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Effective enforcement can reduce the impacts of illegal, unregulated, and unreported (IUU) fishing, re-
sulting in numerous economic, ecological, and social benefits. However, resource managers in small-scale
fisheries often lack the expertise and financial resources required to design and implement an effective
enforcement system. Here, a bio-economic model is developed to investigate optimal levels of fishery
enforcement and financing mechanisms available to recover costs of enforcement. The model is para-
meterized to represent a small-scale Caribbean lobster fishery, and optimal fishery enforcement levels for
three different stakeholder archetypes are considered: (1) a fishing industry only; (2) a dive tourism
industry only; and (3) fishing and dive tourism industries. For the illustrative small-scale fishery pre-
sented, the optimal level of fishery enforcement decreases with increasing levels of biomass, and is
higher when a dive tourism industry is present. Results also indicate that costs of fisheries enforcement
can be recovered through a suite of financing mechanisms. However, the timescale over which financing
becomes sustainable will depend largely on the current status of the fishery resource. This study may
serve as a framework that can be used by resource managers to help design and finance economically
optimal fisheries enforcement systems.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Illegal, unregulated, and unreported (IUU) fishing is a well-
known global problem threatening the sustainability of both large
and small-scale fisheries and the health of marine environments
(e.g. [1-3]). The presence of IUU fishing substantially increases the
uncertainty associated with estimating stock status and fishing
mortality, which makes determining a sustainable harvest level
challenging [4,5]. IUU fishing has been identified as a major factor
contributing to the decline, and in some cases, collapse, of a
number of fish stocks [6-8]. Other common problems associated
with IUU fishing include: ecosystem impacts, economic losses for
legal fishermen, and an increased incentive for others to overfish
[9,10]. The first study to evaluate the worldwide extent of IUU
fishing estimated global IUU fishing in 2003 to be between 11 and
26 million tonnes annually, valued between 10 and 23.5 billion
dollars [4] - a substantial amount considering that the estimated
global catch of marine capture fisheries in 2012 was 79.7 million
tonnes [11]. Given the evolving nature and importance of IUU
fishing and unsatisfied with an IUU estimate that was over ten
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years old, a 2015 FAO-led workshop proposed that the FAO should
lead an initiative to determine a new estimate and update that
estimate every 5-10 years [12]. A more recent study by Pauly and
Zeller estimated global unreported catch, the difference between
globally reported catch and a reconstructed global catch, to be 32
million tonnes in 2010, which includes not only illegal catch but
also unreported artisanal and subsistence catch, recreational
fisheries catch, discards, and bycatch [5]. Given the large scale of
the problem, determining effective, feasible methods for elim-
inating IUU fishing should be considered a high priority.

The primary driver for [UU fishing is economic incentive [10,2].
A fisher who behaves illegally in hopes of financial gain is influ-
enced by the expected costs and benefits of non-compliance
[8,13]. An enforcement system, defined as the surveillance of
compliance with regulations and the prosecution of those who do
not comply with regulations [14,15], can help to decrease the ex-
pected benefits from illegal activity and deter such behaviors. The
expected profitability of illegal fishing is a function of the en-
forcement system, and is inversely related to the enforcement
effort and probability of detection, the probability of prosecution,
and the cost of the penalty (measured in fines, the loss of future
earnings due to revoked fishing privileges, etc.) [13]. Therefore, as
any of these three aspects increase, the expected profitability of
illegal fishing will decrease. The ability for an enforcement system
to effectively deter IUU fishing in a particular fishery will also
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depend on the status of the stock, social and economic conditions
in the fishery, regulations being enforced, and spatial character-
istics of the fishery [13,15-17]

Effective enforcement of a fishery management system has the
potential to address the ecological, economic, and social implica-
tions of illegal fishing [11,18-21]. Effective enforcement can lead to
improved management outcomes by reducing biomass un-
certainty caused by unaccounted harvest, which can undermine
management efforts. Together with proper management, it can
also reduce other negative ecological impacts and assure some
level of conservation. [21,22]. The economic and social benefits of
reducing illegal fishing are likely to be substantial for developing
nations where IUU fishing threatens both food security and live-
lihoods for those who depend on local fisheries as a protein source
and means of income. Thus, effective enforcement can help to
recapture dissipated fisheries benefits [14,23]. In the absence of
IUU fishing, proper management of a stock will most efficiently
maximize revenues [20]. Despite the clear benefits most fisheries
would receive from improved enforcement, many fisheries lack an
adequate level of enforcement, particularly in small-scale fisheries
in developing countries [24,25].

Major barriers to more pervasive and effective enforcement
include significant upfront capital costs and high operational costs
of ongoing implementation [26,27]. Enforcement is generally the
most expensive aspect of fishery management costs and increasing
enforcement effort is often costly [15,13]. This is particularly a
problem in small-scale fisheries in developing countries that de-
pend on coastal fishing for livelihoods and food security, yet lack
the resources to pay for enforcement [28,29]. Often, governments,
NGOs, private investors, or a combination provide funding at the
onset of new fisheries management initiatives but are unable to
fund ongoing enforcement costs [30]. An enforcement system that
is designed to eventually be self-financing not only ensures the
sustainability of the fishery over time, but can also help to attract
the upfront investments needed at the onset of enforcement re-
form. For a cost-recovery system in which the sectors benefiting
from enforcement are responsible for financing this service, po-
tential sources of funding for ongoing enforcement effort include
license fees, taxes on landings, fines from illegal activity, and, if
applicable, taxes on a relevant tourism industry such as diving.
Cost-recovery has been used to finance the costs associated with
fisheries management primarily in developed nations including
the United States, Australia, New Zealand, Iceland, and Canada
[15,31] but has also been used in developing nations including
Uganda and Namibia [32,33]. In many cases, traditional funding
sources (e.g., funding from local and national governments, foreign
investment) are not available for fisheries enforcement. While
cost-recovery programs are not yet widespread in small-scale
fisheries of the developing tropics, this type of system has the
potential to provide funding for fisheries enforcement and man-
agement activities in locations where other funding sources either
do not exist or do not provide adequate resources for effective
management.

