale from a population will depend on population status, source of mortality,

and the age of the whale removed. But given current population sizes, what is the cost

of human-induced whale mortality? Using the current population estimates reported by

Pershing et al. [108], I run 1000 simulations for each species. At the beginning of each

simulation I remove one whale from a randomly-sampled age class. The probability of

sampling a whale from an age class is proportional to the number of organisms in it. All

simulations are run to year 2050 and assume the removal of a whale’s body from the

system.

4.3 Results

Present-day whale populations of the five baleen whale species studied here store

1.12× 106 tonnes of Carbon in their body, stimulate the storage of 89.2 tonnes through

nutrient transport and fertilization, and sequester 34.4× 103 tonnes annually. If allowed

to recover, these valued would increase to 1.46× 106 tonnes of C stored in biomass, 115

tonnes via productivity stimulation, and 44.4 × 103 tonnes per year by 2050 (Fig C.5).

Importantly, if the whale-fall process remains undisturbed, it would sequester a total of

1.13× 106 tonnes of Carbon by 2050. The following results explore how human-induced

whale mortality causes deviations from these baselines.

We are concerned with how the cost of human-induced whale mortality changes across

sources of mortality (and fate of the deceased whale) and initial population sizes. Impor-

tantly, we also explore how the cost varies with age of the deceased whale, and decompose

the portion of the cost that comes from in-body Carbon of the deceased whale and the
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forgone growth and reproduction potential. These processes operate in the same way

across species, and differences are driven by changes in species-specific whale longevity,

fecundity, survival rates, and mass-at-age. To maintain the focus on the parameters and

processes of interest, I present results using Gray whales (Eschrichtius robustus) as an

example.

4.3.1 Cost by source of mortality and fate of whale carcass

The implied Carbon cost of human-induced whale mortality for gray whale species

ranges between $2,764 and $23,352 per whale for ship strikes, and between $3,220 and

$23,808 per harvested whale (Fig. 4.1A). The highest cost is attained when whales of

age 81 are removed from the population. Mortality events that prevent a carcass from

sinking can be between $294 to $455 costlier, depending on the whale’s age (Fig. 4.1B).

Note that these difference between scenarios is driven by changes in the sequestration

term in the Carbon dynamics (Fig. 4.1C; with losses of in-body Carbon and productivity

stimulation being constant across mortality scenarios). This result already hints at the

relative contribution of in-body Carbon vs the Carbon sequestration that arises from

demographic and ecological dynamics.

The age at which a whale is removed produces different population recovery pathways,

which largely govern the cost estimates. The highest immediate cost occurs for a whale

of terminal age being harvested (Right-side panel on Fig. 4.2). The intuition behind

this is that, had that whale not been extracted, it would have certainly died (Note that

M (α, α) = 0), sequestering a portion of its biomass into deep-sea sediments. However,

a whale of this age does not contribute to population growth via reproduction, and the

population quickly rebounds and converges with the BAU scenario of no mortality. On

the other hand, removing a whale of age 1 has a smaller impact on the first year (it
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contains little Carbon in it’s body), but results results in a greater long-term reduction

in Carbon sequestration.

These results highlight the importance of fate of the whale’s carcass in the estimation

of the Carbon value of whales, but also shed light on the relative value of in-body Carbon

vs. the Carbon that accrues due to ecological and demographic processes. The Carbon

stored in a whale’s body only accounts for $589 to $911 per whale, representing 3.4-28.3%

of the total implied Carbon costs (Fig. 4.3). In other words, the main Carbon cost of

whaling is due to the ensuing population dynamics, not due to the Carbon emitted from

the harvested whale. This highlights the important role that population dynamics play

