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Abstract Thewelfare gains from incorporating ecosystemconsiderations into fisheriesman-
agement are unclear and canvarywidely between systems.Additionally,welfare gains depend
on how ecosystem considerations are adopted. This paper uses an empirically parameterized
bioeconomic model to explore the welfare implications of two definitions of ecosystem-
based fisheries management (EBFM). We first define EBFM as a fishery management plan
that maximizes the net present value of ecosystem services. We then explore an alterna-
tive definition that adds ecosystem considerations to a fishery managed with regulated open
access. Our biological model reflects horseshoe crabs in Delaware Bay, which are harvested
in a commercial fishery and are ecologically linked to migrating shorebirds populations, e.g.
the endangered red knot. We find that introducing ecosystem considerations to a regulated
open access fishery generates welfare gains on par with gains from addressing the commons
problem even when fishery rents are completely dissipated. Additionally, solving the com-
mons problem within an EBFM approach can provide substantial welfare gains above those
from solving the commons problem in a single-species management framework.
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1 Introduction

Ecosystem-based fisheries management (EBFM) is a holistic approach to management that
recognizes the vast array of ecosystem services derived from marine systems as well as the
multitude of human impacts on these systems. There is a general scientific consensus on the
merit of EBFM (Pikitch et al. 2004; Link 2002; Botsford et al. 1997) and the framework
has been adopted in U.S. domestic ocean policy (Executive Order No. 13,5471, Lubchenco
and Sutley 2010). There is less agreement on how to implement EBFM. For example, some
scientists argue that addressing the commons problem is critical to reaching the goals of
EBFM(Hilborn 2004;Botsford et al. 1997). In contrast,many envisionEBFMas an extension
of the current regulatory framework that includes ecosystem considerations (e.g. Pikitch et al.
2004), either by applying the precautionary principle to current management (e.g. Essington
2001; Gerrodette et al. 2002) or expanding the stakeholders and metrics used to define
management goals (e.g. Brodziak and Link 2002; Levin et al. 2009).

Economists, on the other hand, have adopted a consistent definition of EBFM founded in
an efficiency criterion, i.e. EBFM should be designed to obtain the efficient use of fisheries
resources. The economics literature has explored EBFM as optimal management that consid-
ers either explicit trophic linkages between species in an ecosystem (e.g. Kellner et al. 2011;
Singh and Weninger 2009; Hannesson 1983), a wider array of ecosystem services beyond
fishery harvest (e.g. Falk-Petersen and Armstrong 2013; Kellner et al. 2011; Bertram and
Quaas 2017), or a broader set of human impacts on the system (e.g. Smith 2007b; Holland
and Schnier 2006; Guttormsen et al. 2008; Jardine and Sanchirico 2015).

While the literature on the economics of EBFM is broad and growing, there have been
relatively few assessments illustrating the potential gains from implementing EBFM using
an efficiency framework. Two exceptions are Smith (2007b) and Kellner et al. (2011). Smith
(2007b) examined the impact of water quality improvements on fishing rents in the North
Carolina blue crab fishery finding that rent gains from transitioning from open access to
optimal management outweighed rent gains fromwater quality improvements.2 Kellner et al.
(2011) explored efficient EBFM for a Caribbean reef community finding that, in most cases,
moving from open access to optimal single-species management resulted in larger impacts
on effort and standing stock levels than moving from optimal single-species management to
optimal multi-species management (i.e. EBFM). Only when there were non-fishing values in
the systemdid themove fromoptimal single-speciesmanagement to EBFM lead to significant
differences in effort and standing stock levels. Because many of the world’s fisheries still
lack well-defined property rights, together the results imply that, without the presence of non-
fishing values, there are larger gains to be had from improving efficiency of single-species

1 3 C.F.R. 227 (2010), reprinted in 33 U.S.C. §857–19 (2015).
2 As a point of clarification Smith (2007b) considered a “quasi-optimized” system rather than a fully optimized
system where fishing effort was fixed at a constant level over time to maximize the net present value of the
system rather than allowed to vary over time.
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management rather than regulating a larger set of human activities impacting commercial
fish species or adopting more complicated EBFM-derived target catch levels.

In this article we explore EBFM of the Delaware Bay horseshoe crab fishery. Horse-
shoe crabs are harvested in a commercial fishery and their eggs feed migrating shorebird
populations, which provide non-market values to recreational birders. We examine two dif-
ferent approaches to EBFM. In the first approach managers seek to maximize the net present
value (NPV) of ecosystem services from the system, explicitly considering trophic linkages
between the target species and ecologically linked species. The second approach reflects
current EBFM of horseshoe crabs where managers simply add ecosystem considerations to
an existing regulated open access fishery.

Our article makes several contributions to the literature. First, we add to the economics
literature on the welfare gains from EBFM. In contrast to the past literature (i.e. Kellner et al.
2011; Smith 2007b),we consider gains fromadopting ecosystemconsiderations in a regulated
open access fishery. Current U.S. domestic ocean policy advocates EBFM independently of
any policies meant to address rent dissipation in fisheries (Executive Order No. 13,5471,
Lubchenco and Sutley 2010). Therefore, it is very likely that ecosystem considerations will
simply be incorporated into the status quo regulatory framework, which has not solved the
commons problem.

Second, we use a simple model to explore a range of welfare outcomes from a regulated
open access fishery. This is in contrast to the current literature on regulated open access,
which merges relatively complex models of industry and regulator behavior (Homans and
Wilen 1997, 2005; Deacon et al. 2011). Because our focus is to compare welfare outcomes
between efficient EBFM and EBFM otherwise defined, the dynamics of the regulatory and
rent dissipating processes are of less interest to us. Our approach can be useful in other
settings, allowing researchers to avoid model complexity in analyzing outcomes from regu-
lated open access modified to reflect ecosystem concerns (or not). Regulated open access
is the status quo in most of the world’s fisheries and therefore is an important bench-
mark.

Third, because multiple factors determine the optimal EBFM policy, key drivers of the
optimal policy can be obscured. Therefore, to understand key drivers of the optimal horseshoe
crab harvest we apply a method from time-series econometrics to decompose the shadow
price of horseshoe crabs, identifying the most important determinants of the optimal pol-
icy. To our knowledge, we are the first to apply the method to an application in resource
economics.

Our findings show that introducing ecosystem consideration to a regulated open access
fishery generates welfare gains roughly equal to gains from addressing the commons prob-
lems in the fishery even if fishery rents are completely dissipated. Additionally, solving the
commons problem within an EBFM approach can provide substantial welfare gains above
those associated with optimal single-species management. The results are consistent with
Kellner et al. (2011) who demonstrated that EBFM can significantly impact optimal harvest
policies when there are non-fishing values in the system. In our case horseshoe crabs provide
non-fishing values through their ecological link to migrating shorebird populations, which
are valuable to the recreational birding industry.

In what follows we first describe our research setting. We then present the biolog-
ical and economic models respectively and describe the model calibration process. We
explore both analytical and numerical solutions to the model including decomposing the
shadow price of horseshoe crabs. We analyze the sensitivity of our results to our empir-
ically derived estimate of the red knot value function. We then discuss our findings and
conclude.
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Fig. 1 Reported and imputed commercial landings of horseshoe crabs in Delaware Bay–region states
(Delaware, New Jersey, Maryland, and Virginia), 1970–2014. All data except Maryland’s in 2002–2013 are
from ACCSP (2016). Maryland’s data in 2002–2013 are based on ACCSP (2016), ASMFC (2013a, Table 2;
2015, Table 1), and authors’ calculations. See the online supplementary material for detail

2 Background

Horseshoe crabs (Limulus polyphemus), in Delaware Bay, provide a wide array of ecosystem
services including value from harvest in a commercial bait fishery and value from supporting
migratory shorebird populations, e.g. the red knot (Calidris canutus rufa), which provide
recreational use values and potential non-use existence values. Horseshoe crabs can be har-
vested by hand, trawl, dredge, or other methods with most of the harvest over the Atlantic
coast attributed to hand harvest (ASMFC 2009b), making it a low-cost fishery.

The rufa red knot, listed as threatened in 2015 under the Endangered Species Act,3 has
drawn considerable public support for horseshoe crab conservation.4 EachMay,whilemigrat-
ing from South America to their Arctic breeding grounds, red knots stop over at Delaware
Bay to feed on horseshoe crab eggs. This spring congregation of red knots and horseshoe
crabs is a valuable tourist attraction (Eubanks et al. 2000; Myers et al. 2010; Edwards et al.
2011).