The basic economic theory of fisheries enforcement has been
previously developed and reported in the literature [34]. This
theory posits that instituting a particular enforcement system in a
fishery leads to a certain probability that fishers operating illegally
will be apprehended and penalized. The probability of receiving a
penalty is a function of the enforcement effort applied, the effec-
tiveness of the particular enforcement method in terms of de-
tecting violators, and the likelihood of prosecution. As profit
maximizing individuals, illegal fishers take this information into
account by including the expected penalty cost into their private
benefit function and adjusting their fishing effort accordingly. It
should be noted that this theory relies on the assumption that
fishers are profit-maximizing, which may not always be the case.

Stakeholder Archetypes

Archetype 1: Fishing industry only
Archetype 2: Dive tourism only
Archetype 3: Fishing and dive tourism industry

Fig. 1. Description of stakeholder archetypes.

Other non-monetary factors may increase compliance including
moral standards [26], social punishments for rule violators in-
cluding ostracism and social degradation [35,36], fisher involve-
ment with co-management [37], and fisher participation in co-
operatives [38].

Previous studies examined how optimal enforcement levels
depend on stock status, the economic parameters of a fishery, and
the enforcement system in place [39]. This optimal level was de-
termined by maximizing the total social benefits in the fishery,
accounting for both fishing profits as well as the cost of enforce-
ment. This study investigates optimal enforcement levels using a
bio-economic model in the context of an illustrative small-scale
Caribbean lobster fishery in Barbuda and builds upon previous
research in two important ways. First, the optimal enforcement
effort level is determined as a function of the lobster stock status
for three different stakeholder archetypes common in tropical
small-scale fishery settings, each with private industries deriving
benefits from the stock: (1) lobster fishing industry only; (2) dive
tourism industry only; and (3) lobster fishing and dive tourism
industries (Fig. 1). Second, the model is used to explore the po-
tential of sustainably financing enforcement in a small-scale set-
ting through financing mechanisms potentially available in small-
scale fisheries: (1) fishing license fees; (2) a landings tax; (3) pe-
nalties received through the enforcement system; (4) a tax on dive
tourism revenue. Therefore, the model is used to investigate the
following questions: (1) how will optimal enforcement and fishing
effort change given the stakeholder archetype and status of a
stock; and (2) how can this optimal enforcement level be financed.
This analysis may be used to help managers determine optimal
enforcement levels for a fishery given the status of the stock and
stakeholder archetypes, as well as to inform sustainable enforce-
ment financing mechanisms and appropriate time-scales of re-
covering enforcement costs.

This paper will first describe the study site, an illustrative
Caribbean lobster fishery in Barbuda. Next, the bio-economic
model will be defined, which is composed of a biological model,
dive tourism and fishery economic models, and an enforcement
model. This section also includes a sensitivity analysis to the as-
sumed starting lobster biomass and enforcement financing para-
meters. A description of how the model was parameterized for the
study site is also provided. Next, modeling results are described
that show how optimal enforcement and fishing effort depend on
stakeholder archetype and stock status, as well as how this opti-
mal enforcement can be financed. These results, along with a
discussion of important assumptions and how these results are
particularly important for the context of small-scale fisheries, are
presented in the Sections 4 and 5.

2. Methods
2.1. Study site description

This study focuses on determining optimal enforcement levels
and cost-recovery mechanisms for an illustrative Caribbean spiny
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lobster (Panulirus argus) fishery in Barbuda that includes both
fishing and dive tourism industries. Barbuda is a small island
(160.56 km?) that makes up part of the Antigua- Barbuda State,
located in the leeward islands of the eastern Caribbean. The lob-
ster fishery is the most economically important fishery in Barbuda,
with approximately 26% of Barbuda’s population directly depen-
dent on the lobster fishery as a source of income [40]. Until re-
cently, the Antigua and Barbuda Defense Force (ABDF) was tasked
with enforcing fishery regulations in Barbuda, which included
trips to Barbuda from the headquarters in Antigua once or twice a
month [41]. In 2012, compliance with the lobster fishery regula-
tions was estimated to be 63.2% and increasing compliance and
enforcement in the lobster fishery was identified as a priority to
avoid growth overfishing [40]. The 2014 Barbuda Fisheries Regula-
tions and The Barbuda Costal Zoning and Management Regulations
resulted in the establishment of five marine reserves and defined
fishery fees, diving fees, and fishery violation fines.

2.2. Bio-economic model

For each stakeholder archetype in this small-scale fishery set-
ting, a dynamically economically optimal legal harvest level for the
lobster fishery is derived assuming no illegal fishing occurs. This
optimal harvest level, which can be thought of as the lobster
fishery's Total Allowable Catch (TAC), is a function of lobster stock
biomass and maximizes industry-derived benefits. Once the opti-
mal legal TAC for the fishery is determined, illegal fishing is in-
troduced to determine an optimal enforcement level that max-
imizes a net social benefit function, which includes both industry
benefits and enforcement costs. As part of this optimization, the
level of illegal fishing that occurs each year is determined as a
function of biomass and enforcement effort. Finally, the model is
used to examine how and over what time scale the costs of en-
forcement can be financed through cost-recovery using the four
financing mechanisms.

2.2.1. Biological model

A simple discrete logistic model [42] is used to describe po-
pulation growth of the Caribbean spiny lobster Panulirus argus and
calculate stock biomass (B) at an annual time step (t) after total
annual catch (Q;) from the fishery has been removed:

parp B

By = Bt+TBt—7—Qt %))
Where r is the estimated intrinsic growth rate parameter and K is
the lobster population's carrying capacity.

