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ABSTRACT. Theutility of traditional bio-economic harvest models suffersfrom their dependence on two
commonly used approaches. First, optimization is often assumed for harvester behavior despite system
complexity and the often neglected costs associated with information gathering and deliberation. Second,
ecosystem interactions are infrequently modeled despite a growing awareness that these interactions are
important. This paper develops a ssmulation model to examine the consequences of harvesting at two
trophiclevelsinacoral-reef food web. The model assumes adaptive rather than optimizing behavior among
fishermen. The consequences of changing economic, biological, and socia parameters are examined using
resilienceasanevaluativeframework. Threegeneral conclusionsarereached. First, thesimulated ecosystem
issensitive to small changesin economic, biological, and social parameters. Second, threshold effects are
common. Third, as compared to results typical of traditional single-species optimization models, some
results are counter-intuitive. Benefits of this approach are that the model affirms and adds to the results of
traditional bio-economic harvest models, is empirically operational, and provides a richer selection of
policy alternatives. Finally, the analysis of trade-offs in terms of resilience provides a useful evaluative
framework for multiple-species harvest models.
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INTRODUCTION

Much progress has been made in resource
economics since the semina works of Hotelling
(1931), Gordon (1954), Scott (1955), and Clark
(1976). The sophistication of bio-economic harvest
models has grown rapidly, although their policy
impacts have been questioned (Wilen 2000).
Although fisheries have recelved more scrutiny
from modelers than most resources, global stocks
continue to decrease (Myers and Worm 2003).
Some suggest that fisheries management has been
ineffective because of the focus on single-species
harvest goals rather than on maintaining ecol ogical
function (Pikitch et a. 2004). Others contend that
the reliance of resource models on the unrealistic
assumption of optimizing human behavior
perpetuates poor descriptions of the interactions
between ecology and society and thus leads to
unrealistic or poor management prescriptions (Van
Den Bergh et a. 2000).
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Inthisstudy, | devel oped asimulation harvest model
in response to these critiques. | examined the
consequences of adaptive harvesting of multiple
species at two trophic levelsin a simple coral -reef
food web and of changing economic, biological, and
social parametersusing the framework of resilience
to evaluate the desirability of simulated outcomes.

Ecological simplification

Speciesof interest tohumansdonot existinisolation
but are part of complex ecosystems. The harvest of
asingle species affects other species and ecological
processes. This may create positive and negative
feedback |oopsthat affect thetarget speciesand lead
to great management uncertainty.

The few bio-economic modeling studies that
examine the effects of harvesting in multiple-
species environments often limit their analyses to
predator-prey relationships. Even fewer studies
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consider harvesting competitive or mutualistic
species. Harvest models of more than two species
are rarer dtill and provide greater analytical
difficulties. May et a. (1979) provided an early
analysis of harvesting among three species in
various predator-prey relationships that found
evidence of multiple equilibria and catastrophic
behavior. Finoff and Tschirhart developed ageneral
equilibrium ecosystem model to examinetheeffects
of harvesting a single species in an eight-species
Alaskan marine ecosystem (2003a) and to study the
effectsof the pollock harvest on endangered sealion
populations (2003b). At present, the consensus
seems to be that fisheries conservation objectives
cannot be met without accounting for the dynamics
of entire ecosystems (Gislason et al. 2002).

Behavioral simplification

A second critique of renewable-resource harvest
models is the frequent use of optimization
frameworks to simulate human behavior. Often,
model ers devel op prescriptions that may havelittle
relevance to the management of real ecosystems.
Simon’s “bounded rationality” (1955) and
Kahneman and Tversky’ s* prospect theory” (1979)
were early efforts that recognized the limits to
human cognition and suggested the use of models
based on simple heuristics. Behavioral economics
and evolutionary game theory aso stress the
prevalence of adaptive behavior.

Here | present amodel of adaptive behavior based
on evolutionary processes. Agents with strategies
that yield outcomesthat areworseonaverageswitch
to successful strategies, thereby increasing their
numbers. | used replicator dynamics (Taylor and
Jonker 1978) to model the evolution of harvest
strategiesin acommunity asafunction of changing
fishing profits.

Other studies have examined the resource
management implications of using adaptive models
of human behavior. Jager et a. (2000) used a
multiple-agent model to study the emergence of
macro-processes from micro-decisions in the
context of a commons dilemma. Anderies (2000)
revisited a model of resource extraction on Easter
Island that was first presented by Brander and
Taylor (1998), who used an adaptive rather than an
optimization behavioral model. Sethi  and
Somanathan (1996) used replicator dynamics to
model the evolution of strategies between
cooperators, defectors, and enforcers over asingle
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renewable resource. They concluded that the
advantage of using an evolutionary model of human
behavior is that it makes theory “empiricaly
operational.”

The two common assumptions in bio-economic
modeling, single-species systems and optimizing
human behavior, arerelated. Onceit isassumed that
optimization is the most appropriate model of
human behavior, there is a limit to the complexity
that can be assumed for the harvesting environment
if analytical results are desired. In this study,
maximizing the returnsfor afishery among acoral-
reef food web becomes a difficult nonlinear
mathematical problem of finding the optimal
harvest level with four state variables and two
control variables.

Optimization methods provide alimited evaluative
framework for complex ecosystemsbecauseitisnot
clear what should be optimized. Optimizing profits
or yields seems insufficient given multiple species
with direct and indirect values. Resilience provides
an alternate evaluative framework. Resilienceisthe
ability of systemsto absorb shocks, to resist sudden
shiftsto undesirable states, and to regenerate. There
is currently no generally accepted quantitative
measure of resilience (Allen et al. 2005, Stow et al.
2007).