In the 1980s biologists identified Delaware Bay as a critical stopover for the red knot
(Myers et al. 1987). At the same time horseshoe crab harvest was increasing in the Delaware
Bay region (Fig. 1), peaking in the late 1990s, and biologists were observing declines in
the abundance of horseshoe crabs in Delaware Bay (Niles et al. 2009; Smith et al. 2009;
Fig. 2a) as well as the number of red knots visiting Delaware Bay (Niles et al. 2009, 2008;
Fig. 2b).

In 1998 the Atlantic States Marine Fisheries Commission (ASMFC) adopted a fishery
management plan for the horseshoe crab.5 The management plan was motivated, in part,
by the concern that declining horseshoe crab populations were detrimental to migratory
bird populations that feed on horseshoe crab eggs. Managers were also motivated by a
desire to protect resource stocks for sustained use by the commercial fishery. Since the
adoption of fishery regulations, EBFM for the Delaware Bay horseshoe crab stock has con-
tinued to progress. Currently, harvest quotas in the limited-entry fishery (i.e. regulated open

3 79 Fed. Reg. 73,705 (11 Dec 2014).
4 For example, in 2008 the Public Broadcasting System (PBS) released a documentary “Crash: a Tale of Two
Species” detailing the importance of horseshoe crabs for the survival of the red knot.
5 There were limited existing restrictions in New Jersey, Delaware, and Maryland (see ASMFC 1998b for
more detail).

123



Considering Economic Efficiency in Ecosystem-Based. . . 515

a

b

Fig. 2 a Abundance indices of horseshoe crabs in Delaware Bay from the Delaware 30-foot trawl survey (all
months), 1990–2014. b Time-specific peak counts of red knots in Delaware Bay from aerial and/or ground
surveys, 1981–1983 and 1986–2014.Horseshoe crab abundance data are from staff at theDelawareDepartment
of Natural Resources and Environmental Control. Red knot count data are from USFWS (2014, Table 10),
ASMFC (2013b, Appendix A, Table 1), and A. Dey (personal communication 2 Jul 2016). Per a footnote
under the aforementioned Table 10, the red knot count in 1981 shown here is the recorded count doubled

access) are derived from a stochastic multi-species model of horseshoe crabs and red knots.
Specifically, fishery managers define a set of harvest policies and select the policy that max-
imizes the long-run harvest of horseshoe crabs subject to a minimum population threshold
of 11.2 million female horseshoe crabs or 81,900 red knots6 (see ASMFC 2009a for more
detail).7

While the current EBFM of horseshoe crabs in Delaware Bay is relatively advanced it
raises several important questions including: How do biological outcomes from the current
policy compare to an economically efficient EBFM policy? What are the welfare gains from
efficient EBFM? What information is needed to implement an efficient EBFM policy for
horseshoe crabs in Delaware Bay? The remainder of this article addresses these research
questions.

3 The Bioeconomic Model

Weconsider thefisherymanager’s problemof operationalizingEBFMtooptimally rebuild the
horseshoe crab population after a period of overfishing. To explore this problem, we develop

6 The red knot threshold was originally 45,000 birds and was then adjusted to 81,900 birds in 2013 to reflect
the change in the method of monitoring the red knot population. See ASMFC (2013b) for the detail on the
adjustment.
7 In the ASMFC’s model the fishery manager weighs harvest of female and male horseshoe crabs differently
and takes into account the operational sex ratio.
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a continuous-time, deterministic bioeconomic model. Our multi-species model includes
two populations—the Delaware Bay horseshoe crab population and the red knots that use
Delaware Bay as their last stopover site before migrating to the Arctic for breeding.8 Denote
the number of adult horseshoe crabs and adult red knots at time t by Ct and Rt , respectively.
The fishery begins in an unexploited state with both the horseshoe crab and the red knot
populations at their respective full carrying capacities, i.e. Ct = Kc and Rt = Kr ∀t ≤ −T1,
and is then harvested in an open access setting for a period of T1 years. During the open
access period, harvest of horseshoe crabs is unregulated and effort responds myopically to
current rents. Then, at t = 0, open access ceases and a period of T years of optimal fishery
management begins.

Here we are interested in fishery management that targets efficient EBFM (hereafter
ECON-EBFM). Under ECON-EBFM horseshoe crab harvest is optimally chosen to maxi-
mize the NPV of ecosystem services including rents in the horseshoe crab fishery and values
from the red knot population. For comparison, we consider outcomes from a continued reg-
ulatory state of open access. We also consider two alternative fishery management plans
for comparison: (i) single-species fisheries management (SSFM), which ignores ecosystem
linkages or red knot values (or both) and simply selects horseshoe crab harvest to maxi-
mize fishery rents; and (ii) biological EBFM (hereafter BIO-EBFM), which acknowledges
ecosystem linkages, but ignores the economic value of the system, bymaximizing sustainable
horseshoe crab harvest subject to a target red knot population level. Our BIO-EBFM scenario
most closely represents the current management regime in the Delaware Bay horseshoe crab
fishery.

In what follows we first describe the multi-species biological model, and then turn to the
economic models of open access, ECON-EBFM, SSFM, and BIO-EBFM. Then we briefly
describe parameterization of the model. More detail of our selection of the model parameters
can be found in the online supplementary material.

3.1 The Biological Model

We track sexually mature adults in the horseshoe crab and the red knot populations.9 Because
horseshoe crabs take approximately τ = 10 years to reach sexual maturity (Shuster and
Sekiguchi 2003), we adopt a delay-differentialmodel of horseshoe crab population dynamics.
We model the red knot population dynamics with a modified logistic equation.10

Denoting differentiationwith respect to timewith a dot over the variable, e.g. Ċt = dCt/dt ,
the horseshoe crab population dynamics are governed by

Ċt = gcCt−τ exp(−Ct−τ /K
∗
c ) − ηcCt − ht , (1)

where gc is the maximum per capita egg production rate of horseshoe crabs adjusted for
egg-to-adult survival, ηc is the per capita death rate of horseshoe crabs, K ∗

c = Kc/ ln(gc/ηc)
is the population size at which horseshoe crab recruitment is maximized, and ht is the

8 Empirical evidence supports assuming well-defined populations. First, tagging and genetic evidence shows
limited exchange between the Delaware Bay horseshoe crab population and the Chesapeake Bay horseshoe
crab population or the Raritan Bay horseshoe crab population (Swan 2005; Pierce et al. 2000). Second, the red
knot population that winters along the Argentinian coast from Tierra del Fuego to Río Negro comprises the
majority of red knots that stopover at Delaware Bay (Niles et al. 2008) although there are at least two other
smaller populations identified feeding on horseshoe crab eggs in Delaware Bay (Atkinson et al. 2005).
9 We ignore the sex composition and assume 1:1 sex ratios for both populations.
10 Because red knots are believed to breed in their second year (Harrington and Morrison 1980), their recruit-
ment delay is relatively short compared to that of horseshoe crabs. Therefore, to simplify the model we assume
instantaneous recruitment for red knots.
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instantaneous harvest rate. The growth Eq. 1, is based on Nicholson’s blowflies equation
(Gurney et al. 1980). Horseshoe crab eggs are buried in the sand and become unearthed due
to spawning activities or wave action (Botton and Loveland 2003; Smith 2007a). Because
the unearthed eggs are either consumed, e.g. by red knots, or desiccate and die (Niles et al.
2009), the horseshoe crab population dynamics are not a function of the red knot population.

Red knot population dynamics are governed by

Ṙt = gr Rt

(
1 − Rt

K ∗
r,t (Ct )

)
, (2)

where gr is the intrinsic growth rate of red knots and K ∗
r,t (Ct ) is the time-t carrying capacity

of red knots, which is a function of the time-t population size of horseshoe crabs to be
specified below.

We introduce a density-dependent carrying capacity for red knots, which is a function of
the population size of horseshoe crabs, in an attempt to capture real-world dependence of red
knots on horseshoe crabs. During their stopover at Delaware Bay the red knots primarily feed
on the eggs of horseshoe crabs and the resulting weight gain is crucial to the success of their
subsequent flight to and breeding in the Arctic (see e.g. Baker et al. 2004; McGowan et al.
2011a; Haramis et al. 2007).11 Therefore, a large population of red knots needs high density
of horseshoe crab eggs to support it, which in turn requires a large population of horseshoe
crabs.