2.2.2. Economic model

A modification of the economic model described in [43] is used
to calculate revenue generated from a fishing industry and dive
tourism industry for the 3 stakeholder archetypes: (1) fishing in-
dustry only; (2) dive tourism industry only; and (3) dive and
fishing industries. Revenue generated from both the fishing and
dive tourism industries are assumed to be functions of lobster
stock biomass (B).

2.2.2.1. Dive tourism model. The following equation described by
Sala et al. [44] defines the relationship between the marginal value
(P;) of dives given lobster biomass:

Pt = (10+(1]D[+(123t (2)

Where D; is the number of dives occurring in each year t, B; is the
lobster biomass in each year, ap is a dive tourism value parameter
that represents the value of the first dive even without any lobster
biomass in the water, a; is a dive tourism value parameter that

reflects the assumption that additional dives (after the first dive)
are marginally less valuable, and a; is a dive tourism value para-
meter that describes the assumed positive linear relationship be-
tween dive value and lobster biomass. The number of dives that
maximizes dive tourism revenue is then described as follows:

B
D, =%+ @bt
T 2a 3)
Using Eqgs. (2) and (3), the optimal price per dive is determined
as:
ag + a2 Bt
= 20T R 0B
ue a0+( — )+az t @)

And finally, the total revenue generated from the dive tourism
industry in archetypes 2 and 3 is calculated as:

Rt =Duy (5)

By including this relationship in the profit functions for ar-
chetypes 2 and 3, profits are generated not only by harvesting fish
out of the water, but also by non-extractive activities when some
fish are left in the water. This changes the dynamic for de-
termining optimal catch levels and enforcement effort.

2.2.2.2. Fishing industry. The model is used to determine a dy-
namic optimal legal harvest level (or TAC, denoted by Q/) for the
lobster fishing industry and the corresponding actual harvest re-
sponse that includes illegal fishing (Q;) using a 2-step optimization
process. For archetype 2, which assumes only a dive industry is
present, Q=0 because no legal fishery exists for this archetype.
For archetypes 1 and 3, Q/ is determined by maximizing the
present value of a private industry benefit function that includes
the fishing industry, the dive tourism industry, or both ( z*, Egs.
(6) and (7) below). These equations are used to find the optimal
TAC, as a function of lobster biomass, that maximizes net present
value (NPV) of the fishing and/or diving industries present as-
suming that no illegal fishing occurs. The private lobster fisher
benefit function for archetype 1 () is defined as:
%2

7 =PQ§"‘—C?§ —-L—v:Qf 6)
Where, p is the price paid per unit weight of total legal lobster
catch (TAC) (USD/kg), c represents the cost of lobster fishing (USD/
kg), L is the cost of fishing licenses for the entire lobster fishing
fleet (USD), and v is the tax paid per unit weight of catch of lobster
(USD/kg).

The private combined lobster fishing and dive tourism benefit

function for archetype 3 (%) is defined as:

*2
i :PQ:*—C?i —L—v:Q{+(1 — wo)R; 7
Where w; is an assumed tax placed on the dive tourism industry
revenue.

Given the optimal TAC calculated above (Q/), the actual total
annual catch response (Q;) landed by both legal and illegal fishing
is determined by maximizing a modified private industry benefit
function () that allows for illegal fishing to occur (Q;> Q/). The
private industry benefit function used to determine Q. for each
archetype are defined as:

2
7,1 =PQt—C%: —fp(e)Q—Q¢) — Li—vQf* )

a2 = (1 — W)R; 9
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2
R3 =PQ-CE ~fp(e)(Q-QF) -~ L Qi+ - WoR,

t (10)
Where, fo(e:)(Q: —Q/) represents the total expected fine illegal
fishers will be levied (USD) given a fine parameter f (USD/kg), the
probability of receiving a fine (¢) given the enforcement effort
level (e), and the amount of landings that exceed the legal harvest
level. Note that while Eq. (9) only includes dive tourism profit due
to the definition of this archetype, illegal fishing will still occur
when it is profitable to do so (thus illegal catch Q; for archetype
2 will be [p - f¢(e;)B:1/(2c) anytime this number is positive, and
zero otherwise). The method for determining the enforcement
level e is discussed in Section 2.2.3.2. For all archetypes, the actual
catch calculated each year (Q,) is incorporated into the biological
portion of the model to calculate the lobster biomass (B;) for the
following year (Eq. (1)).

2.2.3. Enforcement model

2.2.3.1. Enforcement parameters. The probability of an illegal fisher
being detected, apprehended, prosecuted, and fined (¢) is assumed
to be a function of the enforcement effort level (e;), which can
range from O to 1. There are several functional forms that could be
used to describe this relationship, although for this study the
following form is used [43]:

o) = e;; 0<e<0. 1
du(e) = a+b In(e); 0. 1<e<1 an

where a represents the detection probability at the maximum
enforcement effort level (which occurs when e= 1). The natural
log of enforcement effort is used to change the shape of the curve
to represent diminishing returns with marginal increases in en-
forcement effort — this is an assumption the authors make and
consistent with previous studies [43]. Since the natural log of 0 is
undefined, ¢ was assumed to be linearly proportional to e, for
effort levels between 0 and 0.1.

The cost of enforcement (C) given the enforcement effort level
(e) at each time step (t) is defined as:

Ce(er) = Go{t =0}
G(e) = npbethmax(cfuel + npocpo){t >=1) (12)

Where C, represents fixed enforcement costs associated with the
investment in enforcement materials. C; for t > 1 describes annual
variable costs, where np;, is the number of patrol boats, e is the
enforcement level ranging from O (no enforcement) to 1 (max-
imum enforcement), h,. represents the maximum number of
patrol vessel hours in a year, Gy, is the hourly fuel cost of oper-
ating one patrol boat, np, is the number of patrol officers per patrol
boat, and G, is the hourly rate per patrol officer.