Coral reefs

Coral reefs provide a well-studied example of a
complex ecosystem with nonlinear interactions and
thusthe potential for catastrophic results because of
human mismanagement. Anthropogenic stresses
like climate change, pollution, sedimentation, and
the overexploitation of fish stocks are the primary
causes of reef degradation. Given theimportance of
coral reefs as marine biodiversity hotspots, as
natural shoreline buffers, and as major tourist
destinations, scientistshaveincreasingly studiedthe
community dynamics of coral reefs (Roberts et al.
2002). Examplesof |arge exogenous shocksto reefs
include the 1997 and 1998 El Nifio and La Nifia
events, the outbreak of the crown-of-thorns starfish
(Acanthaster planci) in the Great Barrier Reef, and
the loss to disease of the herbivorous long-spined
sea urchin (Diadema antillarum) in the Caribbean.
There is disagreement among reef scientists as to
whether reef dynamics are primarily driven by
nutrient flowsor by herbivory, i.e., by bottom-up or
top-down processes (Miller et al. 1999).
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Inthenext section, | present asimplified reef model.
The results of several sensitivity analyses follow.
These results are compared with the current state of
knowledge in reef ecology and management in the
discussion section. | conclude by discussing policy
implications.

METHODS
M odeling algae and corals

Reefs have shown a tendency to exist in alternate
coral- or agae-dominated states. Examples are
found in the Caribbean (Hughes 1994, Ostrander et
al. 2000) and the Pacific (Done 1992). These shifts,
driven partly by the competition for light and space
between corals and algae, are persistent (Williams
and Polunin 2001). Several mechanisms have been
proposed to explain the competitive interaction
between coral and algae. Algae can inhibit coral
growth, recruitment, and settlement by shading,
abrasion, aleopathic chemical defenses, and
overgrowth. Cora can inhibit algae growth by
shading, stinging, alleopathic chemical defenses,
the occupation of space, mucus secretion, and
overgrowth (McCook et a. 2001).

Thecompetitiveinteraction between coral andalgae
depends on the structure of the algal community.
Thefour algal functional groupsare symbiaotic, turf,
fleshy macro-, and calcareous algae. The growth of
fleshy macro-algae in particular has been shown
through field and lab studies to reduce cora cover
because of lower growth, reduced fecundity, and
increased tissue mortality (Tanner 1995). Coral and
macro-algae interactions are common (Lirman
2001). Although there is strong empirical evidence
for the competition between coral and algae, there
are few models describing these dynamics.

Here algae and coral were modeled using a L otka-
Volterra model of intraspecific and interspecific
competition. | adopted the usual assumptions of
population, temporal, and spatial homogeneity with
no migration. Thismode! differs from the classical
model, however, in postulating a nonlinear
competitive interaction of algae on coral.

Algaegrow according to amodified logistic growth
equation,
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where A(t) isthe proportion of algal cover at timet,
r, is the intrinsic growth rate of algae, K, is the
carrying capacity of algae in percent of algal cover,
a, ¢ isthe competition coefficient of coral on agae,
C(t) is the proportion of coral cover, H(t) is the
herbivoredensity inkilogramsper squarekilometer,
and a,, is the interaction term between herbivores
and algae. A ssimple linear competition coefficient
of coral on algae and herbivores on algae was used
in Eq. 1 because of the absence of evidence of more
complex relationships. The model treats the effect
of coral on agae differently than the effect of
herbivores on algae by incorporating the
competition coefficient, a,, into the first term. By
doing so, the competition for light and space is
implicitly modeled. The competition coefficient,
a,c, Measures interspecific competition relative to
intraspecific competition by indicating how many
units of coral are equivalent to one unit of algae in
terms of their resource use. If the effects of coral
and herbivores are zero, the growth equation
reduces to a ssmple logistic growth function with
only intraspecific competition. Assuming no
herbivore effect, setting the growth equation equal
to zero and solving for C(t) produces the equation
for the algal nullcline,

Clt]= {MJ )

In the coral growth equation,

Afg 5w J
K. -Clt]-a [ - .
¢ A 4] g 3)
dt £

rc is the intrinsic growth rate of coral, K is the
carrying capacity of coral as the proportion of sea
floor coverage, and a., is the competition
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coefficient of algae on coral. The last term in the
numerator is a sigmoidal Hill function. The shape
of this function is controlled by two parameters.
Sope s the steepness of the curve at the inflection
point, a measure of the effect on coral as the
community structure of algae shifts. HA is the half
saturation constant or, in this case, the amount of
algal cover at which coral cover is at 50% of its
carrying capacity. If algal cover equals zero, the
third term equals zero, and coral grows according
to the unmodified logistic growth equation. Setting
the coral growth equation equal to zero and solving
for C(t) producestheequationfor thecoral nullcline,

Slope
Cle] = K - ac{ ﬂ[ﬂsii — H%FEJ @

The nonlinear shape of the cora nullcline (Fig. 1)
results from the assumption of a nonlinear
competition coefficient of algae on cora and is
important ingenerating alternate stabl e states. Some
justification for this assumption is warranted.
Observational studies have shown that, as agal
cover and biomass increase, the composition of the
algal community shifts from turf algae to fleshy,
upright macro-algae (Done 1992). This shift causes
adramaticreductionincoral cover for threereasons.
First, macro-algae are less pal atabl e to herbivorous
reef fish and therefore continue to grow and out-
compete coralsin the manner of apositive feedback
loop, especially under conditions of low herbivory
(Scheffer et al. 2001). Second, macro-algae, unlike
turf algae, have adetrimental shading effect on coral
and can prevent larval settlement, which causes a
rapid reduction in coral cover at some specified
threshold (Connell et al. 1997), postulated here to
occur in the neighborhood of HA. Finaly, macro-
algae can brush against corals, abrading tissue and
spreading disease (Nugues et a. 2004).