We assume a logistic functional form for the density-dependent carrying capacity of red
knots:12

K ∗
r (C) = a

1 + exp(b0 + b1C)
Kr , (3)

where a, b0, and b1 are parameters. The sigmoidal relationship has two attractive features.
First, while abundant horseshoe crabs do not impede growth of the red knot population, a
reduced horseshoe crab stock can severely limit the population size of red knots. Second,
Eq. 3 introduces a convexity shift in the relationship between the number of horseshoe crabs
and their importance to red knots. Since the primary process that makes horseshoe crab
eggs available to red knots is spawning female horseshoe crabs unearthing eggs previously
deposited in the sand (Smith 2007a), it seems reasonable to assume that the unearthing process
increaseswith the density of eggs previously deposited in the sand. Thus themarginal increase
in the density of horseshoe crab eggs available to red knots should become higher as the egg
density rises from very low levels.13 On the other hand, as red knots are gradually saturated
with horseshoe crab eggs, additional eggs are less important.14

11 See also USFWS (2014, pp. 28–33) for a review of the literature on this matter.
12 This is motivated by McGowan et al. (2011b), who modeled the probability of red knots transitioning from
light-weight (departure weight, i.e. weight upon departing Delaware Bay,< 180g) to heavy-weight (departure
weight ≥ 180g) during the stopover as a logistic function of the abundance of spawning female horseshoe
crabs.
13 Smith (2007a) found a slightly sigmoidal relationship between the number of eggs disturbed by subsequent
spawning and density of spawning female horseshoe crabs through simulation. Sweka et al. (2007) modeled
the number of horseshoe crab eggs available to shorebirds as a convex function of the number of spawning
females. Both studies modeled after horseshoe crabs in the Delaware Bay area.
14 Several studies have revealed that increased egg density has diminishing returns on red knots’ egg-intake
rate. See Niles et al. (2008, pp. 36–39).
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3.2 The Economic Models

3.2.1 Open Access Baseline

We adopt a model of open access to describe the unregulated period in the horseshoe crab
fishery. We assume open access starts at t = −T1 and lasts for T1 years.

Fishermen obtain profit solely from harvesting and selling horseshoe crabs and fishery
harvest is of the Schaefer (1954) form:

ht = qCt Et . (4)

Therefore, instantaneous industry rents are given by

�t (Ct , Et ) = pqCt Et − δE2
t , (5)

where p is the ex-vessel price of horseshoe crabs,15 q is a “catchability” coefficient, Et is
the instantaneous fishery effort, and δE2

t is the instantaneous cost.
To model fleet dynamics under open access we use the Smith (1968) model of dynamic

open access with Clark (1990) specification of industry sluggishness:

Ėt = γ Et (�t/Et ) = γ Et (pqCt − δEt ), t ∈ [−T1, 0], (6)

where γ is the speed of effort adjustment or the “sluggishness” parameter.
In summary, the baseline model of open access consists of three differential equations: the

population dynamics of horseshoe crabs (Eq. 1)with the initial conditionCt = Kc,∀t ≤ −T1,
the population dynamics of red knots (Eq. 2) with the initial condition R−T1 = Kr , and the
effort dynamics (Eq. 6) with the initial condition E−T1 = Ē .

3.2.2 Efficient Ecosystem-Based Fishery Management (ECON-EBFM)

After a period of open access the manager begins efficient EBFM for horseshoe crabs at
t = 0. The manager seeks to maximize rents in the horseshoe crab fishery and conservation
values associated with the red knot population.16 For the purposes of comparison we assume
that the revenue and cost structures from the open access period remain unchanged and
utilize estimates of non-market recreational use value from Eubanks et al. (2000), Myers
et al. (2010), and Edwards et al. (2011) to characterize the red knot conservation value.17

Additionally we conduct a sensitivity analysis over the conservation value function (see Sect.
5.2.7). Our baseline conservation value function Vt (·) is described in what follows.

We assume that the demand for birding trips, from which consumer surplus is ultimately
generated, depends positively on the number of red knots, which implies that Vt (·) is a
function of the number of red knots Rt :

15 Our calculation with landings data shows that the inflation-adjusted ex-vessel price of horseshoe crabs was
relatively low and stable from the late 1970s through the early 1990s. Although the price has risen considerably
since the late 1990s, it exhibited much less variation than landings did in some years when landings fluctuated
dramatically. See the online supplementary material.
16 We note that optimal management may conflict with limits to incidental take defined by the Endangered
Species Act. As ours is a conceptual analysis conducted for the purposes of exploring the welfare gains from
various frameworks for ecosystem-based management, we do not incorporate any constraints imposed by the
Endangered Species Act.
17 While the total economic value of horseshoe crabs should also include any non-use values for both horseshoe
crabs and red knots, these values have not been estimated in the literature.
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Vt (Rt ) =
{

w(Rt − Rm)α, Rt ≥ Rm,

0, Rt < Rm,
(7)

where w is the value per thousand red knots, Rm is a threshold population level below which
red knots are no longer valued, and α is a shape parameter.18 The valuation function features
aminimal number of red knots valued, which was identified by Eubanks et al.’s (2000) survey
of New Jersey birders.19

The fishery manager’s objective is to regulate the trajectory of the harvest effort Et over
the horizon [0, T ] to maximize the NPV of the sum of rents in the horseshoe crab fishery and
the economic value of red knots subject to biological feasibility, i.e. the population dynamics
of horseshoe crabs and red knots, Eqs. 1 and 2, respectively. Essentially, the manager solves
a delayed optimal control problem:

max
Et , t∈[0,T ]

∫ T

0
e−ρt (�t (Ct , Et ) + Vt (Rt )) dt (8)

subject to Ċt = gcCt−τ exp(−Ct−τ /K
∗
c ) − ηcCt − qCt Et , t ∈ [0, T ], (9)

Ṙt = gr Rt

(
1 − Rt

K ∗
r,t (Ct )

)
, t ∈ [0, T ], (10)

Et ,Ct , Rt ≥ 0, t ∈ [0, T ], (11)

Ct = φt , t ∈ [−τ, 0], and R0 = ψ0, (12)

where ρ is the discount factor, �t (·, ·), Vt (·), and K ∗
r,t (·) are defined respectively in Eqs. 5,

7, and 3, and the initial conditions φt and ψt , respectively, are the solutions of Ct and Rt on
[−T1, 0] from the open access model.20

3.2.3 Alternative Management Plans (SSFM and BIO-EBFM)

In addition to the ECON-EBFM plan, we consider two alternative management plans. First,
we consider SSFM where the fishery manager ignores the impact of horseshoe crab harvest
on red knots in managing the horseshoe crab fishery. Specifically, under SSFM the manager
solves a delayed optimal control problem similar to the one under ECON-EBFM but sets
w = 0.

Second, we consider a biological approach to EBFM, BIO-EBFM, where the manager
considers ecosystem linkages and sets a red knot population target equal to �r . BIO-EBFM
is most similar to current horseshoe crab harvest policy in Delaware Bay (described in
ASMFC 2009a). Under this plan, the manager’s interest is to maximize sustainable harvest
while maintaining ecosystem integrity, i.e. eliminating the possibility of collapse of either
the horseshoe crab or the red knot. To accomplish this goal, harvest is restricted whenever
the red knot target is not met.

18 This valuation function is motivated by Kellner et al. (2011), who modeled the non-fishing value propor-
tional to the square root of fish density.
19 Additionally, we check that applying our valuation function to the lowest population count data on red
knot does not yield an infinite marginal value of red knots. In fact, the highest marginal value calculated with
observed data was $118.5 (2009 dollars).
20 We implicitly assume that the manager assigns equal weights to the rents from horseshoe crabs and the
economic value from red knots. We conduct a sensitivity analysis on our red knot value function later by
varying w, which is equivalent to varying the relative weight.
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Additionally, consistent with National Standard 1 of theMagnuson–Stevens Fishery Con-
servation and Management Act21, the manager implementing BIO-EBFM restricts fishery
mortality to be less than or equal to the fishing mortality that produces a harvest equal to
maximum sustainable yield (MSY)when the stock is at the level that can continuously deliver
MSY, denoted by FMSY.22

Current horseshoe crab quotas, based on ecosystem considerations, are imposed on a
regulated open access fishery.23 However, to avoid model complexity and examine a range
of outcomes we assume that managers can perfectly control fishing effort to ensure the
red knot target is met and harvest does not exceed MSY. In contrast, Homans and Wilen
(1997) modeled a regulated open access fishery where effort was unrestricted, but harvest
was indirectly controlled by managers through adjusting season length. In Homans and
Wilen (1997) effort was drawn to the regulated open access fishery until fishery rents were
completely dissipated. Deacon et al. (2011), on the other hand, considered a regulated open
access fisherywhere effort was restricted along somemargins, but not others. Therefore, rents
were only partially dissipated.24 The preceding discussion implies that our results provide
an upper bound on fishery rents that can be generated under current policy and that the lower
bound is zero. The simplification allows us to analyze harvest policies and resource stocks
that emerge from the current policy and bound plausible welfare changes without specifying
a more complex model of the horseshoe crab production function and the intricacies of
real-world horseshoe crab management and harvester behavior.