2.2.3.2. Determining optimal enforcement effort and financing rev-
enue streams. To determine the optimal enforcement effort for
each archetype, net social benefit functions are first defined for
each archetype (x:1 X¢> and x,3) that include: the private industry
benefit(s) for that particular archetype (7, defined in Egs. (8), (9),
and (10) above); the costs of enforcement given enforcement ef-
fort (C(e)); and financing revenues generated by a fishing license
fee, a landings tax, penalties received through the enforcement
system, and a tax on dive tourism revenue. Note in Eq. (14) that
since no legal fishery exists for archetype 2 by definition, any catch
is illegal and subject to being fined if detected.

Xe1= m1— Ce(er) + fp(e) Qe — QF) + L + Q[ 13)

X2 =m2 — C[(et)‘i‘fl/)(et)(Qt) + WeR; (14)

Xe3 = m3 — C(e) + fp(e)Qr — Q) + Ly + viQf + WeR; 15)

For each archetype, the dynamic optimal enforcement effort (e)
is determined by finding the enforcement effort as a function of
biomass that maximizes the NPV of social benefit x over a time
period of a 20-year time horizon and a discount rate of 0.05.
Twenty years was chosen in order to allow the system to reach
equilibrium conditions, while it is also assumed to be short en-
ough to represent a meaningful time horizon for the social plan-
ners of this illustrative Caribbean lobster fishery. The total costs of
enforcement alongside the financing revenue streams are also
found at each time step to determine at what time (if any) social
planner revenue exceeds enforcement costs. This is later referred
to this as the social planner break-even point.

2.2.3.3. Determining enforcement effort necessary to eliminate illegal
fishing. An additional analysis is conducted to determine the en-
forcement effort, as a function of lobster biomass, necessary to
completely eliminate illegal lobster fishing and thus perfectly
achieve the legal harvest level (TAC) for each archetype. These
enforcement levels are allowed to be higher than the optimal le-
vels. For each archetype, the additional cost needed to achieve this
enforcement effort is also found. Although this enforcement effort
is thus not economically optimal, it may be more desirable from a
social or conservation perspective.

2.3. Sensitivity analyses

2.3.1. Impacts of initial stock status

The impact of starting stock status (B/Bysy at t=1) on optimal
enforcement effort levels and costs, social planner break-even
point, financing revenue streams, and net social benefits is in-
vestigated by running the bio-economic model and enforcement
model for initial stock levels of B/By;sy=0.4, 0.8, 1.2, 1.6, and 2.0
(Table 1). This is done for each of the three archetypes.

2.3.2. Impact of financing mechanism parameters

The sensitivity of the results to the landings tax, enforcement
fine, tourism revenue tax, and fishing license fee parameter values
is investigated. Each parameter is run over the range of values
specified in Table 1 while all other parameters are held at their
base value.

2.4. Model parameterization

Parameters were chosen that are representative of the lobster
fishery of Barbuda (Table 2). In some cases, parameters are drawn
directly from the Barbuda lobster fishery. In other cases, when
data were not directly available, reasonable estimates were chosen
that are representative of conditions in a small-scale fishery based
on previously published data of other small-scale fisheries, per-
sonal observations, and personal communications with local ex-
perts [41].

Table 1

Sensitivity analysis of input parameters, including the values used in the base
model and the range of values examined to determine the model's sensitivity to
each parameter.

Parameter Base value Range examined
Starting stock biomass (Bo/Busy) 0.5 0.4-2

Landings tax (% of total landings value) 5 2.5-25

Cost of fishing license ($/year) 18 0-895

[llegal fishing fine (scalar to landings price) 100 25-250

Tourism tax (% of total dive tourism revenue) 5 2.5-25
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Parameter Value Units Description Reference
Biological r 0.798 - Intrinsic growth rate [45].
K 129 E+06 kg Carrying capacity Estimated; See S.I.
Economics c 7 UsD/ kg Cost of fishing per kg Personal communication with Barbuda Fisheries
Division
p 10 USD/kg Price for kg of landed lobster Personal communication with Barbuda Fisheries
Division
d 0.05 - Discount rate Assumed
Tourism ) 9.64 usDh Tourism parameter O [44].
ap —0.003 USD/dive Tourism parameter 1 [44].
az 0.000122  USD/kg Tourism parameter 2 Estimated; See S.I.
Enforcement a 0.25 - Probability of receiving a fine parameter Estimated; See S.I.
b 0.1026 - Probability of receiving a fine parameter [43].
Cey) {t =1} 60,000 ush Fixed cost of enforcement at time O Personal communication with Barbuda Fisheries
Division
Mpp 3 Boats Number of patrol boats Assumed
Nimax 2920 Hours Maximum number of patrol vessel hours in a Assumed (365 days/year at 8 hours/day)
year
Mpo 2 Officers/boat Number of patrol officers per boat Assumed
Chuel 291 USD/hour/boat  Cost of fuel per patrol boat per hour Personal communication with Barbuda Fisheries
Division
Coo 30 USD/officer/hour Salary per patrol officer per hour Personal communication with Barbuda Fisheries
Division

2.4.1. Biological model

The population's intrinsic growth rate parameter (r) was bor-
rowed from the Jamaican spiny lobster population [45]. Informa-
tion from the Barbuda spiny lobster fishery was used to estimate
the carrying capacity (K). At the time of the last assessment in
2013, it was determined that the Barbuda lobster fishery was
being harvested at a sustainable level, [40]. Thus, annual landings
were assumed to equal MSY. Data on total annual landings in the
Barbuda lobster fishery were not available, but an approximation
of total annual landings was calculated using known fishery
parameters from [40] (Table 3):

MSY = number of fishing vessels * average trips per vessel per

year * average catch per trip (16)
K was then calculated using the relationship:
4MSY
K =
. a7

2.4.2. Economic model

Model parameters used to define the costs and revenues gen-
erated from lobster fishing were reasonably assumed based on
personal communication with local experts.