Modeling her bivorous and piscivorous fish

The abundance of herbivorous fish, kept in check
by piscivorous fish, is the main constraint to the
stock of algae biomass on cora reefs. The growth
eguation for herbivorous fish,
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includes the parameters a,, for the interaction
coefficient of algae on herbivores, a,, for the
density-dependent coefficient for herbivores, a.p
for the interaction coefficient of piscivores on
herbivores, pop for the total population of fishers
per squarekilometer, S, for the proportion of fishers
who harvest herbivores, a,,, for the catch efficiency
of fishers with a given technology, and E,, for the
fishing effort in hours fished per day.

Piscivore growth is modeled by

L — o FIE1H[E ]~ @ g FlE)— popsS s e B Fl2] (6)

using agy, as the interaction term of herbivores on
piscivores, S, as the proportion of fishers who
harvested piscivores, an, as the catch efficiency of
fishers of piscivore fish, E; as the fishing effort of
fishers who harvested piscivores, and app as the
density-dependent coefficient for piscivores.

M odeling adaptive harvesters

The artisanal reef fishing communitiesfound in the
Indo-Pacific, East Africa, and the Caribbean can
cause significant changes on local reef ecosystems,
including increases in algae cover (Hawkins and
Roberts 2004), decreased abundance of target
species(Jenningsand Polunin 1997), and alterations
in community structure (Dulvy et al. 2004). These
effects depend on community composition, the
extent of nutrification, habitat structure, physical
disturbance, and oceanographic conditions.

Jennings and Polunin (1997) suggested that
artisanal fishers shift their attention from depleted
fish stocks to healthy fish stocks. This study used a
model that simulates this adaptive approach to
harvesting. The populations of fishers who harvest
herbivores and piscivores change as each group
compares its pay off to a community mean. A
strategy that yields an above-average pay off leads
to agreater proportion of that type of fishersin the
population and vice versa. The replicator dynamics
are defined asfollows:
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Fig. 1. Algal and coral nullclines produce alternate stable states. The arrowed lines represent different
sampl e trgjectories based on different initial conditions. The dashed line, the separatix, divides the phase

plane into two basins of attraction.
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where the parameter sc controls the speed at which
the fishers switch between fish populations.
Switching may not beinstantaneousbecause of sunk
fishing costs, an affinity for the status quo among
fishers, or barriers to information flow. The
magnitude of the switch depends on the magnitude
of the profit differential.

The profits from fishing herbivorous and
piscivorous reef fish are 1y, and 11, respectively, in
the following equations:

Chst

Mg = Hpapg ] Price g — 2wt | ©)

Clost

Ty = Bpap, Fi)\Price, — 2! (10

Price,, Price,, Cost,, and Cost, are the per
kilogram prices and costs for harvesting reef fish.
Profits decrease as fish populations decrease
because of the cost function. Mean profits are
designated as 1t topped by a bar and expressed as
follows:

=8 My +58,.7, (1)

Model parameterswere based on estimates of mean
biomass, consumption, and competition effects for
reef systemsunder avariety of conditions, including
different community structures, fishing intensities,
and the year of estimate (Table 1). It is hoped that
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sampling from severa empirical studies yielded
mean parameter valuesthat arebiologically realistic
and typical (Table 2). Initia conditions for all
human, algae, coral, and fish populations are
presentedin Table 3. Thebiomassof algaeand coral
was converted to the proportion of the sea floor
covered by each using asimple linear estimation.

Simulation outcomes were evaluated in terms of
their resilience. Resilience is an attribute of states
within systems, not of the systems themselves.
Because some states, such as the coral-dominated
state in a reef ecosystem, are preferred, society is
concerned with maintaining their resilience. |
measured theresilience of the coral-dominated state
in each simulation using two methods. First, |
measured resilience as the size of the basin of
attraction of the coral-dominated state as a
proportion of theplaneof thecoral/a gaephase. This
was possible because the phase plane is bound by
values that range from zero to 1 because of the
definition of the coral- and algae-state variables as
the proportion of sea floor covered. The second
measure of resilience, which also ranged from zero
to 1, is the minimum Euclidean distance from the
resulting coral-dominated equilibrium state to the
boundary of itsdomain of attraction in the plane of
the coral/algae phase (Anderies et al. 2002).
Therefore, when simulations resulted in an algae-
dominated state, thismeasureof resiliencewaszero.
The first measure does not depend on a final
equilibrium state but rather on system parameters.
It isamorefinely tuned measure of resilience. This
might be important when changesin parameters do
little to change the minimum Euclidean distance but
dramatically change the shape and size of the basin
of attraction. The second measure is more
conservative because it represents the minimum
perturbation required to induce a state shift from an
equilibrium state.