in the sequestration of whale Carbon
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Figure 4.1: Fate of removed whales determine cost. A) Implied costs (y-axis) of
whale mortality due to harvesting (blue) or shipstrikes (red) across age-ranges. Panel
B shows the difference between the red and blue lines in panel A. Panel C) shows
the differences in Carbon contributions (y-axis) for a whale harvested at a given age
(x-axis) for the three different contribution pathways. The difference is calculated
as Carbon under the mortality scenario minus the Carbon under the BAU scenario.
The dotted vertical line indicates the age at maturity (αm), the dashed vertical line

indicates am50 = a0 +
ln(0.5)
−k the age at which organisms reach 50% of the theoretical

maximum mass (m∞) according to the von Bertalanfy weight-at-age relationship, and
the solid vertical line shows the maximum age (α).
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sequestration under the given mortality scenario, relative to BAU. The simulations
were selected to show the pathway of simulations where a whale is removed from the
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Figure 4.3: Comparison of value of somatic growth and reproductive growth. Panel
A) shows the implied Carbon cost for Carbon stored in a whale’s body (x-axis) and
the inter-generational Carbon sequestration potential due to reproduction and growth
(y-axis), exclusive of in-body Carbon of the harvested whale for each harvested age
(marker size). Panel B shows the in-body Carbon value of a harvested whale as a
percent of the total value of a whale (y-axis).
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4.3.2 Cost across population sizes

The initial population size from which a whale is removed also affects the recovery

pathway, and therefore the cost of losing a whale. The implied cost of a gray whale

ranges between $1,505 to $29,767 per whale, depending on its age and the number of

individuals in the population (Fig 4.4). The costs are greater for populations with low

population status, because removal of an individual induces a lag in the recovery of the

population. However, note that the age of the costliest whale also changes depending on

the initial population size.
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Figure 4.4: Implied costs (y-axis) for ten different initial population sizes (colors)
across all possible age-classes (x-axis). The circle markers indicate the highest value
along each line; the age at which costs are largest for a given initial population size.
The dotted vertical line indicates the age at maturity (αm), the dashed vertical line

indicates am50 = a0 +
ln(0.5)
−k the age at which organisms reach 50% of the theoretical

maximum mass (m∞) according to the von Bertalanfy weight-at-age relationsip, and
the solid vertical line shows the maximum age (α).
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4.3.3 Average value of a whale

The previous sections explored the role of source of mortality and fate of whale carcass,

initial population size, and age at which a whale is removed from the population. But

how do these translate to possible human-induced moralities experienced by present-day

whale populations? By simulating random human-induced moralities for all five baleen

whale species, I find that the average Carbon cost lies between $3,820 ± 1,440 (M ± SD

for Minke whales Balaenoptera acutorostrata) and $51,700 ± 16,000 (M ± SD for Fin

whales Balaenoptera physalus ; Fig 4.5). Minke whales are relatively smaller (m∞ = 6

tonnes), and their estimated present-day population size is around 80% of it’s carrying

capacity (See Fig C.4 and Table 4.1). The combination of small body sizes and high

abundances imply that the forgone Carbon sequestration potential from human-induced

mortality in Minke whales are small, relative to other species. On the other hand, current

estimates of Fin whale populations indicate they are around 14% of pre-whaling biomass,

and adult Fin whales can weigh up to 64.5 tonnes. This simulations, however, only

induce mortality in the first year of model-time and do not allow for density-dependent

interactions between whale populations and sources of mortality, or for climate feed-backs

between continued climate change and population carrying capacity.
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Figure 4.5: Implied Carbon cost of human-induced whale mortality for five species
of baleen whales. Panel A) shows the mean (± SD) implied Carbon cost resulting
from 1000 simulations where one organism is randomly removed from the population.
The age at which an organism is removed is proportional to the age-class-specific
abundance. Panel B) shows the kernel density distribution (using a bandwidth of 5
years) of ages at which mortality is induced by species.
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4.4 Discussion and Conclusions

My work produces two important findings that can help guide whale conservation

policies that seek to leverage their Carbon sequestration potential. The first one pertains

to identifying the processes that contribute the most to Carbon sequestration, and the

second one to the demographic characteristics that determine the sequestration potential.

