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Abstract

Understanding wildlife markets is central to effective conservation: it can help

managers and policy-makers to predict how interventions might influence sup-

ply and demand of wildlife products, and economic welfare of wildlife users;

and thus, design interventions which have better outcomes for wildlife and

people. Here we apply a revealed preference method of economic valuation—
hedonic price analysis (HPA)—to understand shark markets and explore the

economic costs of shark conservation for small-scale fishers. We focus on a

targeted semi-commercial shark fishery in Indonesia—which poses a threat to

some shark species, but provides important economic and subsistence value

for a coastal community in an impoverished region of Indonesia—and use

HPA to estimate market prices and welfare measures for threatened and

CITES-listed sharks. This represents a pertinent case study with practical

implications because Indonesia is the world's largest shark fishing nation,

where management interventions to reduce shark fishing mortality are

needed. However, such interventions will create short-term socio-economic

trade-offs for fishing communities, which may hamper cooperation and com-

pliance, and raise concerns regarding the fairness and equity of conservation.

Our results give significant marginal price estimates for five species of conser-

vation and commercial importance. Dusky sharks (Carcharhinus obscurus)

and bottlenose wedgefish (Rhynchobatus australiae) have the highest implicit

marginal prices, at US$ 157 and US$ 144, respectively. Our estimates suggest

that conservation measures, such as catch limits for endangered and CITES-

listed species, could have significant economic opportunity costs (i.e., 3.4–17.6%
revenue foregone) for low-income fishers. Innovative policy instruments are

required to transform shark markets and fisheries—to effectively reduce threats

to endangered species and implement CITES, whilst doing no harm to vulnera-

ble coastal communities. Methods from econometrics can help conservation sci-

entists to better understand wildlife markets, and make management decisions

which create better outcomes for wildlife and people.
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1 | INTRODUCTION

Overexploitation for commercial trade can threaten wild-
life (Broad, Mulliken, & Roe, 2002; IPBES, 2019), with
high market prices driving overexploitation and extinction
risk for many species of megafauna (McClenachan, Coo-
per, & Dulvy, 2016). However, wildlife trade regulations
and conservation interventions often fail to consider the
economic realities of wildlife use, which can lead to inef-
fective interventions with perverse socio-economic conse-
quences (Booth, Clark, et al., 2021; Challender, Harrop, &
MacMillan, 2015; Wright et al., 2016). Economic methods
can help to address this, and offer important insights for
conservation science. Firstly, understanding wildlife mar-
ket dynamics can reveal important information on trade-
driven extinction risk and drivers of exploitation
(Challender et al., 2015; McClenachan et al., 2016; McNa-
mara et al., 2016). Secondly, this information can be used
to design cost-effective management interventions, such
as: identifying leverage points within supply chains
(McNamara et al., 2016; Nuno et al., 2018; t' Sas-Rolfes,
Challender, Hinsley, Veríssimo, & Milner-Gulland, 2019);
weighing-up costs and benefits of different interventions,
and their distributional impacts (Ban & Klein, 2009;
Naidoo et al., 2006; Visconti, Bakkenes, Smith, Joppa, &
Sykes, 2015); and identifying least-cost or market-based
solutions, such as incentives or compensation (Booth,
Arlidge, & Squires, 2021; Lubchenco, Cerny-Chipman,
Reimer, & Levin, 2016; Travers, Clements, & Milner-
Gulland, 2016). Finally, market signals can also serve as
indicators of market distortions or responses to regula-
tions, to monitor the impacts of interventions (Booth,
Pooley, et al., 2020; Challender et al., 2015). These insights
can help to design conservation interventions that are
socio-economically feasible and robust to market forces.

We demonstrate this by applying consumer theory to
wildlife market transactions. According to consumer the-
ory, the utility of heterogeneous goods (and thus their
price) is derived from the utility of their implicit attri-
butes (Lancaster, 1966). For example, in property mar-
kets, the utility of a house is determined by number of
bedrooms and proximity to amenities (Anderson, 2018).
Similarly, the value of wildlife goods are determined by
attributes such as size, color, texture, species, quality and
sustainability (Hau, Ho, & Shea, 2016; Hinsley, Ver-
issimo, & Roberts, 2015; Roheim, Bush, Asche, San-
chirico, & Uchida, 2018). Hedonic price analysis (HPA) is

based on this theory. It is a revealed preference method
of economic valuation, which can be used to estimate the
implicit value of different attributes of heterogenous
goods (Lancaster, 1966; Rosen, 1974; Taylor, 2003). Most
environmental applications of HPA have been based on
property markets (Taylor, 2003) and seafood sales
(Hammarlund, 2015; Kristofersson & Rickertsen, 2004;
Roheim et al., 2018), though to our knowledge it has not
been applied to traded wildlife products.

Indonesia's shark markets provide a policy-relevant
case study for applying HPA to a conservation science
problem. Many species of cartilaginous fish (Class
Chondrichthyes, herein sharks) are threatened by over
overexploitation, primarily due to high levels of fishing
mortality in target and by-catch fisheries (Dulvy
et al., 2014, 2017; Pacoureau et al., 2021). For some spe-
cies, fishing pressure is driven in part by the high eco-
nomic value of their fins. For example, dusky shark
(Carcharbinus obscurus) and wedgefish (Rhinidae spp.)
fins sell for US$ 400–500 per kilogram in China and Hong
Kong (Hau, Abercrombie, Ho, & Shea, 2018; Wu, 2016).
As the world's largest shark fishing nation and a major fin
exporter Indonesia is a global priority for shark fisheries
and trade management (Dent & Clarke, 2014; Dulvy
et al., 2017). Moreover, as a Party to the Convention on
the International Trade of Endangered Species (CITES),
Indonesia is required to ensure that international trade is
sustainable for the 46 species listed on CITES Appendix II
(Booth, Pooley, et al., 2020; UNEP-WCMC, 2020).