| first examined the generation of alternate stable
states using only the coral and algae competition
model. | then evaluated outcomes relative to the
baseline ssimulation for the full reef model because
of changes in economic, biological, and social
parameters. Each simulation ran for a period of 20
yr. The simulation was written in Mathematica
(Wolfram Inc., version 6.0.0, 2007).
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Table 1. Values used to derive parameters for baseline model.
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Mesasure Description Average value Units Source
Algae Average algae biomass 100,000.0 kg/km? Polovina (1984), Hughes
et a. (1987), McClanahan
(1992, 1995), Polunin
(1996)
Cora Average coral biomass 45,000.0 kg/km? McClanahan (1995)
Fish growth Average reef fish growth 60.0 kgkm2d* Odum and Odum (1955),
Lewis (1981), Edmunds
and Spencer (1986),
McClanahan (1995),
Polunin (1996)
Herbivore growth Herbivorous fish growth 40.0 kgkm2.d? McClanahan (1992)
resulting from algae
consumption
Piscivore growth Piscivorous fish growth 20.0 kgkm?2.d? Polunin (1996),
resulting from McClanahan (1995)
herbivorous fish
consumption
Piscivore density Density dependent effect 9.8 kgkm2d* Polunin (1996),
dependence of piscivoreson McClanahan (1995)
piscivores
Algae growth Average algae growth per 10,000.0 kgkm2.d? Wanders (1976), Atkinson
day and Grigg (1984), Berner
(1990), McClanahan
(1995) Polunin (1996)
Coral growth Average coral growth per 6000.0 kg-km2.d*? Wanders (1976), Atkinson
day and Grigg (1984), Berner
(1990), McClanahan
(1995), Polunin (1996)
Algaeon Effect of algae on coral 6000.0 kgkm2.d? Atkinson and Grigg
coral (1984), McClanahan
(1995)
Coral on Effect of coral on algae 3000.0 kg-km2.d?
algae
Herbivores Effect of herbivoreson 7000.0 kgkm2.d? Polunin (1996),
on algae agee McClanahan (1992)
Piscivores on herbivores  Effect of piscivoreson 30.0 kgkm2.d* Polunin (1996),
herbivores McClanahan (1992)
Humans on herbivores Effect of humans on 20 kg-km2-person’t-d?t Jennings and Polunin
herbivorous fish (1996), Polunin and
Klumpp (1989), Dalzell
(1996)
Humans on piscivores  Effect of humans on 3.0 kg-km?person.d* Jennings and Polunin

piscivorous fish

(1996), Polunin and
Klumpp (1989), Dalzell
(1996)
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Table 2. Derived parameter values used in baseline model.
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Parameter

Description

Value

Units

Source

AQ0)

C(0)

H(0)

P(0)

S.0)

$0)

Pop

Price,

Initial agae
cover as
proportion of
sea floor

Initial coral
cover as
proportion of
sea floor

Initial herbi-
vorous fish
density

Initial pisci-
vorousfish
density

Initial prop-
ortion of
fishersin
population
harvesting
herbivorous
fish

Initial prop-
ortion of
fishersin
population
harvesting
piscivorous

Total popul-
ation of
fishers

Effort level
of fishers
harvesting
herbivorous
fish

Effort level
of fishers
harvesting
piscivorous
fish

Price/kg for
herbivorous
fish

0.3

0.3

2100.0

1400.0

0.5

0.5

50.0

20

20

20

Proportion of
sea floor

Proportion of
sea floor

kg/km?

kg/km?

Proportion of
population

Proportion of
population

fishers/km?

h/d

h/d

Uus$

Polunin (1996),
McClanahan
(1992, 1995),
McClanahan et
al. (1996)

Polunin (1996),
McClanahan
(1992, 1995),
McClanahan et
al. (1996)

Jennings and
Polunin (1996)

Jennings and
Polunin (1996)

(con'd)
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Price,
piscivorous
fish

Cost
unit of
effort per
kilogram of
herbivorous
fish

Cost
unit of
effort per
kilogram of
piscivorous
fish

Price/kg for 20

" Cost per 10

b Cost per 1.0
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Us$

Uus s

Us$

RESULTS

The cora and alga nullclines based on baseline
parameter values cross three times and represent
three interior equilibria (Fig. 1). Two of these
equilibria are stable, as indicated by several
representative tragjectories. The cora- and algae-
dominated stable states each lie within their basins
of attraction, which are divided by the separatix.
Thus, initial conditions are important in explaining
the long-term steady state of this ecosystem.

| conducted sensitivity analyses to evaluate the
qualitative effects of changesin model parameters.
Increasing the carrying capacity of algae, K,,
increases the equilibrium concentrations of algae at
both stable equilibria as the algal nullcline shifts
outward. Eventually, the basin of attraction for the
coral-dominated state disappears. On the other
hand, as K. increases and the coral nullcline shifts
outward, equilibrium coral concentrations increase
at both stable equilibriauntil thereisonly onestable
high-coral-cover equilibrium.

As the competition coefficient of coral on agae
increases, the coral-dominated equilibrium showsa
reduction in algae cover until the high algal stateis
no longer stable. Similarly, increasing a., lowers
coral cover and raises algal cover at each stable
equilibrium. Doing so, however, hasagreater effect
at the high algal equilibrium. Astheintrinsic rate of
growth for coral, rc, increases, the separatix bows
inward toward the algal cover axis, effectively

enlarging the basin of attraction of the coral-
dominated state.

Figure 2 plotsthe algal and coral nullplanes and the
effect of increasing herbivory. As herbivory
increases, the system shifts from one of aternate
stable states to a single, cora-dominated
equilibrium. Thus, bottom-up, e.g., intrinsic growth
rates, and top-down, eg., herbivory, processes
affect the stability and state of this stylized coral-
reef ecosystem.