Most of the Carbon value of a whale is determined by its contributions to population

dynamics, and less by the Carbon stored in its body. This important result highlights

that the value of ecological dynamics is greater than that of the carbon stored in the

removed organism. It follows, then, that it is the population status and demographic

characteristics of a species what will determine whales’ role in the Carbon cycle.

The implied Carbon cost of human-induced whale mortality varies depending on the

age at which a whale is removed from the population. But a general pattern prevails:

there is a sharp discontinuity at the age of maturity. After this age, adult whales are sex-

ually mature and therefore contribute to the Carbon cycle not only by somatic growth,

but also by producing offspring that in turn also accumulate Carbon and stimulate pro-

ductivity. Organisms in the terminal age class only contribute to the Carbon cycle via

sequestration into deep-sea sediments. This point reiterates the finding that a whale’s

value comes from the dynamics, not the Carbon stored in its body.

My estimates suggest that present-day whale populations of five baleen whale species

store 1.12 × 106 tonnes of Carbon in their body, stimulate the storage of 89.2 tonnes

through nutrient transport and fertilization, and sequester 34.4 × 103 tonnes annually.

Previous estimates of a whales’ contributions to the Carbon cycle suggest that recovered

whale populations could help sequester an additional 1.6×105 tonnes of Carbon per year

[108], but current recovery rates indicate that it would take at least two centuries before

attaining such numbers C.1, which become less relevant once their value is discounted.
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These values are modest compared to other coastal and marine Carbon sinks. For

example, mangrove forests in the Everglades National Park have been estimated to store

48.47×106 tonnes of Carbon [126]. Similarly, seagrass meadows world wide store between

4.2×109 and 8.4×109 tones [127], and global deep sea sediments store around 2, 322×109

tonnes of Carbon in the first meter of sediment [128]. The value and contribution of

whales to the carbon cycle is modest when compared to other nature-based solutions for

carbon sequestration in the oceans, but can nonetheless be used when estimating the

cost of direct and indirect mortality that arises from economic activities, such as whaling

and ship strikes.

A moratorium on whaling was implemented in 1985, which significantly reduced the

number of whales caught each year. However, data from the International Whaling Com-

mission (IWC) show that contemporaneous (2010 - 2020 average) whaling harvests an

average of 1,470 whales per year, and that most of the catch is comprised of Minke whales

(Fig 4.6). These numbers are attributed to commercial and non-commercial catches by

non-member nations, whales harvested under an ”Aboriginal subsistence” provision, and

sporadic reports of illegal catch by IWC member nations. A simple calculation combining

the IWC catch data with our cost estimates indicates that the implied Carbon cost of

whaling for Minke, Gray, Humpback, and Fin whales in 2020 was in the order of $5.9

million USD. This cost is likely to be higher, because whaling operations don’t randomly

extract whales and likely focus on the extraction of larger organisms.

Some have proposed using philanthropic funds to buy an annual whaling quota, and

estimate that per-whale profits to whalers range between $13,000 and $85,000 for Minke

or Fin whales harvested, respectively [129]. In contrast, our estimates of the Carbon

cost for these species are much lower, at $3,820 ± 1,440 for Minke whales and $51,700

± 16,000 for Fin whales (Fig 4.5). This shows that the Carbon value of a whale alone

would not cover the cost of buying a whaling quota, and that additional funding would
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be required.
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Figure 4.6: Whale catch from the International Whaling Commission. Panel A) shows
a time series of catch since the moratorium on whaling came into place (1985). Panel
B) shows the number of whales caught in 2020 for each species.