However, some Indonesian fishers are highly depen-
dent on sharks for food and income, and regulation of
shark fishing and trade can result in direct costs (i.e., out-
of-pocket expenses) and opportunity costs (i.e., profits
foregone) to these fishers, who are often economically vul-
nerable (Booth, Squires, & Milner-Gulland, 2019b; Jaiteh,
Loneragan, & Warren, 2017; Lestari et al., 2017). This
raises practical challenges for shark conservation in Indo-
nesia, since high socio-economic costs may hamper fishers'
willingness to comply with regulations, and increase the
cost of monitoring and enforcement (Margavio &
Forsyth, 1996); and ethical concerns, since conservation
should respect the rights of local communities and “do no
harm” to vulnerable people (Balmford & Whitten, 2003;
Newing & Perram, 2019; Poudyal et al., 2018). As such,
management measures need to be adapted to the socio-
economic realities of shark fishing (Booth, Squires, &
Milner-Gulland, 2019b; Dulvy et al., 2017).
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Estimating the economic costs of shark conservation
for fishers requires understanding the supply-side value
of conservation-priority species. However, sharks are typ-
ically captured and sold as mixed-species bundles, with a
single price at the ex-vessel level that does not differenti-
ate by species and their implicit attributes (Fahmi,
Sarmintohadi, & Mustika, 2013; Ichsan, Simeon, Muttaqin,
Ula, & Booth, 2019). This makes it difficult to tease apart
the values of different species within the catch. We use
HPA to tackle this issue. We first show that species is
implicit in price, then develop a hedonic price function to
derive implicit marginal prices for a range of threatened,
CITES-listed and commercially important shark species.
We then use the marginal price estimates and hedonic
price function to estimate the short-term economic oppor-
tunity costs of plausible management scenarios for
selected threatened and CITES-listed species, which would
be borne by local fishers. Finally, we explore the manage-
ment implications of our findings, with a focus on how to
maximize shark conservation outcomes while minimizing
cost to local people.

2 | METHODS

2.1 | Study site

We used data on shark catches and market prices col-
lected from Tanjung Luar in East Lombok, West Nusa

Tenggara Province (Figure 1). Tanjung Luar is a landing
site and auction facility for a small-scale semi-
commercial targeted shark fishery, which primarily
operates in the Indian Ocean and Makassar Straight
(Fisheries Management Area [FMA] 573 and 713), with
occasional trips to the Java Sea (FMA 712) (Figure 1)
(Yulianto et al., 2018). At least 1,000 small-scale vessels
operate from Tanjung Luar, with around 50 specialized
vessels (Figure 1(c)) and 132 fishers using bottom and
surface longlines to target a mixture of sharks and rays,
predominantly large pelagic species (Yulianto
et al., 2018). Sharks are landed whole, and the entire ani-
mal is sold and used. Fins are traded on to international
markets, while non-fin products, particularly meat, are
consumed locally and domestically. The shark industry is
more profitable than non-shark fisheries, and shark fish-
ers report high dependency on shark fishing, limited
occupational diversity and low adaptive capacity for
shifting into other fisheries (Lestari et al., 2017). This sug-
gests there are significant socio-economic barriers to reg-
ulating shark fishing, with high potential opportunity
costs to fishers.

2.2 | Data collection

Shark landings data were collected by three trained
enumerators from the Wildlife Conservation Society
Indonesia Program (WCS-IP). Landings and auction

FIGURE 1 Study site:

Tanjung Luar shark fishery. (a).

Location of Lombok Island, West

Nusa Tenggara, and Tanjung Luar

fishing grounds in Indonesia

(FMA = Fisheries Management

Area, only those which are

relevant to Tanjung Luar are

numbered); (b) Lombok Island;

(c) Vessels used to target sharks
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prices were recorded every morning at the Tanjung
Luar shark auction facility between 5 a.m. and 10 a.m.
from January 2017 to December 2018. Data collection
methods follow established international protocols
(Jaiteh, Hordyk, Braccini, Warren, & Loneragan,
2017; SEAFDEC, 2016; Yulianto et al., 2018), with
data recorded on operational variables, catch composi-
tion and the final auction price of total catches from
each vessel/trip (Appendix S1, S1). This dataset was
collected under a Memorandum of Understanding
(MoU) and Technical Cooperation Agreement (TCA)
between the WCS-IP and the Ministry of Environment
and Forestry (MoEF), Ministry Marine Affairs and
Fisheries (MMAF) and the Marine and Fisheries
Agency (MFA) of West Nusa Tenggara Province. This
research was conducted under a foreign research per-
mit for the lead author (No. Surat Izin: 407/E5/E5.4/
SIP/2019), with ethical review and approval from the
University of Oxford Medical Sciences Interdivisional
Research Ethics Committee (MS IDREC) (ref. R66416/
RE001).

2.3 | Data preparation

We calculated total catch (number of individuals) and
estimated total weight [based on empirical total length
measurements and published length-weight relation-
ships taken from FishBase (Froese & Pauly, 2021)] per
vessel per trip. We also calculated the species composi-
tion of the catch, in terms of numbers of individuals
per species per trip; and estimated total weight per
species per trip. We grouped species into conservation-
priority species and other species. We define conservation-
priority species as Endangered or Critically Endangered
species according to the IUCN Red List of Threatened
Species (IUCN, 2020); internationally regulated species
[i.e., those listed on CITES appendices (UNEP-WCMC,
2020)]; and commercially important species [additional
species which made up more than 1% of the total
catch, or are of particularly high value in international
markets (Fields et al., 2018; Hau et al., 2016, 2018;
Wu, 2016)] (Table 1). This left 31 “other” species, pre-
dominantly consisting of small rays (family Dasyatidae)
and small requiem sharks (family Carcarhinidae),
which together made up just under 6% of total catch
for 2017–2018 (Table 1). The data were not balanced
across all species: catch is dominated by silky sharks
(Carcharhinus falciformis), which make up almost 50%
of total catch, followed by tiger sharks (Galeocerdo
cuvier, 8.3%), scalloped hammerhead sharks (Sphyrna
lewini, 7.2%), and blue sharks (Prionace glauca, 6.3%)
(Table 1).