Specifically, we assume the manager solves a delayed optimal control problem with addi-
tional constraints on Et under BIO-EBFM:

max
Et , t∈[0,T ]

∫ T

0
qCt Etdt

subject to Ċt = gcCt−τ exp(−Ct−τ /K
∗
c ) − ηcCt − qCt Et , t ∈ [0, T ],

Ṙt = gr Rt

(
1 − Rt

K ∗
r,t (Ct )

)
, t ∈ [0, T ],

qEt ≤ FMSY, t ∈ [0, T ],
Et ≤ 0 if Rt < �r , t ∈ [0, T ],
Et ,Ct , Rt ≥ 0, t ∈ [0, T ],
Ct = φt , t ∈ [−τ, 0], and R0 = ψ0.

4 Methods

In this section, we briefly describe how we calibrate the bioeconomic models and how we
obtain numerical solutions to the models. A more detailed discussion on the model calibra-
tion and the numerical algorithms used in the calibration process is included in the online
supplementary material.

21 16 U.S.C. §1851(a)(1) (2015); see also 50 C.F.R. §600.310 (2015).
22 To determine FMSY in our model, we first solve Eq. 1 for sustainable harvest, which gives h =
gcC exp(−C/K ∗

c ) − ηcC . Maximizing the preceding equation with respect to C gives the MSY harvest
rate, hMSY, and the stock level that delivers it, CMSY. Then the upper bound on fishery mortality is
FMSY = hMSY/CMSY.
23 State-level fisheries are managed with gear-specific permit restrictions and quotas.
24 Rents earned depended on the elasticity of substitution between restricted and unrestricted inputs.
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4.1 Calibration

For the majority of the biological parameters, we either take their values directly from the
literature or calculate their values from literature estimates of related life history parameters.
The period of time needed for horseshoe crabs to reachmaturity is fromShuster and Sekiguchi
(2003).We derive horseshoe crabs’ maximum per capita rate of egg production, corrected for
egg-to-adult survival, as well as the adult death rate from estimates of their fecundity, egg-
to-hatch survival rate, and age-specific survival rates from Sweka et al. (2007) and ASMFC
(2009a). Horseshoe crabs’ carrying capacity is inferred fromASMFC (2009a). The red knots’
carrying capacity potential (when not limited by horseshoe crab abundance) is taken from
McGowan et al. (2011b). We calculate red knots’ intrinsic growth rate from fecundity and
survival rates estimated or set by Baker et al. (2004) and McGowan et al. (2011b).

The data used to calculate the economic model parameters also come from a variety of
sources. We compute the per capita ex-vessel price of horseshoe crabs from data on the
reported value of annual landings from ACCSP (2016) and the reported counts of horseshoe
crabs landed from ASMFC (2013a, Table 2; 2004, Table 1). We estimate the red knot value
function from estimates of willingness to pay for birding trips to the Delaware Bay area and
the number of birders visiting birding sites by Eubanks et al. (2000), Myers et al. (2010), and
Edwards et al. (2011).

We used a data-fitting exercise to estimate the bioeconomic parameters that could not be
derived from the existing literature, including harvest cost, the parameters defining the red
knots’ dependence on horseshoe crabs, the speed of effort adjustment under open access, and
the initial effort level under open access. In the data-fitting exercise, we augment the open
access model in Sect. 3.2.1 with a post–open access period in which harvest of horseshoe
crabs is regulated and mimics the observed pattern of harvest in Delaware Bay since 2004.
We then “fit” the augmented open access model to time series of observed population and
harvest levels, by selecting the parameter values for which the augmented open access model
can reproduce key features of the observed time series. Specifically, the features we attempt
to reproduce include the magnitude of decline in population levels of red knots and horseshoe
crabs, the increase in harvest over the open access period, and the trend of population recovery
in the post–open access period.

Finally, we take the manager’s red knot target level from ASMFC (2009a). We assume an
optimization horizon of 200 years and an annual discount rate of 5%. Table 1 summarizes
the model parameters, their values, and empirical support.

4.2 Solution Methods

We first explore the analytical solution to the efficient horseshoe crab management plan
(ECON-EBFM) and the various drivers of the optimal harvest policy. We then solve the open
access model and the ECON-EBFM model numerically, analyzing optimal effort, harvest,
and stock levels as well as each component of the shadow price of the horseshoe crab stock.
Alternative management plans (SSFM and BIO-EBFM) are also solved numerically for
comparison.

We adopt the numerical method by Göllmann et al. (2009) to solve the delayed opti-
mal control problems associated with various fishery management plans. The essence of
Göllmann’s et al.’s (2009) numerical method is to convert a finite-horizon optimal control
problem to a nonlinear programming problem whose solution approximates the solution to
the optimal control problem, by discretization of the objective function, the state equations,
and the constraints.We outline the conversion applied in our case in the online supplementary
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Table 1 Summary of parameters in the bioeconomic modela

Parameter and definition Value Source

A. Population dynamics of horseshoe crabs

τ Time to sexual maturity (years) 10 Shuster and Sekiguchi (2003)

Kc Carrying capacity (millions) 28 Authors’ calculationb

gc Maximum per capita rate of egg production,
corrected for egg-to-adult survival

0.6955 Authors’ calculationc

ηc Adult per capita death rate 0.2006 Sweka et al. (2007)

B. Population dynamics of red knots

Kr Full carrying capacity (thousands) 150 McGowan et al. (2011b)

gr Intrinsic growth rate 0.13 Authors’ calculationd

a Parameter of dependence on horseshoe crabs 1.001 Data fittinge

b0 Parameter of dependence on horseshoe crabs 3.662 Data fittinge

b1 Parameter of dependence on horseshoe crabs −0.3686 Data fittinge

C. Revenue and cost structures of the horseshoe crabs fishery

p Per capita ex-vessel price (2009 $) 0.90 Estimatedf

q Catchability coefficient 1 Assumed

δ Cost coefficient (millions of 2009 $/unit of
effort)

1.6 Data fittinge

D. Value function of red knots

w Value per thousand red knots (millions of
2009 $)

0.2739 Estimatedg

Rm Minimal number of red knots valued
(thousands)

8.719 Estimatedg

α Shape parameter 2/3 Assumed

E. Model of open access

T1 Length of open access (years) 30 Assumed

γ Speed of effort adjustment (units of
effort/million 2009 $)

0.01832 Data fittinge

Ē Initial effort level 0.001167 Data fittinge

F. Models of fishery management

T Horizon of management (years) 200 Assumed

ρ Discount rate 0.05 Assumed

�r Red knot population target (thousands) 45 ASMFC (2009a)

aSee the online supplementary material for details on calibration of the bioeconomic model.
bBased on ASMFC (2009a)
cBased on fecundity, egg-to-hatch survival, and age-specific mortality estimates by Sweka et al. (2007)
dBased on fecundity and survival estimated or set by Baker et al. (2004) and McGowan et al. (2011b)
eDerived from fitting an augmented open access model with observed trends in harvest of horseshoe crabs
and population sizes of horseshoe crabs and red knots
fEstimated with data on the value of landings from ACCSP (2016) and data on the number of horseshoe crabs
landed from ASMFC (2013a, Table 2; 2004, Table 1)
gEstimated with estimates of willingness to pay for birding trips to the Delaware Bay area and the number of
birders visiting birding sites by Eubanks et al. (2000), Myers et al. (2010), and Edwards et al. (2011)
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material. The resulting nonlinear programming problems are then solved numerically using
the fmincon solver from the Optimization Toolbox in MATLAB R2015b.25 We used a grid
size of 400,000 and error tolerances of 10−10 or smaller for our main results.

Finally, we conduct a sensitivity analysis to explore the robustness of the results to assump-
tions on the red knot value function, Eq. 7.

5 Results

Our analysis highlights the key drivers of optimal horseshoe crab management in Delaware
Bay and the potential gains from implementing EBFM either through modifying status quo
fishery regulations or through an efficiency-based approach.