In the next several graphs, the ssimulated fish, coral,
and algaepopul ationsareshown asparametricplots.
Fisher populations are shown in time-series plots.
Because fisher populations sum to one and are
mirror images of each other, only the plots for
fishers of herbivore fish are presented. Profit
differentials between each type of fisher are also
shown as time-series plots. Under baseline
conditions, the fishers and fish populations (Figs.
3A,B), driven by predator-prey dynamics, differing
catch efficiencies, and profits, experience damped
oscillations. The larger oscillations in fisher
populations continue because of relatively small
oscillations in fish densities and profits (Figs. 3B,
D). As might be expected, profit differentials
narrow over timeasfishersfreely alternate between
strategies based on profit incentives (Fig. 3D). The
reef is in a coral-dominated state with 70% coral
cover and roughly 15%algal cover (Figure3C). The
basin of attraction of the coral-dominated state
accounts for 79% of the plane of the coral/algae
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Table 3. Parameter values and initial conditions used in baseline model.

Parameter Description Value

I'a Algd intrinsic rate of 0.3
growth

K, Algal carrying capacity 0.8
as cover

Ay Competition coefficient 0.8
of coral on algae

A,y Interaction coefficient of 3.3E-05
herbivorous fish on agae

re Coral intrinsic rate of 0.2
growth

Ke Coral carrying capacity 0.7

acy Competition coefficient 0.6
of algae on coral

Sope Slope of the Hill function 7.0

HA Half saturation constant 0.3
of Hill function

aya Interaction coefficient of 0.1
algae on herbivorous fish

ap Interaction coefficient of 1.0E-05
piscivorous fish on
herbivorous fish

A Harvest catchability 1.9E-05
coefficient of herbivorous
fish

App Density-dependent coefficient 7.0E-03
of piscivorousfish

ag, Interaction coefficient of 6.8E-06
herbivorous fish on
piscivorous fish

an, Harvest catchability 4.3E-05

coefficient of piscivorous
fish

phase, and the minimum Euclidean distance
betweenthefinal equilibrium stateand theboundary
of the basin of attraction is 0.58.

Threeresultsarenoteworthy when onetypeof fisher
is eliminated (Fig. 4). First, predator-prey
oscillations end earlier. Second, when the

ecosystem faces only fishers who harvest
herbivores, herbivore populations decrease slightly
from the baseline and piscivore densities increase
greatly (Fig. 4A). Ceasing the harvest of piscivores
adequately compensates for the loss of their prey
because of harvesting. However, when the
ecosystem is subject to harvest only by fishers who
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Fig. 2. Algal and coral nullplanes and the role of herbivory.

a.
Coral Cover Proportion

Algal Cover Prop

catch piscivores, herbivores increase dlightly
because of decreased predation pressure, and
piscivore densities change little. Finally, only the
algae-dominated state existswhen only herbivorous
fishare harvested (Fig. 4B). Thevauesof thebasin
of attraction of the coral-dominated state under
herbivore- and piscivore-only harvests are zero and
82%, and the Euclidean distances are zero and 0.60,
respectively.

Exogenous prices for herbivorous and piscivorous
fish will vary because of changes in supply and
demand. An increase in the price for herbivorous
fish to U.S. $3.00/kg initialy causes large
oscillations in herbivore and piscivore densities
(Fig. 5B). This coincides with oscillations in coral
and algal cover (Fig. 5C). At U.S. $3.50, herbivore
and piscivore populations increase beyond their
baseline oscillations. Also, the reef ecosystem
switches from a coral- to an algae-dominated state.
At U.S. $3.00, the profit differential eventualy
stablizes to zero, whereas, at U.S. $3.50, a profit
differential is maintained because only fisherswho
harvest piscivoresremain (Figs. 5A,D). Thevalues

Algae

of thebasin of attraction of the coral -dominated state
at U.S. $3.00 and U.S. $3.50 are 51 and 49%, and
the Euclidean distances are 0.42 and zero,
respectively. Price increases for herbivorous fish
erode resilience and increase the likelihood of an
algae-dominated reef.

Anincreaseinthe price of piscivoresto U.S. $3.50/
kg causes a shift to a population of fishers who
harvest only piscivores (Fig. 6A). This causes
piscivoredensitiestodrop slightly fromthe baseline
and herbivores to increase dightly because of a
decreasein predation (Fig. 6B). Thereishigh coral
ineach scenario (Fig. 6C). Community structureand
system dynamics are very resilient to increases in
the price for piscivorous fish. Again, with positive
populations of both types of fishers, profit
differentials eventually stabilize at zero. At U.S.
$3.50, however, without fishers who harvest
piscivores, a profit differential is maintained (Fig.
6D). The coral-dominated basins of attraction
account for 80 and 81% of the coral/algae phase
plane a U.S. $2.50 and U.S. $3.50, and the
Euclidean distancesare 0.59 and 0.60, respectively.
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Fig. 3. Baseline ssimulation time-series plots for fisher populations (3A) and profit differentials (3D), and
parametric plots for fish (3B) and for coral and algae (3C). The dots represent initial conditions.
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Increases in human populations can negatively
affect resources. At afisher density of 250/km?, both
fish populations decrease compared to the baseline,
with piscivores nearing extinction, algal cover
increasing dlightly, and cora cover remaining
steady (Figs. 7B,C). Oscillations in fisher
proportions are frequent until about 300 d, when
fishing shifts solely to herbivores (Fig. 7A). At 500
fishers, the system exhibits instability and state
shifts. Fish and fisher populations oscillate (Figs.
7A,B). Fish populations oscillate at higher density
level sthan those of the baseline. Fisher popul ations
oscillate before settling to roughly 70 and 30% for
fishers who harvest herbivores and piscivores,
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respectively. Coral cover drops dramatically, and a
high algal state dominates. An increase in algal
primary productivity drives the fish populations to
higher abundances despite the heavy harvesting
pressure. At 250 fishers, only the coral-dominated
state exists and is therefore completely resilient. At
500 fishers, only an algae-dominated state and a
statecharacterized by stablelimit cyclesexist. Thus,
at a population of 500, the reslience of the coral-
dominated stateis zero. The profit differential goes
to zero with both types of fishermen present and is
positive when there are only fishers who harvest
herbivores (Fig. 7D).
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Fig. 4. Simulation results with harvest by one type of fisher for fish (4A) and for coral and algae (4B).