2.4 | The hedonic pricing method

2.4.1 | Method background and justification

We adopted HPA to first test the hypothesis that taxo-
nomic composition is implicit in catch auction prices, and
then obtain marginal implicit prices and welfare estimates
for conservation-priority taxa. The principle of HPA is that
the utility provided by heterogeneous goods is based upon
the utility yielded by their various attributes
(Lancaster, 1966; Rosen, 1974; Taylor, 2003). In general, a
class of heterogeneous goods (X) can be broken down in to
a number of valued attributes X1,X2,…,Xnð Þ. A combina-
tion of these attributes, and the external factors that
affect the goods, determines the price (Equation (1)).

Price¼ f X1,X2,…,Xnð Þ ð1Þ

where, Xi (i = 1 to n) is the amount of any one of the val-
ued attributes describing a composite good.

HPA can be used to empirically estimate the implicit
price of each attribute, by regressing market prices
against a vector of explanatory variables representing the
bundle of attributes. The regression analysis derives a
hedonic price function, which indicates how much the
price of the composite good will change as the quantity
of each attribute (e.g., X1) changes, holding all other attri-
butes (X�1) constant (Appendix S1, S2). The implicit price
function for a given attribute (e.g., X1) is the partial deriv-
ative of the hedonic price function with respect to X1 (δP/
δX1). In a regression analysis, this is given by the linear
model co-efficient for X1. The value of the co-efficient
represents the buyer's marginal willingness-to-pay to
acquire an additional unit of attribute X1, all other things
equal, which is equivalent to the marginal price of the
attribute (Day, 2001; Rosen, 1974; Taylor, 2003)
(Appendix S1, S2).

In this study, total catches per trip represent the het-
erogeneous composite goods for which there is a total
auction price. Prices are based upon the utility yielded
from the marketable attributes derived from the catches,
including fins, meat, skin and liver oil. These attributes
will vary depending on taxonomic composition. Using
HPA, we regressed total auction price per trip (in US$,
using a conversion rate of 1 IDR = 0.00007 US$) against
various iterations of catch composition and control
(i.e., non-taxonomic) attributes. This enabled us to test
whether taxa are implicit in auction prices, understand
the influence of catch composition on auction price, and
use model co-coefficients to estimate implicit marginal
prices for different taxa in the fishery.

The linear models take the following form, where we
focus on estimating β, a vector of coefficients indicating

4 of 17 BOOTH ET AL.



how catch composition is associated with catch prices
(from β we can estimate the marginal implicit price of
taxa included in the model):

Pi,t ¼ f αþ β� catchð Þþ γ�otherð Þ½ � ð2Þ

where, P is the price of total catch per trip i sold at auc-
tion at time t; catch is a vector of variables describing
the taxonomic composition (attributes) of the total
catch per trip; and other is a vector of non-taxonomic
explanatory control variables, such as year and total
catch volume.

2.4.2 | Model estimation and selection

We used a linear functional form, in which regression co-
efficients represent implicit marginal prices (Benoit, 2011;
Melichar, Voj�aček, Rieger, & Jedlička, 2009; Taylor, 2003),
and tested various iterations of the catch composition vec-
tor. We investigated biologically and economically mean-
ingful catch composition attributes, based on published
literature. These attributes are inter-related, since fins
(sharks) and gill plates (mobulid rays) constitute 25–35%
of the total value of an individual (despite making up <5%
of the total weight) (Clarke et al., 2006; Wu, 2016); and the

TABLE 1 Species groupings and justifications

Family

Species
>1% of total
recorded
catch

EN or
CR CITES

International
commercial
valuea

Contribution
to total catch
(2017–2018)

Common name Scientific name n %

Aetobatidae Longheaded eagle ray Aetobatus flagellum EN None 1 <0.1

Alopidae Pelagic thresher Alopias pelagicus ✓ EN II Moderate2 196 1.5

Bigeye thresher Alopias superciliosus II Moderate2 90 0.7

Carcharhinidae Silvertip shark Carcharhinus albimarginatus ✓ Moderate2 185 1.4

Grey reef shark Carcharhinus amblyrhynchos ✓ Moderate2 305 2.3

Spinner shark Carcharhinus brevipinna ✓ Moderate2 775 5.9

Silky shark Carcharhinus falciformis ✓ II Moderate2 6,282 47.5

Blacktip shark Carcharhinus limbatus ✓ Moderate2 275 2.1

Oceanic whitetip shark Carcharhinus longimanus EN II High1 5 <0.1

Dusky shark Carcharhinus obscurus ✓ EN High1 392 3.0

Sandbar shark Carcharhinus plumbeus ✓ High1 135 1.0

Spot-tail shark Carcharhinus sorrah ✓ Moderate2 197 1.5

Tiger shark Galeocerdo cuvier ✓ Moderate2 1,103 8.3

Blue shark Prionace glauca ✓ High1 830 6.3

Lamnidae Longfin mako shark Isurus oxyrinchus ✓ EN II High1 180 1.4

Shortfin mako shark Isurus paucus EN II High1 12 0.1

Mobulidae Shortfin devil ray Mobula kuhlii II Moderate2 1 <0.1

Giant devil ray Mobula mobular EN II High1 21 0.2

Chilean devil ray Mobula tarapacana EN II High1 13 0.1

Bentfin devil ray Mobula thurstoni EN II Moderate2 26 0.2

Dasyatidae Jenkins whipray Pateobatis jenkinsii ✓ None 127 1.0

Rhinidae Bowmouth guitarfish Rhina ancylostoma CR II High1 16 0.1

Bottlenose wedgefish Rhynchobatus australiae ✓ CR II High1 280 2.1

Sphyrnidae Scalloped hammerhead shark Sphyrna lewini ✓ CR II High1 947 7.2

Greater hammerhead shark Sphyrna mokarran CR II High1 15 0.1

Stegostomatidae Zebra shark Stegostoma tigrinum EN None 17 0.1

Other [31 non-priority species] 784 5.9

aKey: 1 = For sharks, high-grade/first choice fins in international markets; for mobulids, large high-value gill plates. 2 = For sharks, second-grade fins in
international markets; for mobulids, smaller lower-value gill plates. Grading as per FAO classifications (Vannuccini, 1999).
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economic value of fins and gill plates are determined by
size, yield of fin needles, color, and texture, which in turn
vary by taxa (Hau et al., 2016, 2018; Wu, 2016). We used
catch per vessel per trip as the unit of analysis, since price
variation occurs at the vessel/trip level (Appendix S1, S3).
We compared model fits using Adjusted R-squared and
ΔAIC (Akaike Information Criterion).