5.1 Analytical Results

The current-valued Hamiltonian for the fishery manager’s delayed optimal control problem
underECON-EBFM,Eqs. 8–12, temporarily ignoring the non-negativity constraintsEq. 11,26

is
H(t,Ct ,Ct−τ , Rt , Et , λt , ξt )

= pqCt Et − δE2
t + w(Rt − Rm)α

+ λt
[
gcCt−τ exp(−Ct−τ /K

∗
c ) − ηcCt − qCt Et

]
+ ξt gr Rt {1 − Rt/Kr/a · [1 + exp(b0 + b1Ct )]} ,

where λt and ξt are the two costate variables associated with Eqs. 9 and 10, respectively.
Necessary optimality conditions include27

0 = ∂H
∂Et

= pqCt − 2δEt − λt qCt , 0 ≤ t ≤ T, (13)

−λ̇t + ρλt = ∂H
∂Ct

+ e−ρτ ∂H
∂Ct−τ

∣∣∣∣
t+τ

= pqEt − λt (ηc + qEt ) − ξt gr R
2
t /Kr/a · b1 exp(b0 + b1Ct )

+ e−ρτ λt+τ gc(1 − Ct/K
∗
c ) exp(−Ct/K

∗
c ), 0 ≤ t < T − τ,

(14)

−λ̇t + ρλt = ∂H
∂Ct

= pqEt − λt (ηc + qEt )

− ξt gr R
2
t /Kr/a · b1 exp(b0 + b1Ct ), T − τ ≤ t ≤ T,

(15)

and λT = 0 (Kamien and Schwartz 1991, Part II, Sect. 19). From Eq. 13 we obtain

25 MATLAB code is available from the authors upon request.
26 The non-negativity constraint on effort level Et binds when λt > p, at which point effort level is no longer
determined by Eq. 16 but constrained to zero. On the other hand, the non-negativity constraints on Ct and Rt
turn out to be non-binding in our numerical solutions. Proper treatment of these non-negativity constraints is
included in the “Appendix”.
27 Full set of necessary optimality conditions is included in the “Appendix”.
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Et = q

2δ
Ct (p − λt ), 0 ≤ t ≤ T . (16)

Since the costate variable λt can be interpreted as the current-value shadow price (the
marginal shadow value) of horseshoe crabs, Eq. 16 clearly shows that a positive harvest rate
is optimal only when the market price of horseshoe crabs exceeds the current-value shadow
price of horseshoe crabs.

Horseshoe crabs provide multiple ecosystem services. Therefore, multiple factors drive
the shadow price of the horseshoe crab stock and the optimal ECON-EBFM harvest policy.
We decompose λt into various components: λ1,t , λ2,t , λ3,t , and λ4,t , which are defined as
follows:

−λ̇1,t + ρλ1,t = pqEt , 0 ≤ t ≤ T, (17)

−λ̇2,t + ρλ2,t = −λt (ηc + qEt ), 0 ≤ t ≤ T, (18)

−λ̇3,t + ρλ3,t = e−ρτ λt+τ gc(1 − Ct/K
∗
c ) exp(−Ct/K

∗
c ), 0 ≤ t ≤ T − τ, (19)

−λ̇4,t + ρλ4,t = −ξt gr R
2
t /Kr/a · b1 exp(b0 + b1Ct ), 0 ≤ t ≤ T, (20)

and
λ1,T = λ2,T = λ4,T = 0, λ3,t = 0, T − τ ≤ t ≤ T, (21)

such that
λt = λ1,t + λ2,t + λ3,t + λ4,t , 0 ≤ t ≤ T . (22)

The right-hand-side terms in Eqs. 17–20 are found on the right-hand sides of Eqs. 14 and 15.
Therefore λt is comprised of four components: (i) themarginal value of immediate harvest

associated with a marginal increase in the horseshoe crab stock, λ1,t ; (ii) the marginal cost of
increasing the horseshoe crab stock associated with a reduction in the instantaneous growth
rate, λ2,t ; (iii) the marginal value of increasing horseshoe crab recruitment at time t + τ

discounted to time t , λ3,t ; and (iv) the marginal value of increasing the density-dependent
carrying capacity of red knots and thus promoting growth in the red knot population (which
is valued at a shadow price of ξt ), λ4,t . Among the four components, λ2,t and λ3,t reflect
the intertemporal tradeoffs involved in single-species management of the horseshoe crab,
which has a long delay in recruitment, while λ4,t provides the economic link between the
horseshoe crab and the red knot. Note that λ4,t would be absent if the value of red knots
is excluded from the manager’s objective function, or if red knots were not dependent on
horseshoe crabs for survival. Therefore, the presence of the λ4,t component distinguishes
the ECON-EBFM plan from the SSFM plan, in which the two populations are not linked
biologically nor economically (or the linkages are ignored), and the BIO-EBFM plan, in
which the biological link is present but the economic link is missing.

Additionally, to aid intuition, we also explore various mutations of λt obtained through
setting the cumulative historical impact of some components of the shadow price equal to
zero. Specifically, for t ∈ [0, T ] and fixed t0 ∈ [0, T ], we define

λ
(i)
t = λt0 + (λi,t − λi,t0), i = 1, 2, 3, 4,

and

λ
(i, j)
t = λt0 + (λi,t − λi,t0) + (λ j,t − λ j,t0), i, j = 1, 2, 3, 4, i �= j.

The purpose of the mutations is to examine what would have happened to λt if only certain
components of λt , not all of them, had been driving λt , conditional on the optimal trajectories
of effort, harvest, and population sizes, and consequently to assess the relative importance of
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a

b

Fig. 3 Trajectories of the effort levels and the harvest rates under continued open access (OA; the dashed lines),
single-species fishery management (SSFM; the dotted lines), biological ecosystem-based fishery management
(BIO-EBFM; the dot-dashed lines), and efficient ecosystem-based fishery management (ECON-EBFM; the
thick, solid lines). a Effort levels, b Harvest rates. The shade indicates the modeled open access period. All
fishery management plans start at t = 0. We speculate that the trajectories towards t = 125 here approximate
what the optimal trajectories would have been as t → ∞ over an infinite management horizon, and therefore
trajectories after t = 125 are not shown. See also footnote 29

the various components in shaping λt . It is similar to the purpose of historical decomposition
in vector autoregression models.28

In what follows we examine the decomposition and its mutations numerically to assess
which components are driving the current-value shadow price of horseshoe crabs and thus
the optimal decision of harvest.

5.2 Numerical Results

We first consider the numerical solutions for effort, harvest, and horseshoe crab and red knot
stocks. We then describe the numerical decomposition of the shadow price of horseshoe
crabs. Figures 3 and 4 show the trajectories of effort levels, harvest rates, and horseshoe crab
and red knot populations in the open access period and the first 125 years under continued
open access and the three fishery management plans we consider (ECON-EBFM, SSFM,
and BIO-EBFM). Trajectories after t = 125 are not shown because the terminal periods are

28 The technique of historical decomposition in vector autoregression models was pioneered by Sims (1980)
and subsequently developed by Burbidge and Harrison (1985).
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a

b

Fig. 4 Trajectories of population sizes of horseshoe crabs and red knots under continued open access (OA; the
dashed lines), single-species fisherymanagement (SSFM; the dotted lines), biological ecosystem-based fishery
management (BIO-EBFM; the dot-dashed lines), and efficient ecosystem-based fishery management (ECON-
EBFM; the thick, solid lines). a Horseshoe crab population, b Red knot population. The shade indicates the
modeled open access period. All fishery management plans start at t = 0. We speculate that the trajectories
towards t = 125 here approximate what the optimal trajectories would have been as t → ∞ over an infinite
management horizon, and therefore trajectories after t = 125 are not shown. See also footnote 29

of less interest to us and we speculate that the trajectories towards t = 125 here approximate
what the optimal trajectories would have been as t → ∞ over an infinite horizon.29

5.2.1 Trajectories Under Open Access

The open access period is characterized by an immediate expansion of effort in the horseshoe
crab fishery (Fig. 3a). At first harvest increases reaching more than one-hundred-and-sixty-
five-fold from its initial level in about 15.2 years, then it plateaus before falling (Fig. 3b). The
horseshoe crab population decreases faster than effort increases driving the eventual decline
in harvest. The plateau is created by the ten-year lag period required for horseshoe crabs

29 To our best knowledge, the turnpike property for finite-horizon delayed optimal control problems with
discount criterion has not yet been formally established in the literature, although we speculate that it is true.
We observe that, within the management horizon, the effort level, the harvest rate, and the horseshoe crab and
the red knot populations approach certain stationary levels. The levels that are sustained for the majority of
the optimization horizon should be very close to the respective turnpikes.
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to reach sexual maturity. For example, recruitment of horseshoe crabs fifteen years into the
open access period depends on the population size five years into the open access period,
when the population size is still high (Fig. 4a). Moreover, recruitment is maximized when
C = K ∗

c ≈ 22.5 (in millions), which is a little below the carrying capacity of Kc = 28
(in millions). As a result, actual recruitment of horseshoe crabs continues to rise by a small
amount for a short period of time after harvest peaks, slowing down the decline in horseshoe
crab population and thus generating the plateau period of about four years with a relatively
high harvest rate.