The dots represent initial conditions.
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Figure 8 simulates changes in the number of hours
fished per day to harvest herbivores. At 2.5 h, there
are large oscillations in the fish populations before
they settle at population levels close to the baseline
(Fig. 8B). At the end of 20 yr, more than 80% of
fishers harvest herbivores (Fig. 8A). At 3.5 h/d, the
system transitions to the algae-dominated stable
state. Only piscivores are harvested. Again, the
sudden switch to a state of high algal cover and the
resulting loss of resiliency increase the populations
of fish in the short term even with higher fishing
effort among fishers who harvest herbivores. As
fishing effort increases, resilience decreases.
Increasing effort from 2.5 to 3.5 h/d decreases the
basin of attraction of the coral-dominated statefrom
70 to 48% of the plane of the coral/algae phase.
Euclidian distances decrease from 0.53 to zero. At
2.5 and 4 h/d of fishing effort to harvest piscivores,
herbivore densitiesincrease and piscivore densities
decrease dlightly from baseline levels, and
oscillations continue (graphs not shown). Algal
cover decreases slightly because of the increase in
herbivoredensities, and coral dominatesunder each
scenario. Increasing fishing effort to havest
piscivoresincreasesresilience comparedto baseline
levels. The basins of attraction of the coral-
dominated state comprise 91 and 99% of the plane
of the coral/algae phase, and the Euclidian distances
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are 0.60 and 0.67 for 25 and 4 h of effort,
respectively.

The speed at which fishers adopt new strategies
might vary because of the recognition of sunk costs
or transaction costs, a preference for the status quo,
or barriers to the flow of information because of
weak social networks. Asthereactiontimeof fishers
slowsfrom 1.0to 0.20t0 0.05, resiliency decreases.
The basin of attraction of the coral-dominated state
decreases from 79 to 63 to 59% of the plane of the
coral/algae phase, and the Euclidean distance falls
from 0.58 to 0.47 to 0.43. Fish, cora, and algae
populations aswell asthe profit differential exhibit
larger oscillations at 0.20 than at 0.05 (Figs. 9B,C,
D). It isclear that oscillationsin profit differentials
at areaction time of 0.05 are driven by fish, coral,
and algae oscillations. Also, at 6000 d there is a
dlight bumpin algal cover, making the system more
productive overall and eventually causing the
proportion of fishers who harvest herbivores to
rebound from near zero.

Figure 10 shows the graphica mapping of
ecological states as a function of two parameters.
The red-shaded area on the bottom and the green-
shaded area at the top of each figureindicate coral-
dominated and algae-dominated equilibrium states,
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Fig. 5. Simulation results reflecting changes in the price of herbivorous fish showing time-series plots
for fishers (5A) and profit differentials (5D), and parametric plots for fish (5B) and for coral and algae

(5C). The dots represent initial conditions.
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respectively. There is a trade-off between algal
growth ratesand the pricefor herbivorousfish (Fig.
10A). Recall that a price of U.S. $3.50 flipped the
system to an algae-dominated state and a complete
switch to piscivore harvesting (Fig. 5A). Here, as
algal growth rates decrease, the ecological system
cansupport higher pricesfor herbivorousfishbefore
the system switches. The trade-off between the
overal fisher population and fishing effort for
harvesting herbivores demonstratesthat thereisnot
a simple linear relationship between effort and
population, as one might expect. The effects of
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popul ation are much more pronounced between 1.5
and 2 h/d of effort (Fig. 10B). Figure 10C presents
atrade-off between the slope coefficient of the Hill
function, i.e., the effect on cora of the transitionin
the community structure of algae, and fishing effort
to harvest herbivores. As the effect increases, the
system is able to support less fishing effort before
switching to an algae-dominated state.
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Fig. 6. Simulation results reflecting changes in the price of piscivorous fish showing time-series plots
for fishers (6A) and profit differentials (6D), and parametric plots for fish (6B) and for coral and algae

(6C). The dots represent initial conditions.
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DISCUSSION

These results showed that ecosystem dynamicsand
stability in this stylized coral-reef ecosystem were
sensitive to changes in economic, biological, and
socia parameters. Compared to the baseline, aloss
of resiliencewas seeninresponsetoincreasesinthe
price of herbivores, fishing effort to harvest
herbivores, and fisher population and decreases in
the speed a which profit information is
disseminated within the fishing community (Figs.
11A,B). Increasesin resilience occurred because of

88. Fish In kilograms per square hilometer

Pisc
3000 ¢ Baseline
2500 F £2.50
2000 b §3.50
1500 -—
1000 F

300 b
IﬂO .‘5(‘30 fOIOG 15:5'0 20:5'0 25:90 30:93‘ ero

60, Profif differential in 1.5 § for hours fished

AH—P
01

00}

- Dgys

increases in the prices and fishing effort for
piscivores. Comparing the two measures of
resilience, there are few differences in the rank
ordering of each sengitivity analysis with two
exceptions. First, the order for the two levels of
piscivore fishing effort is reversed. Alhough the
basin of attraction for the coral-dominated stete is
greater at an effort level of 4 rather than 2 h, the
minimum Euclidean distance is less. The basin
measure hasintuitive appeal becauseit corresponds
with other results that show that, as pressure on
piscivores increases, resilience increases. Second,
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Fig. 7. Simulation results reflecting changes in fishers’km? showing time-series plots for fishers (7A)
and profit differentials (7D), and parametric plots for fish (7B) and for coral and algae (7C). The dots

represent initial conditions.
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at a price of U.S. $3.50 for herbivorous fish, the
Euclidean distance is zero because thefinal stateis
algae-dominated, whereas the basin of attraction
measurement is not zero, indicating that different
initial conditionswould lead to the coral-dominated
state using identical parameters.