We first explored the relative benefit of expressing
taxonomic composition in terms of numbers of individ-
uals (n) or weight (kg). Our preliminary results indicated
that catch in numbers is a better predictor of price than
catch in weight (Appendix S1, S3). This makes market
sense since fins and gills are the highest value derivative
products (Clarke et al., 2006; Wu, 2016). Using numbers
of individuals also reduced potential measurement bias.
We then explored the relative benefit of increasing taxo-
nomic specificity for explaining variation in price, by first
using clade (i.e., shark rand ray) then families, then spe-
cies as explanatory variables. Our preliminary results
indicated that more taxonomic specificity in the explana-
tory variables improved the explanatory power of the
model (Appendix S1, S3). For the final the regression
analyses we grouped some species into biologically and
economically meaningful groups (Table 2). For example,
hammerhead sharks and thresher sharks were grouped
by family, since there are no major species-specific dis-
tinctions within these groups in international markets.
However, silky sharks, dusky sharks and tiger sharks
could not be grouped with all carcharhinids, since there
is enough fin variation to warrant different prices for dif-
ferent species (Vannuccini, 1999; Wu, 2016).

We included non-taxonomic control variables: total
catch [in terms of numbers of total weight in kg (TW) and
number of individuals (TC)], to control for total catch vol-
ume; a categorical time trend (TEMP) to control for tem-
poral trends such as seasonal price trends and general
increases in price within the broader economy; and vessel
ID (V-ID) as a random effect, to account for variations in
relationships between vessels and buyers which might
affect prices, as well as exogenous vessel-related factors
such as vessel size, engine size, crew number, and gear
type (Table 2). For final model selection we included all
taxonomic variables, and tested the impact of removal of
non-taxonomic variables and inclusion of TC versus TW
on R-squared and ΔAIC (Appendix S1, S3).

We tested linear model assumptions (including linear-
ity, normality of residuals, homogenous variance, and
influence/sensitivity to data) and robustness using visual
inference, based on diagnostic plots, and several statistical
tests. These tests included Granger causality and Durban–
Wu–Hausman to test for endogeneity (i.e., confirm that
catch causes price, and is not simultaneously determined
with price), Breusch–Pagan Lagrange multiplier (LM) to

test for panel effects (auto-correlation/homogenous vari-
ance across entities), and Hausman to test for random ver-
sus fixed effects for vessel ID (Colonescu, 2016; Torres-
Reyna, 2010) (Appendix S1, S4).

Prior to analysis, all data rows were checked for
errors, with abnormal data points clarified or removed.
We removed trips which made negative profits and/or
caught fewer than 10 sharks in total, as these can be con-
sidered “failed trips” (based on informal discussions with
fishers, indicating that they aim to capture at least 20–30
sharks before returning to port, to at least cover operating
costs). The resulting dataset contained 581 market trans-
actions, of which 43 were removed due to missing data,
resulting in 538 observations used in final model estima-
tion. Taxonomic groups with less than 60 catch records
(<0.5% of total catch) were not included as independent
model variables, to ensure sufficient statistical power.

All data manipulation, statistical analyses and graphi-
cal outputs were prepared in R Studio (RStudio
Team, 2020), using packages “skimr,” “dplyr,” “plyr,”
and “readr” for data preparation; “lme4” for mixed-
effects modeling; “ggplot2” for plots; and packages
“AER,” “MuMIn,” “lmerTest,” and “performance” for
testing linear model assumptions.

2.5 | Estimation of economic
opportunity costs

Based on the results of the HPA we use welfare measure-
ment methods (Day, 2001; Taylor, 2003) to estimate the
economic opportunity costs of various plausible policy
scenarios to reduce fishing of conservation-priority spe-
cies. For this part of the analysis we focused only on
conservation-priority taxa for which statistically signifi-
cant co-efficient estimates were obtained in the HPA.

2.5.1 | Cost per average trip

We use price (p) multiplied by quantity (q) calculations
to estimate economic welfare changes associated with
changes in the supply of conservation-priority taxa per
average trip. The model co-efficients from the HPA are
used as a shadow price (i.e., an estimated price for some-
thing that is not normally priced or sold in the market)
per unit (p), which is valid for localized, marginal
changes (Taylor, 2003). The mean catch per trip for each
taxon (across all recorded trips) is used to estimate the
change in quantity supplied per trip (q). We use average
catch per vessel per trip, so that the changes in supply
remain small (i.e., they approximate marginal changes).
These are estimates of average economic opportunity
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costs, based on several assumptions (Appendix S1, S5),
with similar methods previously applied to labor markets
to estimate the value of statistical life (Taylor, 2003).

2.5.2 | Total change in economic welfare

For non-marginal changes in economic welfare (ΔW),
such as estimating the economic cost of large changes in
quantities of taxa supplied across the entire Tanjung Luar
fishery, the total change in welfare (across all vessels per
year) is forecast using the hedonic price function
(Equation (3)).

ΔW ¼
X

N
i¼1Pi X

1
1i,X

0
2i,…,X0

ni

� ��Pi X
0
1i,X

0
2i,…,X0

ni

� � ð3Þ

where, ΔW is the total change in welfare, or in this case
net opportunity cost, summed across all (N) vessels for a
given year; Pi(X1i, X2i, …, Xni) is the ex-ante hedonic price
function, predicted across the attributes of the ith fishing

trip (per vessel per time category) in the initial (i.e., current)
state and the new state.