2.4.3. Dive tourism model

Although no data currently exists on the relationship between
fish (or lobster) biomass in the water and dive frequentation, 50%
of all dives in the Caribbean take place within a marine reserve,
indicating divers’ preference to frequent areas with more abun-
dant marine life [47]. Currently there is little to no dive tourism in
Barbuda. However, the recent establishment of five marine re-
serves in Barbuda waters may increase the island’s attraction to
divers and present an opportunity expand the tourism dive in-
dustry. Diver preference parameters ag and a; (Egs. (2), (3), and
(4)) are taken from the Medes Islands Marine Reserve in Spain
[44]. a, is estimated by assuming that the maximum possible
tourism revenue (generated when the stock is at carrying capacity

Table 3
Information from the literature used to derive the carrying capacity (K).

Parameter Value Units Description Reference

Number of legal fishing 34 Vessels - [40].
vessels

Average landings per trip 63 kg/trip - [40].

Average trips per year per 120  trips - [46].

vessel

K) should be equal to the maximum sustainable fishery revenue
(generated when the legal catch is at MSY). By making this as-
sumption, the fishing and tourism industries are normalized in
order to draw more intuitive results from model simulations.

2.44. Enforcement model

The number of patrol boats (n,,), number of patrol officers per
boat (n,,), and maximum number of patrol vessel hours in a year
(hmax) were assumed to be three, two, and 2920 respectively
(Table 2). The cost of fuel per patrol boat per hour (Cp,) and the
salary per patrol officer per hour (C,,) are based on personal
communication with the Barbuda Fisheries Division and published
values [41] (Table 2). These values were used to determine the
variable enforcement cost using Eq. (12).

To determine the relationship between enforcement effort and
the probability of detecting illegal fishing (Eq. (11)), it is assumed
that the probability is proportional to the amount of area patrol
vessels are able to cover in a day relative to the total fishing area.
Barbuda's waters include an estimated total fishing area of
886 km? [46]. Patrol vessels were assumed to patrol for 8 h a day
at an average speed of 15 knots, and each cover a 27 km swath
(13.5m line of vision on either side of the vessel). Given these
assumptions, one patrol vessel could cover a total area of 216 km?
over 8 h, or approximately 25% of the total fishing grounds. As-
suming 3 patrol vessels patrolling for 8 h a day, 100% enforcement
effort corresponds to covering 75% of the total fishing area. As-
suming fishers operate 24 h per day, a is calculated to be 0.25
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Fig. 2. Probability of receiving a fine as a function of enforcement effort for the
Caribbean spiny lobster fishery.

(such that when enforcement effort is equal to 1, the detection
probability is 25%). Currently, no data exists from a small-scale
fishery the Caribbean to determine the shape parameter b, thus,
this value is borrowed from the enforcement detectability of patrol
vessels in the Kattegat and Skagerrak nephrops fishery [43]. Using
Eq. (11) and these parameters, the relationship is shown in Fig. 2.

3. Results

3.1. The impact of biomass and archetype on optimal effort levels,
optimal enforcement levels, and illegal fishing effort

For each stakeholder archetype (Fig. 1), the model finds the
optimal annual fishing effort and dynamic optimal enforcement
effort as functions of stock biomass (B/Bysy) (Fig. 3a and b). The
optimal fishing effort (and TAC) increases as lobster biomass in-
creases for archetypes 1 and 3 - there is no legal fishing effort for
archetype 2, which only has dive tourism (Fig. 3a). For archetype 1,
the optimal fishing effort is zero when lobster stock biomass is
below B/Bysy=0.6 and then increases with increasing biomass.
Similarly, the optimal fishing effort for archetype 3 is zero when
lobster biomass is below B/Bysy=1.0 and then increases with in-
creasing biomass. Above B/By;sy=0.6, optimal fishing effort for
archetype 1 is always greater than for archetype 3.

For all three stakeholder archetypes, optimal enforcement ef-
fort is highest when lobster biomass is low, and decreases as
biomass increases (Fig. 3b). Optimal enforcement effort is always
the highest in archetype 2, which consists of only a dive tourism
industry. At low biomass levels, the optimal enforcement levels for
archetypes 1 and 3 are the same. At B/By;sy=0.1, enforcement ef-
fort for archetypes 1 and 3 is about 0.23 while enforcement effort
for archetype 2 is only slightly higher at about 0.24 (corresponding
to roughly 1.82 and 1.91 h of surveillance per day, respectively).
However, at higher biomasses (B/B)sy > 0.6), optimal enforcement
levels are higher for archetype 3 than archetype 1. When
B/Bnsy=0.8, enforcement effort is equal to 0.2, 0.24, and 0.23 for
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archetypes 1, 2, and 3 respectively (corresponding to roughly 1.59,
1.91, and 1.82 hours of surveillance per day, respectively). Thus
when biomass is high enough, optimal enforcement levels are
highest when both fishing and dive tourism are present. Notably,
optimal enforcement efforts are always substantially lower than
1 regardless of archetype - therefore it is never optimal to employ
100% surveillance.

The model is also used to determine how the optimal fishing
effort and optimal enforcement effort affect illegal fishing effort
(Fig. 3c). For all three archetypes, illegal fishing effort is influenced
by archetype, biomass level, and enforcement effort. Illegal fishing
effort increases as the biomass increases, reflecting increased
profitability of illegal fishing when more fish are in the water. For
low biomass levels (B/Bysy < to 0.5), illegal fishing effort for all
three archetypes is zero, reflecting the high enforcement levels for
these conditions. For higher biomass levels, illegal fishing effort is
highest for archetype 2, followed by 3 and 1 respectively, which
have relatively minimal illegal fishing regardless of stock status.
Archetype 2, which by definition has a legal fishing effort of zero,
has significant illegal fishing above B/Bjsy=1.