Another important source of whale mortality comes from non-extractive uses, such

as ship strikes and entanglements with fishing gear. An exact quantification of the mag-

nitude of these sources of moralities is difficult. And while multiple groups agree on the

general point of addressing these sources of mortality, the targets, policy interventions,

and priorities remain idiosyncratic. One way to reduce mortality from ship strikes is

by reducing the cruising speed of large vessels in ares of high whale density (i.e. via

”Vessel Speed Reduction programs” [130]). An often-cited shortcoming of this measure

is that it leads to sub-optimal cruising speeds, which increase engine load and results in

increased emissions. An exact quantification of these is still lacking, but could be directly

compared against the value of reducing speed (which reduces the likelihood of mortality

due to ship strikes [130]).

Other policies that seek to reduce whale mortality include real-time spatio-temporal

regulation of fishing and shipping activity [131]. However, these programs have only
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approached the issue of whale mortality from the conservation angle and operate on a

voluntary basis. Incorporating the Carbon value of whales may help guide the design

of alternative policy instruments. One possible approach would be to link whale con-

servation with existing nature-based climate change mitigation strategies. For example,

the United Nations REDD+ initiative seeks to finance conservation of Carbon-capturing

ecosystems [132]. While this program focuses on reducing deforestation, there is oppor-

tunity to incorporate other forms of nature-based Carbon storage to it, or to develop

alternative and more general systems that allow for the incorporation of whales.

Much of the concerns around nature-based solutions for climate change mitigation fo-

cus on the uncertainty around the accounting of Carbon stocks and flows [96]. I use the

best-available estimates to parameterize a model, but further research can help reduce

some of the sources of uncertainty. For instance, increasing the resolution of age-specific

survival and fecundity [108] will undoubtedly modify the projected stable age distribu-

tions and and reproductive value, which underpin the estimates of implied Carbon costs

reported here. I use general estimates of in-body Carbon rates for all species, but the

extent to which these differ across species been only briefly studied [113]. And while

differences in average whale value are largely driven by whale age (i.e. size), increasing

the precision of in-body Carbon estimates and species-specific demographic parameters

will ultimately reduce variation between-species. Finally, further research on the fate of

whale carcasses from ship strikes and entanglement with fishing gear can help discern

cost differences between sources of mortality [111].

My results show modest contributions of whales to the Carbon cycle, and highlight

the relative importance of ecological dynamics over in-body carbon storagewich has two

broad implications. One is that whales could potentially be incorporated to the portfolio

of nature-based solutions that seek to sequester Carbon into living biomass. The second

is that it can provide help informing estimates of non-use values of whales [133].
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Appendix A

Supplementary materials for Ch. 2

A.1 Supplementary methods

A.1.1 Balance on observables

We observe six characteristics for every vessel: flag, crew size, engine power, vessel

length, tonnage capacity, and fishing hours within PNA waters in 2014. Figure A.5 shows

the distribution of the numeric variables for each group of vessels. Table A.1 presents the

mean and standard deviation of each observable, and table A.2 shows the composition

of each group by flag. On average, displaced vessels have smaller crew sizes, more engine

power, are larger than non-displaced vessels, and fished more in PNA waters during 2014.

The largest relative difference is in terms of gross tonnage.
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Supplementary Table A.1: Mean values on observable characteristics by vessel for dis-
placed (n = 64), and non-displaced vessels (n = 254). Numbers in parentheses indicate
standard deviation. The last column contains the difference in means (t-scores), with
asterisks indicating significant differences as indicated by a two-tailed t-test (* p <
0.1; ** p < 0.05; *** p < 0.01).