We applied this equation using the estimated hedonic
price function, first to predict the hedonic price and total
value of average catches per vessel per time category in
the current state [i.e., the baseline/business as usual
(BAU) scenario], and then predict the hedonic price and
total value of average catches per vessel per time category
under three new hypothetical states based on plausible
policy scenarios to reduce fishing of three conservation-
priority species (bottlenose wedgefish, dusky sharks, and
silky sharks). We summed and compared the annual value
of the BAU and new hypothetical states, based on 2018
predictions only, to estimate a total annual value and ΔW
associated with each scenario. This method assumes no
transaction costs, and estimates an upper bound of the
welfare change associated with the attribute change
(Taylor, 2003). This does not consider potential adaptation
or substitution by fishers, however does consider concur-
rent changes in total weight associated with changes in
quantities of taxa.

TABLE 2 Explanatory variables

(attributes) included in the hedonic

pricing regression analysis

Var type Code Description Data type

Taxa ALO Number of thresher sharks (family Alopidae, 2
species)

Numeric

ALS Number of silvertip sharks (Carcharhinus
albimarginatus)

Numeric

FAL Number of silky sharks (Carcharhinus falciformes) Numeric

DUS Number of dusky sharks (Carcharhinus obscurus) Numeric

TIG Number of tiger sharks (Galeocerdo cuvier) Numeric

LAM Number of mako sharks (family Lamnidae, 2
species)

Numeric

MOB Number of devil rays (family Mobulidae, 4
species)

Numeric

DHJ Number of Jenkins whipray (Pateobatis jenkinsii) Numeric

RCS Number of bottlenose wedgefish (Rhynchobatus
australiae)

Numeric

CAR Number of “other”a carcharhinids (family
Carcarhinidae, 6 species)

Numeric

SPH Number of hammerhead sharks (family
Sphyrnidae, 2 species)

Numeric

Non-taxa TW/TC Total catch expressed as weight in kg (TW)/
number of individuals (TC)

Numeric

TEMP Categorical time trend, by season [4 seasons: East
(June–September), transition II (October–
November), West (December–March),
transition I (April–May)] by year (2 years: 2017
and 2018); 8 levels in total

Categorical

V-ID Unique ID for each vessel, included as random
effect

Categorical

aNot threatened, CITES-listed, or of species-specific commercial importance.
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3 | RESULTS

3.1 | Model outputs

Including taxonomic composition variables improves the
explanatory power of price models, in comparison to
modelling price against catch volume (Table 3;
Appendix S1, S3). The modelling process also indicated
that total weight and year were important as control
(i.e., non-taxonomic) variables, with weight as a better
variable to control for total catch volume than number of
individuals (Appendix S1, S3).

The lowest AIC/highest R-squared model was a linear
mixed-effects model including all taxa, plus total weight,
a time trend and vessel-ID as a random effect (Table 3;
Appendix S1, S3). Significant marginal prices were esti-
mated for silvertip sharks, silky sharks, dusky sharks,
bottlenose wedgefish and other carcharhinids (Table 3).
The model was a relatively good fit to the data (adjusted
R-squared = 0.65), and met model assumptions as per

diagnostic plots and tests (Appendix S1, S4). The standard
errors reflect what would be expected, given the propor-
tion of species in the catch and sample size (Table 3;
Appendix S1, S3), that is, the confidence intervals are
tightest for the species groups with the largest catches.
However, unlike the other most frequently caught spe-
cies, the co-efficient for hammerhead sharks was
insignificant.

3.2 | Price functions per taxa

Conditional plots can be derived for each variable in the
model. Each plot represents the hedonic price function
for a given taxa, which demonstrate the relationship
between total catch price (US$) and quantity of taxon
supplied, other things equal. The gradient of these plots
(i.e., the linear model co-efficients) can be interpreted as
the implicit marginal prices for each taxonomic group
included in the model that is, the marginal increase in

TABLE 3 Best-fit hedonic model

Variables Co-efficient Standard error Significance

Taxon-related Thresher sharks (ALO) 34.31 22.17

Silvertip sharks (ALS) 89.44 32.67 **

Silky sharks (FAL) 55.06 4.75 ***

Dusky sharks (DUS) 157.45 25.38 ***

Tiger sharks (TIG) 54.04 11.74 ***

Mako sharks (LAM) 58.42 40.57

Devil rays (MOB) �4.21 80.11

Jenkins whiprays (DHJ) �40.78 41.82

Bottlenose wedgefish (RCS) 143.99 33.73 ***

Other carcharhinids (CAR) �42.78 10.89 ***

Hammerheads (SPH) 13.71 12.40

Non-taxonomic (control) Total weight (TW) 0.74 0.10 ***

Temporal (TEMP) ✓

2017/transition I �21.49 145.41

2017/transition II 134.84 169.21

2017/west �4.36 147.69

2018/east 329.41 127.11 **

2018/transition I �224.11 143.21

2018/transition II 935.60 140.39 ***

2018/west 89.83 145.92

Vessel ID (V-ID) (as random effect) ✓

Adjusted R-squared 0.652

AIC 8,274.1

Note: Significance codes: *** <.001, ** <.01, * <.05. Standard error at 95% confidence intervals. Model checked for linear model assumptions and robustness

(Appendix S1, S4).
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total auction price (δP) (in US$) associated with adding
one additional individual of that taxon (δQi)
(Appendix S1, S6).

Based on this we can estimate the marginal economic
value per shark per taxon per trip. The models show that
wedgefish, dusky sharks, silvertip sharks and silky sharks
are amongst the highest value species in the fishery
(Table 4, Figure 2). For example, the marginal price of a
critically endangered wedgefish in the Tanjung Luar
shark fishery can be estimated at US$ 110–177, relative to
the average shark (p < .001). Similarly, the marginal
price of an endangered dusky shark is estimated at US$
132–182 (p < .001). On the other hand, other
carcharhinids (which includes Carcharhinus plumbeus,
C. sorrah, C. limbatus, C. amblyrhynchos, and Pricona
glauca) have negative marginal values relative to the
average shark (p < .001) (Table 4, Figure 2).