Finally, the model is used to determine the additional en-
forcement effort and associated enforcement cost necessary to
fully eliminate illegal fishing for each archetype (Fig. 3d and e). At
stock conditions below B/Bpsy=0.5, the economically optimal
enforcement effort already eliminates illegal fishing, so there is no
need for additional enforcement. Above this biomass, however, the
enforcement effort necessary to eliminate illegal fishing is higher
than the economically optimal enforcement effort for all three
archetypes. The additional enforcement effort necessary to elim-
inate illegal fishing at B/Bysy=1.2 is 0.001, 0.025, and 0.005 for
archetypes 1, 2, and 3 respectively. The corresponding additional
annual enforcement cost is $531, $14,045, and $2664 for the ar-
chetypes 1, 2, and 3 respectively. This additional enforcement ef-
fort, and associated cost, is highest for archetype 2. Since by de-
finition there is no legal fishing allowed for this archetype at all,
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this archetype requires the highest enforcement effort to fully
disincentivize illegal fishing.

3.2. Financing enforcement

While the above results demonstrate that in many cases it is
economically optimal to monitor and enforce a fishery, financing
that enforcement effort is a perennial challenge for many of the
world's fisheries. There are many mechanisms through which the
beneficiaries of enforcement (i.e., legal fishers or divers) could be
used to help finance enforcement — a small set of them is examined
here. The four social planner revenue streams analyzed in this study
include the following: (1) a license fee ($18/year/fisher); (2) a
landings tax of 5%; (3) fines from illegal fishing ($100 per kg of illegal
harvest, or 10 times the legal ex-vessel price); and (4) a tax on dive
tourism revenues of 5%. These values were chosen arbitrarily, and
sensitivity analysis for each of the four financing parameters was
conducted. When projecting the expected enforcement costs and
social planner revenue streams over time, it is found that these
values differ based on the starting stock biomass and the stake-
holder archetype. For all three archetypes, higher starting stock
biomasses lead to lower NPVs of enforcement costs and higher NPVs
of financing revenues over a twenty-year time horizon (Fig. 4). For
archetypes 1 and 3, the financing stream that generates the most
revenue for the social planner is the landings tax. For archetype 2,
fines generated by enforcement represent the highest fraction of
social planner revenue, which reflects the fact that all fishing ac-
tivities are illegal for archetype 2. Revenue generated by a fishing
license fee was negligible compared to other financing streams for
archetypes 1 and 3. Importantly, it is found that the NPV of revenues
exceeds the NPV of enforcement costs for every archetype and
starting stock condition, indicating that this suite of financing me-
chanisms can fully finance optimal levels of enforcement regardless
of the industries present and starting stock conditions.

However, while the NPV of social planner revenues exceeds the
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Fig. 4. Net present value (NPV) of social planner cost and financing revenue streams over a 20-year time horizon for various starting stock statuses (values are scaled to the
NPV of the maximum enforcement cost for that particular archetype). The stakeholder archetypes are defined as (1) fishing only; (2) dive tourism only; and (3) fishing and

dive tourism.
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NPV of enforcement costs for every scenario, the social planner
break-even point (the year in which the NPV of social planner
revenue first exceeds the NPV of enforcement costs up to that point)
varied depending on the archetype and starting stock biomass
(Fig. 5). Higher starting stock biomasses lead to shorter amounts of
time before reaching break-even points for all archetypes. However,
if the starting stock biomass is at least equal to 1.4Bysy, 1.0Bysy, and
1.6B,sy for archetypes 1, 2, and 3 respectively, the break-even point
occurs in the first year. This indicates that for these starting con-
ditions, optimal levels of enforcement can be contemporaneously
financed using this suite of financing mechanisms. In cases with a
break-even point of one year or greater, external financing is needed
to cover the initial fixed enforcement costs.

Sensitivity analyses indicate the dependency of these results on
the various financing parameters that can be adjusted by the social

a) Industry NPV versus Landings Tax

b) Break-even point versus Landings Tax

planner (Figs. 6-8). These figures demonstrate the tradeoffs that
social planners must consider when designing their financing me-
chanisms. The four parameters not only impact the industry NPV,
but also the social planner break-even point for financing the cost of
enforcement. By increasing the landings tax in archetypes 1 and 3,
the social planner decreases the industry NPV but also shortens the
time it takes to reach the break-even point for low starting biomass
conditions. However, increasing the landings tax above 15% has no
impact on the break-even point while continuing to negatively im-
pact industry NPV. Increasing the enforcement fine for all 3 arche-
types increases the industry NPV while also decreasing the time it
takes to reach the break-even point, leading to win-win policy.
However, above a certain enforcement fine (20 times the landings
price), there are negligible impacts on industry NPV. In addition,
there are negligible impacts on the social planner break-even point
when the enforcement fine is between 10 and 15 times the landings
price in archetype 1 (depending on the starting stock biomass) and
about 15 times the landings price in archetypes 2 and 3. In arche-
types 2 and 3, increasing the dive tourism tax decreases industry
NPV but also slightly shortens the time it takes to reach the break-
even point. In archetypes 1 and 3, increasing the fisher license fee
slightly decreases the industry NPV while shortening the time it
takes to reach the break-even point for biomass levels < 1.2 Bysy.