Harvest drives a decline in the horseshoe crab and the red knot populations (Fig. 4).
However, the red knot population shows a delayed response to the decline in the horseshoe
crab population. At high population levels of horseshoe crabs, the red knots are saturated with
horseshoe crab eggs and a small decline in the number of horseshoe crabs only marginally
affects the red knot population. In fact, based on our model parameters, a horseshoe crab
population 80% of its carrying capacity supports a red knot population at roughly 99% of
its full carrying capacity, and the horseshoe crab population does not fall below 80% of its
carrying capacity until about 10.8 years into the open access period.

If open access were to continue beyond t = 0 (when fishery management takes over), the
effort level would continue to rise and peak in about 2.5 years, at which time rents in the
horseshoe crab fishery would be fully dissipated. Excessive fishing effort would drive both
the horseshoe crab and the red knot populations to the verge of collapse. After thirty years
of continued open access, the horseshoe crab population would be about 2% of its carrying
capacity and the red knot population would be about 3% of its full carrying capacity.30 The
result is driven by the low harvest cost in a fishery where horseshoe crabs can be harvested
directly from local beaches by hand (ASMFC 2009b).

5.2.2 Trajectories Under SSFM

At t = 0, the fishery manager begins regulating harvest of horseshoe crabs. With SSFM, the
manager allows harvest immediately after the end of open access and the harvest rate increases
to a local high of about 52% of MSY after about 3.8 years (Fig. 3). Despite being harvested,
the horseshoe crab population recovers quickly, doubling in about 1.2 years (Fig. 4a). Such
recovery from a depleted state is possible largely because of the ten-year delay in recruitment.
Since the horseshoe crab population declines continuously over the open access period,
recruitment exceeds deaths by a large margin at t = 0 and shortly after t = 0, enabling a
quick recovery allowing immediate harvest under optimal SSFM.

After time, increasing deaths and harvest outnumber decreasing recruitment, resulting in
a temporary decline in the horseshoe crab population. The temporary decline ends shortly
after t = 10, when recruitment begins to improve. The horseshoe crab population continues
to grow afterwards and gradually stabilizes around 27% of its carrying capacity after 36 years
since the beginning of management.31 The harvest rate is sustained at about 90% of MSY
after 47 years since the beginning of management. In general, changes in effort level are
synchronized with changes in the population size of horseshoe crabs, i.e. effort rises as the
population expands and drops as the population shrinks.32

30 Such extremely lowpopulation sizes are no surprise and are direct consequences ofmatching the predictions
of our model with real-world trends in populations. For instance, the Delaware 30-foot trawl survey found the
lowest horseshoe crab abundance index in 2004, which was only 1.1% of the index in 1990. Refer to Fig. 2a.
31 By “stabilize” or “sustain,” we mean that subsequent changes in the population or harvest level are by less
than 1% (except towards the terminal periods).
32 Strictly speaking, effort level has a very small lead in time. We do not imply causality here, however.
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On the other hand, under SSFM the red knot population rebounds slowly and stabilizes
around 29% of its full carrying capacity after 60 years since management begins (Fig. 4b).
With SSFM (and all three management scenarios) there is an ephemeral (less than one year)
and small (less than 4%)decline in the red knot population at the beginning of themanagement
period; see the enlarged detail in Fig. 4b and see also Fig. 5. This decline is caused by the red
knot’s (density-dependent) carrying capacity being below the current population size at the
end of the open access period. The decline represents a delayed adjustment to the carrying
capacity. Then, as the horseshoe crab population quickly recovers, the red knot’s (density-
dependent) carrying capacity soon surpasses its current population size, after which the red
knot population begins to rebound.

To summarize, based on our parameterization, the optimal harvest policy under SSFM fea-
tures an immediate start of harvesting, synchrony between the effort level and the population
size of horseshoe crabs, and a long period of sustained harvest.

5.2.3 Trajectories Under BIO-EBFM

Under BIO-EBFM, there is an immediate moratorium on harvest because the red knot pop-
ulation target of �r is not met at the beginning of management (Figs. 3, 4b). During the
moratorium period the horseshoe crab population recovers quickly, quadrupling in about
5.6 years and continuing to grow to levels higher than the population size in any year under
SSFM (Fig. 4a). Therefore, the red knot population rebounds faster than it does under SSFM.

Themoratorium ends immediately when the population size of red knots reaches the target
at t = T ′

M ≈ 14.0. Since the manager’s interest under BIO-EBFM is to maximize sustainable
harvest, he or she would like to keep the horseshoe crab population size close toCMSY, which
deliversMSY. At the end of the moratorium, the horseshoe crab population stands about 18%
above CMSY.

Ideally, if there were no limit, legal or physical, on fishery mortality at all and there were
no delay in recruitment of horseshoe crabs, the fishery manager would find it optimal to exert
an “infinitely high” effort immediately following the achievement of the red knot target to
instantly bring the horseshoe crab population size to CMSY and then harvest constantly at
MSY thereafter.

However, in our case the manager is constrained by both a limit on fishery mortality and
a long delay in recruitment of horseshoe crabs, which renders the optimal harvest policy no
longer trivial. The manager starts by exhausting the overhead in horseshoe crabs by exerting
the maximum allowed effort level. Then at t ≈ 16.8 the overhead is exhausted, after which
harvest is reduced due to the fact that recruitment of horseshoe crabs is declining because of
a low stock history and the delayed population dynamics. The reduction in harvest dampens
future fluctuations in the horseshoe crab population size created by the moratorium period.
Therefore, the horseshoe crab population size can be better stabilized around the desired level
of CMSY.

Then, at t ≈ 21.3 the manager resumes the maximum allowed effort. The horseshoe crab
population finally stabilizes around CMSY, which is about 42% of its carrying capacity, after
28 years since the beginning of management while the red knot population stabilizes around
65% of its full carrying capacity after 48 years since the beginning of management.

To summarize, based on our parameterization, the optimal harvest policy under BIO-
EBFM features a moratorium period of 14.0 years in the beginning to meet the red knot
population target and constant effort levels except a short period of reduced effort levels to
help stabilize the horseshoe crab population size around the desired long-run level.
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5.2.4 Trajectories Under ECON-EBFM

Under ECON-EBFM, given the depleted state of both the horseshoe crab population and the
red knot population, the fishery manager first enforces a moratorium on harvest of TM ≈
12.6 years during which the horseshoe crab population experiences a quick recovery while
the red knot population experiences a milder one (Figs. 3, 4). At the end of the moratorium,
the horseshoe crab population has recovered to about 42% of its carrying capacity and the
red knot population has rebounded to about 27% of its full carrying capacity.

Following termination of the moratorium, the harvest rate rises quickly from zero to a
local maximum of about 67% of MSY in about 4 years. After that the harvest rate expe-
riences a small and temporary decrease, and then increases again. In the meanwhile, the
red knot population continues to grow steadily, doubling its size in about 10.3 years. The
harvest rate stabilizes around 93% of MSY after 47 years since management begins. The
horseshoe crab population stabilizes around 55% of its carrying capacity after 42 years since
management begins. The red knot population stabilizes around about 88% of its full carrying
capacity after 59 years since management begins. We note that the sustained effort level
under ECON-EBFM is significantly (about 30%) lower than that under BIO-EBFM despite
that the sustained harvest rate under ECON-EBFM is slightly (about 7%) lower than that
under BIO-EBFM.

In addition to higher sustained levels of both the horseshoe crab population and the red
knot population, two other features of the ECON-EBFM trajectories notably distinguish them
from the corresponding ones under SSFM or BIO-EBFM. First, there is lack of synchrony
between the effort level and the population size of horseshoe crabs in the first several decades
of management. Under SSFM, changes in effort level are synchronized with changes in
the population size of horseshoe crabs, as mentioned in Sect. 5.2.2. Under ECON-EBFM,
both the horseshoe crab and the red knot populations grow continuously after the end of the
moratorium, yet the effort level does not always increase.