3.3 | Estimating the economic
opportunity costs of shark conservation

These price estimates allow for exploration of the eco-
nomic welfare costs (and potential benefits) of plausible
management scenarios (Table 5, Figure 3).

3.3.1 | Cost per trip

On average, 2.3 (SD 1.6) bottlenose wedgefish were
landed per trip in Tanjung Luar during the survey period.
This species is critically endangered and CITES-listed,
therefore a plausible policy scenario could be a total

catch ban. Based on a shadow price of US$ 144 per indi-
vidual, the expected economic welfare loss of a catch ban
for bottlenose wedgefish would be US$ 325 per trip (13%
of average revenue per trip), all other things equal
(Table 5). By volume, silky sharks make up the majority
of Tanjung Luar's shark catch with 16.7 (SD 13.4) individ-
uals landed per trip. Management measures such as catch
quotas are needed to implement CITES for this species.
At an implicit marginal price of US$ 55, a quota requiring
a 33% reduction in catches could reduce revenue by US$
304 or 12% per trip (Table 5), all other things equal.

3.3.2 | Total change in economic welfare

Ex-ante predictions using the hedonic price function
estimate that a 33% reduction in silky shark catches
could lead to a US$ 59,798 economic opportunity cost
per year across the fishery against a 2018 baseline of US
$ 770,959 (Figure 3). This represents a 7.8% loss. Simi-
larly, a dusky shark ban could cost US$ 47,886 (6.2%)
while a wedgefish ban could cost US$ 27,730 (3.4%)
across the fishery (Figure 3). Combining all of these pol-
icies would create a combined opportunity cost of US$
135,414; a 17.6% loss to the total value of the fishery
against the 2018 baseline.

3.4 | Non-taxonomic explanatory
variables

As well at the taxa-specific explanatory variables, total
weight, temporal trend and vessel-ID were important

TABLE 4 Interpretation of hedonic

models in marginal price terms
Taxa

Priority criteria Marginal price (US$)

Threat status CITES Estimate Sig High Low

Bottlenose wedgefish CR II 144 *** 177 110

Dusky shark EN 157 *** 182 132

Silvertip shark VU 89 ** 122 56

Silky shark VU II 55 *** 59 50

Mobula rays EN �4 75 �84

Thresher sharks EN II 34 56 12

Hammerhead sharks CR 14 26 1

Tiger shark NT II 54 *** 65 42

Mako sharks EN 58 99 17

Jenkins whipray VU �41 1 �82

Other Carcharhinids NT/VU �43 *** �31 �53

Note: Marginal price shows the additional value of a catch with the addition of one individual of the given
taxonomic group. High and low estimates are based on standard errors at 95% confidence intervals.
Significance codes: *** <.001, ** <.01, * <.05.
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variables. The total weight co-efficient (0.74) suggests
that the marginal price of an extra kilogram of catch is
US$ 0.74. The temporal variable indicates that auction
price is typically lower in Transition I and West sea-
sons, and higher in Transition II and East Season in
2018 (p < .001), with East season in 2017 as the
reference year.

4 | DISCUSSION

We used HPA to estimate implicit market prices and wel-
fare measures for threatened and CITES-listed sharks in
Indonesia. The results have important implications for
understanding the economic opportunity costs of shark
conservation to small-scale fishers, and how we might
consider these costs to communities when designing
management interventions.

4.1 | Model interpretation and
validation in the context of international
shark trade

The price estimates from the hedonic models
directionally reflect what we would expect, given the
state of international shark and ray markets at the time
of data collection, which supports the external validity of
our method and results. For example, fins from
bottlenose wedgefish and dusky sharks are two of the
most highly-valued in international markets (Hau
et al., 2018; Wu, 2016). Dusky shark fins belong to a spe-
cific category (Hai Hu Fin [海虎翅]) and can fetch US$
240–430 in China and Hong Kong (Clarke et al., 2006;
Wu, 2016). Similarly, fins from shark-like batoids (order
Rhinipristiformes) are categorized as Qun chi (群翅/裙
翅), and recognized as “king of shark fins” due to their
high quality and fin-needle yields (Hau et al., 2018;
Jabado, 2019). Processed Qun chi are sold for US$ 560/kg
on average, and can fetch over US$ 1,600/kg (Hau
et al., 2018). Silky shark “Gou” (i.e., caudal) fins are also
moderately valuable, sold for US$ 26–591 in China and
Hong Kong (Wu, 2016), and the most frequently traded
fins, based on Hong Kong retail market surveys (Fields
et al., 2018).

It is perhaps surprising that mobulid rays were one of
the less valuable taxa. However, there is a large standard
error around the estimate, which makes it statistically
indistinguishable from zero. This is likely due to the

FIGURE 2 Plots of taxa co-efficients from best-fit hedonic

models, where co-efficients represent marginal implicit prices per

taxa (i.e., US$ per individual shark)

TABLE 5 Estimates of the economic costs of shark management scenarios for priority species

Taxa

Priority criteria
Hypothetical
policy scenario

Mean catch
per trip

Estimated marginal
price (US$)

Estimated economic
opportunity cost per trip
of policy scenario (US$)

IUCN CITES High Estimate Low High Estimate Low

Silky shark VU II Reduce catch by 33% 16.7 (SD 13.4) 60 55 50 330 304 (12%) 277

Dusky shark EN Catch ban 2.5 (SD 2.1) 183 157 132 451 388 (16%) 326

Bottlenose wedgefish CR II Catch ban 2.3 (SD 1.6) 178 144 110 401 325 (13%) 249

Note: Estimated marginal prices are derived from significant model co-efficients and standard error at 95% confidence intervals (Table 3), estimated economic

cost per trip is calculated based on marginal revenue (i.e., q * p).
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small number of market transactions, yielding limited
explanatory power; and the need to combine four differ-
ent species, leading to aggregation bias. For example,
larger mobulid gills typically fetch higher values (Hau
et al., 2016), such that larger devil ray species
(e.g., Mobula mobular, which can reach up to 5.2 m disc
width) are likely to be more valuable than smaller species
(e.g., Mobula thurstoni, which typically only reach 1.8 m
disc width). In international markets, devil ray gills sell
for US$ 73–350/kg, depending on the size and quality,
though average at US$ 87/kg (Wu, 2016). Wu (2016) also
noted that some market retailers consider mobulid ray
gills a “low-price” tonic ingredient. The listing of all
mobulids on CITES Appendix II, and the full protection
of manta rays in Indonesia in 2014, may have also
impacted market prices. A species-specific assessment
may reveal more accurate and diverging prices for differ-
ent species, should sufficient data be available in the
future.