Increases in resilience because of increases in the
prices for and effort required to harvest piscivores
are easy to explain. When released from predatory
pressures, herbivorousfish areableto keepthealgal
cover in check, maintaining the coral-dominated

7B. Fish in kilograms per square hifometer
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state. This result, however, runs contrary to the
evidence of certain studies that show that predator
removal can cause aswitch to the algae-dominated
state. McClanahan et al. (2002) found that intense
harvesting of predatory trigger fish released their
seaurchin prey, whichledtomorecoral reef erosion
andthereplacement of coralsby seagrasses. Hughes
(1994) suggested that high densities of sea urchins
inthe Caribbean |ed to a disease epidemic and mass
mortality in their population, resulting in a switch
to a high algal cover state. The crown-of-thorns
starfish (Acanthaster), a voracious coralivore, has
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Fig. 8. Simulation results reflecting changes in fisher effort (h/d) for herbivorous fish, showing time-
series plots for fishers (8A) and profit differentials (8D), and parametric plots for fish (8B) and for coral

and algae (8C). The dots represent initial conditions.
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been found to reduce cora cover when predators
areremoved (Jacksonetal. 2001, Dulvy et al. 2004).
The adverse effects of piscivore removal on coral
cover werenot seeninthisstudy becauseseaurchins
and the crown-of-thorn starfish were not modeled.

System dynamics were complex. In each of the
simulations, profit differentials drove the switch
from one kind of fish to another. Profit differentials
were driven by price, fish population densities, the
differing catch efficiencies for herbivores and
piscivores, coral and algae cover, and lag time.
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However, thereweredramatic differencesin system
dynamics depending on how profit levels
fluctuated. For example, in the baseline simulation,
after thefish, coral, and algae populationsstabilized,
the fisher populations continued to oscillate wildly
because of small but low-frequency oscillations in
profits (Fig. 3D). Because the population of fishers
as awhole shifts strategies gradually as a result of
profit differentials, the longer that differential is
maintained, the easier it is for these populations to
grow apart. On the other hand, at a price of U.S.
$3.00 for herbivores, fisher populations oscillate
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Fig. 9. Simulation results reflecting changes in the switching speed of fishers, showing time-series plots
for fishers (9A) and profit differentials (9D), and parametric plots for fish (9B) and for coral and algae

(9C). The dots represent initial conditions.
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slightly because profits, although oscillating, do so
at a higher frequency (Fig. 5D). Other complexity
isseeninFig. 9. Atalagtimeof 0.05, the proportion
of herbivore harvesters increases sharply at 6000 d
even though the profits for fishing herbivores
overtakes the profits for piscivores at 3370 d. At
6600 d the profit differential is small, and profits
begin to oscillate. Thisresultsin slight oscillations
in both populations at roughly 50%.

Someresultsareboth complex and counterintuitive.
Increasing the price of herbivores from U.S. $3.00

98, Fish in kilograms per square kilometer

Pisc
3000 Baseline
2500 F 020
2000 b 0.03
1500 F
1000 F

300 b
IﬂO TDIGO I 20:90 30:90 cmbd 50:93‘ ero

80, Profif differential in U5, § for hours fished
AP

o1k
/| \———
0.0 4 bl T SN Wy, P
Wi | Bakol| Boo| Vaooo 5000 6000 To00 -
—O.f[’
—02
—o3[

to U.S. $3.50 had the effect of switching the
ecosystem to an algae-dominated state. The overall
system became productive enough and thepiscivore
popul ationlargeenoughthat fisherschoseto harvest
only piscivores. The piscivores kept the herbivores
in check, and the system, being very productive,
kept the piscivore population high despite harvest
pressures. Fishers harvested only piscivores as a
result of a price increase for herbivores. It should
be noted that, after taking into account the role of
coral in providing complex habitat for predator
evasion, spawning, settlement, and recruitment, fish
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Fig. 10. Graphica mapping of resilience thresholds resulting from variations in two parameters. Red, i.e.
bottom, indicates coral-dominated stable state. Green, i.e. top, indicates algae-dominated stable state.

104

311.00
$9.00
37.00
5500
$3.00
51.00

Price of herbivare fish in U.5.%

0.26 027 0.28 0.29 0.30

Infrinsic growth rate for algae

10B

388%

i
8

Fisher popuiation
per square kilometer
e
c88

1.0 1.5 20 25 3.0

Effort fo harvest herbivare fish (Rdl)

10C

Slope coefficient
2 N e o ®
[ T o T s B o B o
[ T s B o B o B ]

1.25

3.25 5.25 7.25
Effort to harvest herbivore fish (h/d)



http://www.ecologyandsociety.org/vol13/iss1/art17/

Ecology and Society 13(1): 17
http://www.ecol ogyandsociety.org/vol 13/issl/art17/

Fig. 11. Alternate measures of resilience: the proportion of the plane space of the coral/algae phasein
the basin of attraction of the coral-dominated state (11A) and the minimum Euclidean distance between
the coral-dominated equilibrium state and the boundary of its basin of attraction (11B). At a population
of 500, there is no coral-dominated state. Instead, there is an algae-dominated state and a state
characterized by stable limit cycles. In this case, the Euclidean distance is a measure from the stationary
state of the stable limit cycle.
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populations might ultimately do worse under a
persistent algae-dominated state (Tupper and
Boutilier 1997).