4. Discussion

4.1. The impact of biomass and archetype on optimal legal catch
levels, optimal enforcement levels, and illegal fishing effort

As expected, the optimal TAC for the small-scale lobster fishery
example is dependent on the lobster stock biomass and the
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stakeholder archetype. For all stakeholder archetypes, the optimal
TAC increases with increasing lobster stock biomass. The optimal
TAC for the lobster fishery was always lower when a dive tourism
industry was present, which makes intuitive sense; in this case,
the value that the tourism industry receives from lobster biomass
in the water is sufficient to reduce the economically optimal TAC
and increase enforcement effort. Additionally, it makes intuitive
sense that the optimal level of enforcement is not constant over
time but rather depends on the stock status of the target fishery
and/or species of interest for the dive tourism industry. At low
levels of lobster stock biomass, the potential improvements to the
stock and the net present value of benefits make it worthwhile to
spend more money on costly enforcement. In other words, the
shadow value of the biomass of an overfished stock is higher than
that of biomass from a healthy stock in our lobster fishery ex-
ample. At higher stock biomass levels, increases in stock biomass
are smaller and thus it is more efficient to spend less money on
costly enforcement, which may only yield a small increase in stock
biomass. This result is consistent with previous findings in the
literature [39]. This result has practical implications for managers
who hope to implement an economically efficient enforcement
system, especially in fisheries that are currently overfished; en-
forcement effort should be highest when the stock biomass is
lowest (i.e. overfished), and can decrease over time as the status of
the stock improves. This scenario may require a higher initial in-
vestment for enforcement costs, but lower ongoing costs. This may
have important consequences for small-scale fisheries, which may
be overfished and require these higher initial levels of enforce-
ment. If local institutions are unable to pay for these initial costs,
outside investment may be needed.

While this analysis only includes dive tourism and fishing

industries, it is likely that including other stakeholders and eco-
system services in the analysis would alter optimal legal harvest
levels; specifically, including other stakeholders who value bio-
mass in the water would likely further reduce the optimal legal
harvest levels and increase optimal enforcement effort [44,48]. For
the purposes of this paper, the focus was placed on extractive and
non-extractive direct use values generated by a fishing industry
and dive tourism industry, respectively. However, there may be
additional non-use values, such as the intrinsic existence value of a
healthy ecosystem and conservation value [49-51]. Given the large
numbers of conservation-focused NGOs working in the Caribbean
as well as other regions in the developing tropics, including the
Waitt Institute and WildAid in Barbuda [41], these non-use values
could be important to include in future studies, especially since
these values can be considerable [50,52]. Importantly, while there
are a number of non-market valuation methods for quantifying
these types of non-use values, these approaches are data-hungry
and associated with strong assumptions and caveats [53,54].
However, even without explicitly including non-use values in this
analysis, the example of dive tourism is demonstrative of how
placing economic value on biomass in the water for whatever
reason will likely decrease the optimal legal fishing quota and
increase the optimal enforcement effort.

4.2. Financing enforcement

Improved enforcement of a sustainable fishery management plan
can increase industry benefits, but is often associated with high costs
[14,55,56]. National enforcement costs have been estimated to be
between 0.4-37.2% of total fishery value [14]. However, as the model
demonstrates, by establishing an effective sustainable financing plan,
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even when there is no dive tourism industry, the cost of enforcement
can be sustainably financed. For the recovery of a depleted stock,
enforcement costs will be high at first but will decrease over time
and can be recovered over a period of time as industry benefits in-
crease [14,57]. Recovering enforcement costs from fishing industries
not only increases the financial resources available for enforcement,
but it reduces the burden of cost to non-benefitting community
members and creates a positive feedback loop because fishers are
more likely to demand efficiency in services they are funding [14,57].
Larger-scale fisheries in the United States, Australia, New Zealand,
Iceland, and Canada have all successfully implemented mechanisms
to recover some portion of enforcement costs from the fishing in-
dustry [15,31]. The fishing industry in Australia became more in-
volved in the management process when fishing industry benefits
were used to finance enforcement and management, which resulted
in higher acceptance and compliance of management measures by
fishermen [58]. In New Zealand, recovering enforcement costs from
the fishing industry led to an increase in enforcement effort over
time without an increase in costs because the fishing industry was
incentivized to become more involved in the enforcement process
[57]. It should be noted that these countries have robust institutions
that allow cost recovery to be successful, which may not be the case
for many small-scale fisheries of the developing tropics - this will be
discussed further in the assumptions section below. However, these
examples could still serve as bright spots and provide valuable les-
sons for designing and implementing such financing mechanisms in
new places. A limited number of cost recovery programs do exist in
smaller-scale scale fisheries, including those in Uganda and Namibia
[32,33]. In the case of Caribbean spiny lobster fisheries, the Barbuda
Council established a special coastal and fisheries management ac-
count where fines and fees associated with ocean resource use can
be deposited in 2015 - an important step towards a sustainably fi-
nanced enforcement system [personal communication].

The tradeoffs between financing mechanisms should be care-
fully considered in light of fishery characteristics and management
goals [14,59]. The costs and feasibility associated with the me-
chanism, how the mechanism will distribute costs among users,
and incentives that may be generated should be determined [59].
For example, a license or fishery participation fee may be relatively
simple and cheap to collect, but when a wide range of fishing
capacity exists between participants, smaller-scale fishers often
suffer a disproportionate loss in profits and may be forced out of
the fishery [32]. In other cases, a participation fee may have the
desired effect of limiting participation in a fishery [14]. A me-
chanism to tax a fishers’ input (effort) or output (catch) unit is
more likely to evenly distribute the costs of enforcement among
participants [14]. However, input taxes may unintentionally result
in a total fishing effort increase because fishers are incentivized to
increase untaxed effort units to make up for lost profits [32]. In
this study, the landings tax was the largest available financing
revenue stream for archetypes 1 and 3. A landings tax has been an
effective method of recovering enforcement costs in fisheries with
an adequate level of monitoring and enforcement [60]. This ap-
proach, however, assumes that landings are being fully and accu-
rately reported, and may create incentives for underreporting,
which occurred in Tanzania [61]. Export taxes are another option
for cost recovery, but also have unintended consequences; such a
tax may negatively impact the value of the fishery if it causes
sellers to sell a larger portion of catch locally to avoid the export
tax, thus flooding the market and reducing product value [32].