Characteristic Displaced Non-displaced Difference

Crew size (n) 26.38 (3.94) 30.46 (6.25) 4.08 (6.49) ***

Engine Power (KW) 2983.6 (558.76) 2559.89 (588.28) -423.71 (-5.36) ***

Length (m) 74.23 (9.71) 68.97 (8.42) -5.25 (-3.97) ***

PNA fishing in 2014 (hours) 667.57 (489.24) 529.33 (380.11) -138.24 (-1.89) *

Tonnage (GT) 1718.14 (653.38) 1383.41 (533.56) -334.73 (-3.79) ***

A.2 Supplementary figures
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Supplementary Figure A.1: Vessel-day prices with conservation and no trading. Ves-
sel-day prices (vertical axis) are shown for a combination of reserve sizes (R in the
horizontal-axis) and different within-country movement (θ) for the country with spa-
tial closure and other countries (left - right, respectively) when there is no trading.
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Supplementary Table A.2: Proportion of vessel flags by group. Note that we do not
observe the flag for two vessels (0.78%) in the non-displaced group.

Flag Non-displaced Displaced
CHN 10.24 0.00
ECU 1.57 4.69
ESP 0.39 4.69
FSM 8.27 3.12
GTM 0.39 1.56
JPN 16.93 0.00
KIR 2.76 12.50
KOR 3.54 45.31
MEX 1.18 0.00
MHL 3.54 1.56
NIC 0.39 0.00
NRU 0.39 0.00
NZL 1.18 3.12
PAN 0.79 0.00
PHL 7.87 1.56
PNG 11.42 1.56
SLB 1.57 0.00
SLV 0.79 0.00
TWN 11.81 3.12
USA 12.20 17.19
VUT 1.97 0.00
Not reported 0.79 0.00
Total 100.00 100.00
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Supplementary Figure A.2: Change in revenues to non-conserving countries. Relative
change in revenue for countries 2 - 9 (vertical axis) for a combination of reserve sizes
(R in the horizontal-axis) and different within-country movement (θ) when there is
no trading.
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Supplementary Figure A.3: Vessel-day prices with conservation and trading.
PNA-wide vessel-day prices (vertical axis) with trading, for a combination of reserve
sizes (R in the horizontal-axis) and different within-country movement (θ).
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Supplementary Figure A.4: Effort and revenues to the conserving country with and
without trading. Effort and revenue in Country 1 are shown for a combination of
reserve sizes (R), different within-country movement (θ), and with and without trad-
ing. With trading, the relative drop in effort is always larger than the relative drop in
revenue as R increases. The exact opposite relationship holds without trading: effort
remains fixed as revenue declines with increasing R.
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Supplementary Figure A.5: Vessel characteristics for 318 tuna purse seiners. Distri-
bution of observable characteristics by vessel for displaced (n = 64), non-displaced
vessels (n = 254).
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Supplementary Figure A.6: Total revenues for all PNA countries combined.
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Supplementary Figure A.7: Financial indicators for PNA countries. A) Total annual
purse seine catch by EEZ and, B) Total annual value of purse seine catch by EEZ.
Vertical dashed line in both plots denotes implementation of PIPA.
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Supplementary Figure A.8: Annual country-level vessel-days for all PNA countries by
318 tuna purse seiners.
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Supplementary Figure A.9: Annual fishing effort (hours) on a 1-degree grid around
PIPA (red polygon) and Kiribati (black polygons).
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Supplementary Figure A.10: Longline and purse seine vessel-days in Palau during
2018 at a 0.5 degree resolution.
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1000 2000 3000

Si

Supplementary Figure B.1: Construction of our measure of conservation benefits
using a 0.5 x 0.5 grid cell. Panel A) shows the Habitat Suitability Index (HSIi),
panel B) shows the area (αi in Km2), and panel C) shows the conservation benefit
(Qi = HSIi × αi) for each grid cell.
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Supplementary Figure B.2: Median fisheries revenue (M USD; 2005 - 2015) along a
0.5 x 0.5 grid.
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Supplementary Figure B.3: Benefit to cost ratio (log-10 transformed HSI-weighed
KM2 / M USD) on a 0.5 x 0.5 grid cell.
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Supplementary Figure B.4: Histogram of habitat suitability index ”HSI”
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A B