There is a strong nonlinear relationship between
fisher density and the resilience of the coral-
dominated state. At the baseline density of 50
fishers’km?, 79% of the plane of the coral/algae
phase was in the basin of attraction of the coral-
dominated state. As the density increased to 250,
the entire phase plane consisted of the coral-
dominated attractor. At 500 fishers, the basin of
attraction of the algae-dominated state began to
increase. The nonlinearity is the result of adaptive
harvesting. With only one type of fisher, larger
fisher populations have the same effect as greater
fishing effort. With adaptive harvesters, larger
fisher popul ations make swingsin the proportion of
fisher types more consequential and unpredictable.

Another counterintuitive result was the persistence
of predator-prey oscillations, which are not usually
common under constant harvesting pressure
(Strobele and Wacker 1995). As expected, facing
one type of fisher, and therefore constant harvest
pressure (Fig. 4), the fish populations did not
fluctuate. However, in the baseline scenario (Fig.
3), adaptive fishermen who exerted constant
harvesting pressure but shifted their efforts between
fish populations maintained these oscillations for
some time.

Initial conditions were important in generating
different outcomes in response to parameter
changes, as evidenced by the anayses of the
nullclines and nullplanes (Figs. 1 and 2) and the
mapping of resilience thresholds (Fig. 10). The
importance of initial conditions in reef ecosystems
is supported by empirical research showing that
initial predator densities and fishing effort can
dictate system dynamics (Dulvy et a. 2004).

CONCLUSION

This study used a ssimplified model of a cora reef
ecosystem to explore the effects of changes in
economic, biological, and social parameters in a
multiple-species coral-reef ecosystem with adaptive
harvesters. Several modifications are possible that
might generate new or contrary results. A common-
pool resource context might be anayzed by
including the effects of strategic behavior. More
realism might be added to the ecol ogical model with
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the addition of other important functional groups
such as sea urchins, coralivores, invertivores,
subgroups of algae and coral, and noncommercial
species. For modelers, the testing of various
functional forms for species interactions might
generate very different results. One might
disaggregate various herbivores and piscivores to
examinetheeffectsof functional-group redundancy
on ecosystem dynamics (Bellwood et al. 2004).
Prices for reef fish might be determined
endogenously in small subsistence fishing
communities. Finally, the addition of some
parameter uncertainty islikely important.

The results from this ssmplified model suggest that
reef fisheries management should not ignore the
complexity of linked ecological and socia systems
when formulating management plans. The
components of thiscomplexity havethe potential to
drive reef dynamics past undesirable thresholds.
From a policy perspective, the inclusion of
complexity provides new opportunities for policy
innovation, expands the scope of what might be
considered the purview of natural resource
management, and requires new toolsfor evaluating
policy choices and outcomes.

Trade-offs likely exist between economic,
biological, and social drivers of ecosystem
resilience, providing a richer array of policy
alternatives to address environment problems. For
example, it iswell known and supported here that
reducing fishing effort might prevent unfavorable
ecosystem effects. However, by explicitly modeling
the dynamics of coral and algae, another policy
recommendation follows. Reducing algal growth
rates might mitigate the adverse effects of rising
prices for resources (Fig. 10). Empirical research
supports this. Nutrient runoff in addition to
overfishing is a particularly potent recipe for cora
reef degradation because of algae overgrowth
(Lapointe1997, McCook 1999). Another unusual
policy innovation for resource managers might be
to strengthen social networks through greater
investments in information technology to increase
resilience (Fig. 9). Having more policy choices
makes it more likely that objectives can be met
efficiently.

In addition to monitoring key species and their
interactions, coral-reef resource managers need to
be mindful of the social, economic, and behavioral
drivers that affect cora reefs. For example, in
addition to the direct threats of climate change,
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pollution, sedimentation, and overfishing, the reefs
of the Pacific islands face numerous indirect
economic, social, and political threats (Kramer
2008). The results presented here raise several
guestions. How do fishers behave when confronted
with fluctuating fish stocks, changing prices, and
competing strategies? How is fishing information
transmitted in reef communities? How might social
networks affect resource use? How do species
interactions vary over time and space? What
institutions affect fisher behavior? Expanding the
scope of what we consider resource management
and building linkages with economic and social
organizations alow us to begin answering these
guestions.

Finally, understanding and responding to
complexity in social and natural systems requires
new methods of evaluating policy choices,
outcomes, and biological, economic, and social
trade-offs. With more experimentation, greater
ecological understanding, and the study of avariety
of social-ecological systems, the ranking of system
states under different conditions in terms of their
resilience presents the possibility of developing
biological, economic, and socia indicators of low
resilience. This study also presented the approach
of mapping resilience thresholds in two-
dimensional space, which might usefully be
expanded to higher dimensions. The mapping of
resilience thresholds in terms of key system
parameters may help managersto avoid mgjor state
shiftsin ecosystems; to understand therel ationships
between seemingly disparate economic, biological,
and socia drivers; and to begin weighing policy
choices in terms of their effects on ecological
resilience.

Responsesto this article can be read online at:
http: //www.ecol ogyandsoci ety.org/vol 13/issl/art17/responsey
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