In this analysis, the break-even point was highly dependent on
the archetype and types of stakeholders contributing to cost re-
covery, especially at low stock conditions. This demonstrates the
importance of having all benefiting parties, not just fishing in-
dustries, contribute to enforcement cost recovery [60]. This is an
especially important consideration for areas where the poverty
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level of fishers makes recovering enforcement costs through the
fishing industry alone unfeasible [62]. These same areas often lack
financial resources to adequately protect their marine resources
[30] yet marine related-tourism can offer an opportunity to im-
prove the local economy [59,63]. For example, in Mozambique a
survey of divers revealed that the majority of dive tourists were
attracted to the area because of the healthy marine ecosystem and
the presence of certain species [64]. However, the species that
attracted the divers were also targeted by a fishery with poorly
enforced management. In this case, using revenue generated from
the tourism industry to finance fisheries enforcement would likely
yield large benefits to both industries.

It is not uncommon for managers to use revenue generated
from the tourism industry to finance the costs of enforcement of a
designated spatial area or marine reserve [59,65]. However, the
surrounding fisheries may not receive spillover benefits from
these protected areas if management and enforcement outside of
designated spatial areas is inadequate. If revenue generated from
tourism associated with a marine reserve could be used to finance
fisheries enforcement outside of the marine reserve as well, the
benefits of marine reserves to fisheries would likely increase. Al-
though the literature does not show documented examples of how
tourism revenue can be used to enforce fisheries regulations
within fished areas, some studies have shown that tourists may be
willing to pay more for diving [62,63] - this additional revenue
could be used to pay for enforcement of management within
fished areas.

4.3. Assumptions

Importantly, there are a number of assumptions that if changed
could impact the results of the model. First, while we assume that
fishers are purely profit-maximizing and that their expected
benefits are influenced by the probability of being prosecuted and
fined, there are other factors that might influence fishing behavior
including moral principles and social pressure/norms [26,36].
Where appropriate, the social costs of illegal fishing could be ex-
amined by adding an additional cost parameter to the expected
benefit function [24,26]. Other factors that might affect fisher
behavior include perceived fairness, perceived legitimacy of rules
and the management authority, and fisher involvement in man-
agement design and implementation [37]. Co-management and
other arrangements such as cooperatives [38] that incorporate
fisher participation in the design and implementation of man-
agement can strengthen perceived fairness, and possibly therefore
compliance rates [37]. These considerations can especially relevant
when designing new management and enforcement systems in
small-scale fisheries. Moreover, the existence of these behavior-
influencing factors suggests that there might be other ways to
influence compliance rates besides traditional monitoring and
enforcement, such as implementing programs that influence
ethical codes and strengthen user participation, perceived fairness,
and perceived legitimacy [26]. This could be a cost-effective al-
ternative or supplement to increased enforcement in small-scale
resource-limited fisheries.

A number of institutional assumptions are also made that
might be violated, especially in small-scale fisheries with limited
infrastructure. First, it is assumed that institutions are in place to
facilitate the collection of license fees, taxes, and fines, and that a
social planner is able to use these funds on enforcement costs. In
reality, these management institutions might not exist, and are
associated with implementation costs and operating costs of their
own which were not included in this model. Second, it is assumed
that the cost of prosecution and fine collection is zero, when in
reality the prosecution costs can be substantial and may include
attorney or court costs [66]. It is also assumed that illegal fishers

who are caught are prosecuted, convicted, and fined, and that their
fines are immediately collected. This is likely not the case in many
fisheries in the developing tropics. One potential problem is that
many fishers simply lack the financial resources to pay the fine.
Another problem is low levels of prosecution and conviction rates
[66]. To examine this in the model, one could add an additional
probability parameter to the expected benefits function that
would make expected cost of illegally fishing dependent on the
probability of being prosecuted in addition to the probability of
being detected and the level of the fine [13]. Since the likelihood of
being prosecuted is likely less than one (which may be the case for
example in some regions where the Corruption Perceptions Index
is high), it is easy to imagine scenarios in which fishers are rela-
tively undeterred by the threat of enforcement. In these cases,
social benefits can decline, stocks can become or remain overf-
ished, and industry profits can suffer. These potential issues sug-
gest that broader institutional and political changes may be nee-
ded before an enforcement program is able to operate effectively.

5. Conclusion

This study presents a framework that can be used by managers
to help design economically optimal enforcement systems, and
pay for that enforcement, in small-scale fisheries settings where
financial resources are often limited. By using an illustrative Car-
ibbean spiny lobster fishery representative of the situation in
Barbuda, the results demonstrate that optimal enforcement effort
should be highest for low biomass, and can decrease as the stock
rebuilds. Optimal enforcement also depends on the ecosystem
services and stakeholders receiving benefits from those services,
and is higher when dive tourism (or other sector that values bio-
mass of fish in the water) is present. In depleted or collapsed initial
stock conditions, the social planner revenue will not be sufficient
to contemporaneously finance the optimal enforcement effort,
which suggests that additional capital investment will likely be
needed at the onset of new enforcement strategies. However, the
social planner can eventually pay back external investors in full, as
well as sustainably finance ongoing enforcement efforts through
the use of a landings tax, enforcement fines, fisher licensing fee,
and a dive tourism tax.

In 2015, the island of Barbuda took a final, important step for
implementing the fishery and zoning regulations established in
August 2014 by developing and implementing an enforcement
strategy. The island obtained a new fisheries patrol vessel and law
enforcement agents from four agencies gathered in Barbuda to
train and collaborate on the enforcement of ocean laws in the is-
land’s waters in August 2014. Although the implementation of a
successful cost-recovery program to finance fisheries enforcement
is not certain, the Barbuda Council has been given the authority to
establish a special account for Barbuda coastal and fisheries
management where fines and fees associated with ocean resource
use can be deposited. As more data and information becomes
available in Barbuda and other small-scale fisheries, the frame-
work presented in this study may serve as a useful tool to help
fishery managers develop and finance an optimal enforcement
strategy.
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