C D

Supplementary Figure B.5: Spatial distribution of the four bubble policies intersected
with the Exclusive Economic Zones of 186 coastal nations. A) Shows a global bubble
policy, where all nations participate in a single market. B) Shows the oceans are
divided into four market segments on the basis of geographic hemispheres. C) Shows
the 12 biogeographic realms defined by Spalding wt al., 2007, and D) shows the
sub-division of realms into 60 provinces.
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Supplementary Figure B.6: Conservation supply curves for nations across four hemispheres.
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Supplementary Figure B.7: Conservation supply curves for nations across 12 biogeo-
graphic realms.
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Supplementary Figure B.8: Conservation supply curves for nations across 60 biogeo-
graphic provinces.
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Status Protected anyway Protected only under BAU Protected only under market

Supplementary Figure B.9: A market-based approach relocates some Marine Pro-
tected Areas. Colors on the map indicate whether a grid cell is protected regardless
of strategy, protected only under unilateral conservation, or protected only under a
market (yellow).
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Supplementary Figure B.10: Differences in surface area (y-axis) needed to meet a given
conservation target (x-axis). The top panel shows change in area relative to BAU,
and is represented as a percentage. The bottom panel shows the absolute difference.
Each line shows a bubble policy.
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Using simulation to find the stable equilibrium is computationally expensive. Fore exam-

ple, here I simulate each population over 1000 years. All populations exhibit the known

oscillations in age distributions at the beginning of the simulation. After 1000 years,

population structure is visually stable for all species (lines are horizontal) except Minke

whales.
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Supplementary Table C.1: Annual Social Cost of Carbon, 2020-2050 (in 2020 dollars
per metric ton of CO2) for three different discount rates. Model output by the In-
teragency Working Group reports values in five-year increments, they then use linear
interpolation to fill-in missing years (Interagency Working Group, 2021).

Year 5% Average 3% Average 2.5% Average

2020 14.48 51.08 76.42
2021 14.96 52.15 77.73
2022 15.45 53.22 79.03
2023 15.94 54.29 80.34
2024 16.43 55.35 81.64

2025 16.92 56.42 82.95
2026 17.41 57.49 84.26
2027 17.90 58.56 85.56
2028 18.39 59.63 86.87
2029 18.87 60.70 88.17

2030 19.36 61.76 89.48
2031 19.95 62.91 90.84
2032 20.53 64.05 92.21
2033 21.11 65.20 93.57
2034 21.70 66.34 94.93

2035 22.28 67.48 96.30
2036 22.86 68.63 97.66
2037 23.45 69.77 99.02
2038 24.03 70.92 100.39
2039 24.61 72.06 101.75

2040 25.20 73.20 103.11
2041 25.84 74.35 104.45
2042 26.49 75.50 105.78
2043 27.14 76.64 107.12
2044 27.78 77.79 108.46

2045 28.43 78.93 109.79
2046 29.08 80.08 111.13
2047 29.72 81.22 112.46
2048 30.37 82.37 113.80
2049 31.01 83.52 115.14

2050 31.66 84.66 116.47
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Supplementary Figure C.1: Age-specific population trajectories (y-axis) in time
(x-axis) for five baleen whale species. Age structure becomes stable (slopes are parallel
for across age classes). Note how Minke whales do not achieve stable age distribution.
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Supplementary Figure C.2: Stable age distributions for five baleen whale species. The
x-axis shows age, the y-axis shows the proportion of individuals contained in each age
class.
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Supplementary Figure C.3: Reproductive value (y-axis) by age (x-axis) for five baleen
whale species.
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Supplementary Figure C.4: Time series of relative abundance (abundance normalized
by carrying capacity) for five whale populations. The these population trajectories
are used as a baseline for the subsequent simulations where human-induced whale
mortality is introduced..
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Supplementary Figure C.5: Contribution of whales to the carbon cycle through time.
Note that the sequestration plot shows annual values, not the cumulative sequestra-
tion.
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