Mako sharks, hammerhead sharks and thresher sharks
make up a relatively small proportion of the international
fin trade (Fields et al., 2018). While previous studies have
claimed that hammerhead and mako sharks are classified
amongst the top grade fins (Vannuccini, 1999), more
recent studies suggest these species are not specifically rec-
ognized or valued amongst retailers in Hong Kong. For
example, Wu (2016) found one hammerhead fin in Hong
Kong valued at US$ 134/kg, while no specific categoriza-
tion was noted for mako or thresher sharks. The fins from
these species are also, on average, smaller than those from
dusky sharks, silky sharks, and wedgefish (Clarke
et al., 2006) and therefore represent lower fin needle
yields. As with mobulids, CITES-listings of hammerhead

sharks and thresher sharks in 2016 may have impacted
market values, though further investigation in to broader
market dynamics would be required to confirm this.

The other carcharhinids had negative marginal prices,
while the marginal price of the Jenkins whipray is not
statistically different from zero. However, individuals
from these taxa do not have no or negative absolute mar-
ket value. Rather, these prices represent marginal values
holding all other variables equal. Jenkins whipray have
little-to-no commercial value (other than for local meat
trade) and smaller carcharhinids fetch lower values in
the fin trade. If these species are captured, they create an
opportunity cost by taking up hold space and therefore
reducing the number of other more valuable species that
could be caught and sold. However, in the absence of
other catches, they would still be worth transporting to
market for sale. We also note that informal discussions
with shark fishers suggests there is an informational
asymmetry between fishers and traders, in which the
fishers are not aware of the relative market values of
the different taxa, which may also be obscured by the
“bundling” of the catch. As such, fishers may be unlikely
to discard these catches for high-grading purposes.

The inclusion of total weight in the model also indi-
cates that total catch volume is important as well as catch
composition. A higher volume lowers unit transaction
costs through economies of scale, thereby increasing
profits. However, the marginal value per kilogram is low
(US$ 0.74), which reflects the low value attributed to
non-fin commodities that are volume-dependent, such as
meat. This also means that species which are larger on
average, such as tiger sharks, dusky sharks and hammer-
head sharks, will add additional marginal value to the
auction price by virtue of their extra weight. For example,
a 100 kg tiger shark will add an extra US$ 74 on top of its
marginal taxa-specific value.

The co-efficients for the temporal variables may be
explained by seasonal fluctuations in supply and demand,
leading to price signals. Adverse weather during the West
monsoon and Transition I seasons (December to May)
may impact catch supply and therefore auction prices
(Yulianto et al., 2018). Transition II season (October to
November) in 2018 appears to be associated with particu-
larly high prices (p < .001), which may be indicative of a
change in supply–demand dynamics over time. Observa-
tions of mean total catch per trip over the time periods
suggests a small but significant general decline in total
catch over time. This reduced supply may be driving a
long-term increase in auction price, particularly since the
Tanjung Luar shark fishery is the only targeted shark fish-
ery in WNT province, and is therefore not closely inte-
grated by price or commodity flows with other shark
markets. This would also fit with the results of the

FIGURE 3 Estimated annual opportunity costs of policy

scenarios across the entire fishery
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Granger causality test, which implied that catch Granger-
causes (i.e., predictably forecasts) price (Appendix S1, S4).

The inclusion of Vessel ID in the linear model may be
an indicator of debt and power relationships between
boat owners and buyers (Lestari et al., 2017), and differ-
ences in skipper skill, vessel characteristics, and handling
for quality. That this effect is random suggests vessel-
specific characteristics are relatively widely felt and dif-
fuse across the fishery.

Finally, it is worth noting that while the model
explains a considerable amount of the variation in price
(adjusted R2 = 0.65) some variation remains un-
explained. This may be due to variables that were not col-
lected or included in the model, such as within-taxon var-
iation in sizes and variation in catch quality.

4.2 | The costs and benefits of managing
shark fisheries

We provide a first estimate of the potential economic
opportunity costs of shark conservation in a small-scale
fishery, and the results have implications for displace-
ment effects, market distortions, and the interplay
between conservation and social justice.

In terms of displacement, assuming perfect species sub-
stitutability, such that it is possible for fishers to switch
between conservation-priority and non-priority species, fish-
ers might need to catch 110–150% more vulnerable tiger
sharks or silvertip sharks per trip (current mean value per
trip = US$ 217 and US$ 293, respectively) to make up for
economic losses from a 33% reduction in silky shark
catches. Similarly, average economic losses of US$ 325 per
trip from a bottlenose wedgefish ban could cause even
greater displacement effects on other taxa. This raises con-
cerns regarding unintended consequences of wildlife poli-
cies, which can induce shifts toward other damaging
activities, or on to other vulnerable species and ecosystems,
with potentially perverse outcomes (Booth, Mardhiah,
et al., 2020; Booth, Clark, et al., 2021; Suuronen, Jounela, &
Tschernij, 2010). As such, any restrictions on shark fishing
should come with clear adaptation and transition plans that
can move fishers toward sustainable practices.