Second, under ECON-EBFM the trajectory of the red knot population to recovery is less
variable than under SSFM or BIO-EBFM. Figure 5 shows the instantaneous growth rates of
the red knot population in the first six decades of the management horizon under the three
management plans. Under ECON-EBFM, the value of the red knot population encourages
the impatient manager to avoid exploiting the excess of recruitment of horseshoe crabs for
an early harvest (as done under SSFM) and instead to utilize the excess for rebuilding both
stocks. Because fluctuations in the horseshoe crab stock size are transmitted to the red knot
stock, the fluctuations are suppressed to generate a steady flow of value from both stocks. In
contrast, under SSFM the horseshoe crab population displays multiple fluctuations and thus
the growth of red knots after the first year is more variable, and even negative in some periods.
Under BIO-EBFM, the manager would like to maintain the horseshoe crab population size
steady at CMSY, but is constrained by limits on fishery mortality.

To summarize, based on our parameterization, the optimal harvest policy under ECON-
EBFM features a moratorium period of 12.6 years in the beginning, varying harvest rates
following termination of the moratorium to deliver continued, steady recovery of both the
horseshoe crab and the red knot populations, and a long period of sustained harvest.

5.2.5 Determination of the Optimal Harvest Policy Under ECON-EBFM

Now we take a closer look at the drivers of the optimal harvest policy under ECON-EBFM.
We examine the determination of λt by decomposing it into four components defined in
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Fig. 5 Instantaneous growth rates of the red knot population in the first six decades of the management
horizon under single-species fishery management (SSFM; the dotted line), biological ecosystem-based fishery
management (BIO-EBFM; the dot-dashed line), and efficient ecosystem-based fishery management (ECON-
EBFM; the thick, solid line). The solid vertical line at t = TM ≈ 12.6 and the dashed vertical line at
t = T ′

M ≈ 14.0 mark the ends of moratoriums under ECON-EBFM and BIO-EBFM, respectively

Eqs. 17–21. Figure 6 shows the decompositions in the first three decades of management.
Note that in this period the horseshoe crab population is generally increasing.

Figure 6a shows the trajectories of λt and its components in levels. The current-value
shadow price λt starts above the market price p, causing the fishery manager to enforce a
moratorium on harvest. The shadow price then fluctuates over time, and finally drops below
p. When λt = p the moratorium is terminated and harvest begins (at t = TM). For the
components, λ1,t and −λ2,t have upward trends in general, λ3,t has a general downward
trend, and λ4,t has mixed trends. While λt is the sum of all the components, it is difficult to
assess which component dominates simply by examining component levels in Fig. 6a.

Figure 6b, however, presents the cumulative historical impact of each component, clearly
showing that during themoratorium period λt is dominated by λ4,t because the counterfactual
trajectory of λt where all components other than λ4,t are muted is most similar to the actual
trajectory of λt . Recall that λ4,t is the marginal value of horseshoe crabs for promoting
growth in the red knot population. Therefore, the red knot recreational use value (relative to
fishery rents) is the main driving force underlying the determination of the optimal length of
moratorium given our parameterization of the bioeconomic model.

Once harvest starts, no individual component dominates λt , as it is clear from the historical
decomposition on [TM, 30] in Fig. 6b. We consider the joint force of λ1,t and λ2,t and the
joint force of λ3,t and λ4,t . From Fig. 6b we see that the joint force of λ3,t and λ4,t appears
to be the dominant driver of policy in the post-moratorium period, since the trajectory of
the counterfactual λ

(3,4)
t is closer to the trajectory of the actual λt than the trajectory of

the counterfactual λ
(1,2)
t is. Intuitively, it means, after the horseshoe crab stock is optimally

rebuilt, the marginal value of the horseshoe crab stock for red knot conservation (λ4,t ) and
future production of horseshoe crabs (λ3,t ), are key determinants of the optimal horseshoe
crab harvest. Conversely, less important are the marginal values of the stock for current
harvest (λ1,t ) and for impacting the current growth rate (λ2,t ).

5.2.6 Comparison of Net Present Values (NPVs)

We turn to assess the welfare implications of the open access baseline and the three fishery
management plans considered here. Table 2 lists the NPVs of the horseshoe crab fishery rents
and the red knot conservation values in various scenarios. Under continued open access, the
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a

b

Fig. 6 Decompositions of the costate variable λt , i.e. the current shadow price of horseshoe crabs, in the
first three decades of efficient ecosystem-based fishery management (ECON-EBFM). a Components in level,
b Historical decompositions. See Sect. 5.1 for definitions of the decompositions and the components. The
y-axes are in customized logarithmic scales. The horizontal black line in each panel marks the ex-vessel price
of horseshoe crabs p = 0.90. The vertical black line at t = TM ≈ 12.6 in each panel marks the end of the
moratorium. In Panel b, historical decomposition is performed separately on two time intervals, [0, TM] and
[TM, 30]

stocks are so depleted that the horseshoe crab fishery is unprofitable most of the time and
thus the combined NPV is negative. Among the three management plans considered, SSFM
generates the highest NPV of horseshoe crab fishery rents, yet has the lowest NPV of red
knot conservation value and one of the lowest combined NPV. The two EBFM plans, despite
lower NPVs of horseshoe crab fishery rents, generate considerably higher NPVs of red knot
conservation value than SSFM. Under either EBFM plan, the NPV of red knot conservation
value consists of more than 75% of the combined NPV.

Considering ecosystem linkages in establishing the total allowable catch in a regulated
open access fishery can generate welfare gains on par with optimal SSFM even if fishery
rents are completely dissipated. In our case, BIO-EBFM increases welfare from recreational
use values from red knots that are 99.9% of the combined NPV of SSFM. Additionally, if
fishery rents are being dissipated under the regulated open access, large gains can be had
from transitioning to an efficiency approach to EBFM. Specifically, the combined NPV from
ECON-EBFM is roughly 38% greater than the lower bound of the combined NPV with
BIO-EBFM.
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Table 2 Net present values (NPVs) of the horseshoe crab fishery rents and the red knot conservation value
in the first 125 years of continued open access (OA), single-species fishery management (SSFM), biologi-
cal ecosystem-based fishery management (BIO-EBFM), and efficient ecosystem-based fishery management
(ECON-EBFM)

Open access or
management plan

Horseshoe crab fishery rents Red knot conservation value

NPV % of combined NPV % of combined Combined NPV

OA −10.56 – 4.23 – −6.32

SSFM 25.44 39.9 38.28 60.1 63.72

BIO-EBFM 0–21.17 0–25.0 63.65 75.0–100 63.65–84.82

ECON-EBFM 17.95 20.5 69.64 79.5 87.59

Note All NPVs are in millions of 2009 dollars. The first 125 years of the management horizon account for at
least 99.5% of the total combined NPV in the entire horizon of 200 years under any of the three management
plans.

a

b

Fig. 7 Surface plots (left) and contour plots (right) of the percentage gains in net present values (NPVs) by
efficient ecosystem-based fishery management (ECON-EBFM) over biological ecosystem-based fishery man-
agement (BIO-EBFM) as the parameters w′ and α′ vary, assuming either no rent dissipation or complete rent
dissipation occurring under BIO-EBFM. a No rent dissipation under BIO-EBFM, b Complete rent dissipation
under BIO-EBFM. NPV calculations include the first 125 years of the management horizon. The black dots
locate the baseline point where w′ = w and α′ = α
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5.2.7 Sensitivity Analysis on the Red Knot Value Function

Because the red knot use value plays such a dominant role and because there is limited
information regarding the red knot value function Eq. 7,33 we explore the sensitivity of the
results to the red knot value function by varying thew parameter and the α parameter. Denote
the new parameter values of w and α by w′ and α′, respectively. We vary w′/w from 0.2
to 2 and α′ from 0 to 1. We note that increasing w′ or α′ implies increasing the value of
red knots in general.34 We track the NPVs as w′ and α′ vary. Figure 7 presents the results
of the sensitivity analysis at two extremes: one where fishery rents are not dissipated under
BIO-EBFM (Fig. 7a) and one where fishery rents are completely dissipated (Fig. 7b).

While our main results show only modest gains frommoving from BIO-EBFM to ECON-
EBFM, the results are quite sensitive to the parameters in the red knot value function. Within
the ranges ofw′ andα′ that we explore, if fishery rentswere to be preserved under BIO-EBFM
the gains from transitioning to ECON-EBFM could potentially be as high as 24% (up from
roughly 3.3% achieved with our baseline parameters). The results are most sensitive to the
shape parameter α and fairly robust tow. We find even greater sensitivity in our results when
we assume that fishery rents are completely dissipated under BIO-EBFM, with a maximum
NPV gain of 2327% (up from roughly 38% in the baseline). Additionally the results in this
case are sensitive to both α and w.

6 Conclusion

While the concept of EBFM is gaining support, it is unclear how EBFMwill be implemented.
One possibility is that ecosystem considerations will be simply added to the status quo
regulatory regime, which does not address the commons problem. In this paper we examine
the potential welfare gains from various definitions of EBFM using an empirically calibrated
bioeconomic model.