In the absence of displacement or adaptation, fisher
households may lose significant portions of their income.
To put our results in to context, the estimated opportunity
costs per trip are higher than the average monthly income
of shark fishers (crew) in Tanjung Luar (US$ 233) and 2–4
times the minimum monthly wage for manual workers in
West Nusa Tenggara Province (US$ 133 per month)
(Lestari et al., 2017; WageIndicator, 2020). This raises ethi-
cal concerns regarding who should bear the costs of shark
conservation, as well as compliance management issues,

whereby unacceptable social costs or large financial incen-
tives for non-compliance may render policies unfavorable
and unimplementable (Keane, Jones, Edwards-Jones, &
Milner-Gulland, 2008; Margavio & Forsyth, 1996; Smith &
Anderson, 2004). These estimates provide a first indication
of some of the socio-economic trade-offs that might result
from management measures for threatened and CITES-listed
sharks, and can inform least-cost policy formulation, through
understanding how much conservation can be achieved per
unit cost (Booth, Squires, &Milner-Gulland, 2019a; Squires &
Garcia, 2018).

On the other hand, these values also provide an eco-
nomic argument for sustainably managing shark
populations. Given declines in shark populations worldwide
(MacNeil et al., 2020; Pacoureau et al., 2021), it is unlikely
that many of these species can sustain current catch levels
in the long-term, particularly in the absence of careful man-
agement. As such, while reduced catches may represent a
short-term opportunity cost of foregone catches while
stocks re-build, they could provide long-term financial ben-
efits through a continued well-managed fishery for faster-
growing species (Simpfendorfer & Dulvy, 2017). This may
be feasible for blue and silky sharks, for example, which are
relatively faster-growing and more abundant, and for which
some examples of sustainable fisheries exist (Bonfil, 2009;
LIPI, 2018; Simpfendorfer & Dulvy, 2017). However, this
may be more challenging for critically endangered species
such as wedgefish, which require more stringent catch and
trade limits due to their extremely high extinction risk
(Kyne et al., 2020).

Despite these economic findings, we acknowledge that
it may be impractical to reduce catches of conservation-
priority species in the absence of an entire fishery closure or
large reduced catches of associated species [e.g., due to
issues with selectivity, post-release mortality, interactions
with other fisheries and economic viability (Smart
et al., 2020)]. The temptation for high-grading and dis-
carding might be high, particularly if there is no operation-
ally-feasible adaptation available to avoid catching
restricted species. Similarly, reductions in supply may lead
to increases in market prices, particularly for species with
high prices and inelastic demand (Courchamp et al., 2006).
This would further distort incentives, and may drive illegal
fishing and trade. Overall, further exploration of supply–
demand dynamics and substitutability is required to attain
more accurate estimates of opportunity cost, and likely
responses of price to market interventions.

4.3 | Future directions

Our results indicate that endangered and CITES-listed spe-
cies continue to be economically important in small-scale
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fisheries in Indonesia. This underlines the importance of
providing resources for CITES implementation, since
meaningful domestic measures must be implemented in
major shark fishing nations for CITES to drive conserva-
tion impact. Yet many of the world's largest shark fishing
nations are also highly dependent on marine resources,
necessitating a nuanced and socio-economic approach
(Booth, Squires, & Milner-Gulland, 2019a; Golden
et al., 2016). A better understand of domestic demand
(e.g., for shark meat) and local-level drivers of shark fish-
ing (e.g., for profit vs. subsistence) is needed to inform
domestic measures and fisheries management. In parallel,
demand-side countries should also play a role in driving
changes through the supply chain—for example, through
monitoring and enforcing sustainable quotas and permit
systems—to further reduce trade-driven over exploitation
of sharks. An improved understanding of the entire shark
value chain, including domestic and international price
leaders, and integration by price and commodity flows
with other markets, will be important for identifying
future market-based leverage points.

Our findings also contribute to broader debates
regarding reconciling biodiversity conservation with
social justice and human rights (Newing & Perram, 2019;
Shoreman-Ouimet & Kopnina, 2015); and in particular
the need to ensure the costs of conservation are equitably
distributed, and that conservation interventions “do no
harm” (Balmford & Whitten, 2003; Bennett et al., 2019;
Giron-Nava et al., 2021; Griffiths, Bull, Baker, & Milner-
Gulland, 2019). In small-scale fisheries, one option for
simultaneously delivering conservation and social wel-
fare outcomes could be through compensation or pay-
ment for ecosystem service schemes, which incentivize
fishers to reduce capture of the most threatened species
while maintaining their material well-being (Bladon,
Short, Mohammed, & Milner-Gulland, 2016; Booth,
Arlidge, & Squires, 2021; Wosnick, Da Costa De Lima
Wosiak, & Machado Filho, 2020). Given the high value of
the shark and ray tourism industry in Indonesia
(Mustika, Ichsan, & Booth, 2020; O'Malley, Lee-Brooks, &
Medd, 2013), it could be possible to gather funding
through tourism taxes or donations, and channel this into
conservation, including fisher compensation for eco-
nomic losses incurred from not catching sharks (Vianna
et al., 2018). Similarly, bycatch levies could be introduced
for commercial fisheries, with the funds invested in criti-
cal habitat conservation and assisting small-scale fishers
to adapt (Booth, Arlidge, & Squires, 2021; Gjertsen,
Squires, Dutton, & Eguchi, 2014; Pakiding et al., 2020).

Overall, we reiterate the importance of understanding
markets, and considering opportunity costs and distributional
impacts when designing interventions to reduce overex-
ploitation of traded species. To do so, we encourage other

conservation scientists to integrate methods from economics
into conservation decision-making, to better understand both
supply-side and demand-side drivers of overexploitation,
explore the economic and social welfare implications of con-
servation interventions, and mitigate unintended conse-
quences. This is particularly important for reducing shark
fishing mortality in small-scale fisheries, which are
influenced by both local-level needs and macro-economic
market forces (Booth, Squires, & Milner-Gulland, 2019b; Col-
lins, Bech Letessier, Broderick, Wijesundara, & Nuno, 2020;
MacKeracher et al., 2013). Rapid transformations of global
markets and local fisheries are needed to save species on the
brink of extinction, such as sawfish, wedgefish and hammer-
head sharks. Innovative socio-economic interventions and
creative institutional arrangements will be required to sup-
port these transformations, to effectively change fishing, trad-
ing and consumer behavior, and achieve positive
outcomes for sharks and people.
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