We find that, first of all, if fishery rent dissipation is minimal, the BIO-EBFM plan is
only marginally outperformed by the ECON-EBFM plan in terms of the NPV of ecosystem
services provided. Two factors are responsible for the result. First, the biologically efficient
harvest rate (i.e. MSY) is very close to the economically efficient harvest rate35 due to the
low harvest cost, so the optimal harvest policy under BIO-EBFM is able to generate large
fishery rents.

Second, the biological link between the horseshoe crab and the red knot keeps the fishery
manager’s long-run interest in the horseshoe crab fishery (the target stock ofCMSY) consistent
with conservation of the red knot. Given the strength of reliance of red knots on horseshoe
crabs in our bioeconomic model, a horseshoe crab stock at CMSY is able to support a fairly
large red knot stock, so themanager, who is largelymotivated by the sole interest in horseshoe
crabs under BIO-EBFM once the red knot target is achieved, might unintentionally improve
non-fishing values in the system.

Furthermore, we find that ECON-EBFM may or may not be justified based on achieving
significant welfare improvements, although the result depends on the extent to which fishery

33 Our function is calibrated to fit through two data points based on the literature and our assumptions; see
the online supplementary material for more detail.
34 This statement holds when the stock size is larger than Rm + 1, which is always true in our case.
35 Wemean the harvest rate maximizing the instantaneous profit. Due to the delay in recruitment of horseshoe
crabs and discounting, the sustained harvest rate under ECON-EBFM does not maximize the instantaneous
profit.
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rents are dissipated in the horseshoe crab fishery. The degree to which fishery rents are being
dissipated in the regulated open access fishery is an empirical question that we save for future
research.

We also find that the value of red knots is a key driver of the optimal harvest policy.
However, the gains from transitioning from BIO-EBFM to ECON-EBFM are sensitive to the
parameters in the red knot value function. The current literature provides two point estimates
of the average willingness to pay for a birding trip to the Delaware Bay area. Estimates
of the marginal red knot value function are more appropriate for a policy analysis such as
ours, but absent from the literature. Therefore, to better understand the gains from efficient
EBFM, future work is needed to measure societal values for the red knot population and
other shorebird populations dependent on horseshoe crabs in Delaware Bay.

Additionally, while we explore EBFM in a deterministic setting, both horseshoe crabs
and red knot populations are subject to stochasticity. Fishery managers have identified four
key areas of uncertainty: uncertainty in horseshoe crab spawning, uncertainty in juvenile
horseshoe crab survival, uncertainty in red knot survival, and uncertainty in red knot fecundity
(ASMFC 2009a). If fishery managers are risk averse, considering key drivers of stochasticity
in the system will be important for policy purposes. Therefore, important areas of future
work include obtaining valuation estimates that are compatible with a bioeconomic model
(non-use valuation functions rather than point estimates) and considering optimal EBFM
under uncertainty.
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Appendix

In this appendix we derive the first-order necessary optimality conditions for the fishery
manager’s delayed optimal control problem under ECON-EBFM defined in Eqs. 8–12. We
assume all conditions required by Theorem 4.2 in Göllmann et al. (2009) are satisfied so that
the theorem applies.36 We first work with the present-value Hamiltonian and then turn to the
current-value Hamiltonian.

Construct the present-value Hamiltonian as

Hp(t,Ct ,Ct−τ , Rt , Et , λ
p
t , ξ

p
t , ζ

p
e,t , ζ

p
c,t , ζ

p
r,t )

= e−ρt [pqCt Et − δE2
t + w(Rt − Rm)α

]
+ λ

p
t
[
gcCt−τ exp(−Ct−τ /K

∗
c ) − ηcCt − qCt Et

]
36 We ignore the R < Rm branch of the red knot value function Eq. 7 since the infinite derivative at R = Rm
would keep the optimal trajectory of Rt away from Rm. It immediately renders the nonnegativity constraint
on Rt and the subsequent introduction of the multiplier ζ

p
r,t redundant. Yet we keep ζ

p
r,t in the Hamiltonian

for the sake of completeness. Alternatively, we could have set up the optimal control problem with the
constraint Rt ≥ Rm, t ∈ [0, T ], or Rt ≥ Rm + ε, t ∈ [0, T ], where ε is a sufficiently small positive
number. Additionally, it can be easily verified that the rank condition (Göllmann et al. 2009, Eq. 10) for the
nonnegativity constraints Eq. 11 is satisfied.
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+ ξ
p
t gr Rt {1 − Rt/Kr/a · [1 + exp(b0 + b1Ct )]}

+ ζ
p
e,t Et + ζ

p
c,tCt + ζ

p
r,t Rt ,

where a superscript p indicates association with the present-value Hamiltonian, λ
p
t and ξ

p
t

are the two costate variables associated respectively with Eqs. 9 and 10, and ζ
p
e,t , ζ

p
c,t , and

ζ
p
r,t are multipliers associated with the nonnegativity constraints Eq. 11.
The first-order necessary optimality conditions are then given by

0 = ∂Hp

∂Et
= e−ρt (pqCt − 2δEt ) − λ

p
t qCt + ζ

p
e,t , 0 ≤ t ≤ T, (23)

−λ̇
p
t = ∂Hp

∂Ct
+ ∂Hp

∂Ct−τ

∣∣∣∣
t+τ

= e−ρt pqEt − λ
p
t (ηc + qEt )

− ξ
p
t gr R

2
t /Kr/a · b1 exp(b0 + b1Ct ) + ζ

p
c,t

+ λ
p
t+τ gc(1 − Ct/K

∗
c ) exp(−Ct/K

∗
c ), 0 ≤ t < T − τ,

(24)

−λ̇
p
t = ∂Hp

∂Ct
= e−ρt pqEt − λ

p
t (ηc + qEt ) − ξ

p
t gr R

2
t /Kr/a · b1 exp(b0 + b1Ct )

+ ζ
p
c,t , T − τ ≤ t ≤ T,

(25)

and

−ξ̇
p
t = ∂Hp

∂Rt
= e−ρtwα(Rt − Rm)α−1

+ ξ
p
t gr {1 − 2Rt/Kr/a · [1 + exp(b0 + b1Ct )]}

+ ζ
p
r,t , 0 ≤ t ≤ T .

(26)

Also, the optimal solution should maximize the Hamiltonian among all admissible control
and state trajectories that satisfy the nonnegativity constraints Eq. 11. The transversality
condition is simply

λ
p
T = 0. (27)

Nonnegativity of multipliers and the complementarity condition guarantee

ζ
p
e,t , ζ

p
c,t , ζ

p
r,t ≥ 0 and ζ

p
e,t Et = ζ

p
c,tCt = ζ

p
r,t Rt = 0. (28)

We now turn to the current-valueHamiltonian, defined simply asH = eρtHp. The current-
value costate variables and current-value multipliers are defined accordingly as

λt = eρtλ
p
t , ξt = eρtξ

p
t , (29)

and
ζe,t = eρtζ

p
e,t , ζc,t = eρtζ

p
c,t , ζr,t = eρtζ

p
r,t . (30)

Differentiation with respect to time in Eq. 29 yields

λ̇t = ρλt + eρt λ̇
p
t and ξ̇t = ρξt + eρt ξ̇

p
t . (31)

Substitute Eqs. 29–31 into Eqs. 23–28 and then we obtain the conditions in current-value
terms. Eqs. 23–26 become
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Et = [qCt (p − λt ) + ζe,t ]/(2δ), 0 ≤ t ≤ T,

−λ̇t + ρλt = pqEt − λt (ηc + qEt ) − ξt gr R
2
t /Kr/a · b1 exp(b0 + b1Ct ) + ζc,t

+ e−ρτ λt+τ gc(1 − Ct/K
∗
c ) exp(−Ct/K

∗
c ), 0 ≤ t < T − τ,

−λ̇t + ρλt = pqEt − λt (ηc + qEt ) − ξt gr R
2
t /Kr/a · b1 exp(b0 + b1Ct )

+ ζc,t , T − τ ≤ t ≤ T, and

−ξ̇t + ρξt = wα(Rt − Rm)α−1

+ ξt gr {1 − 2Rt/Kr/a · [1 + exp(b0 + b1Ct )]} + ζr,t , 0 ≤ t ≤ T .

Equation 27 becomes λT = 0. Equation 28 becomes

ζe,t , ζc,t , ζr,t ≥ 0 and ζe,t Et = ζc,tCt = ζr,t Rt = 0.
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