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Abstract

Market demand can have a great influence on the sustainable use of natural resources. However, little is
known about how biological or institutional factors mediate the effects of market demand on social and
ecological outcomes. Here, we investigate the role of these factors by examining the Pacific red snapper
(Lutjanus peru) fishery around La Paz, Mexico, where medium or "plate-sized” fish are sold to
restaurants at a premium price. If demand for plate-sized fish increases the relative abundance of the
smallest (needed to recruit to the adult population) and largest (most fecund) fish, this may be a market
mechanism to increase stocks and fishermen's revenues. We tested this hypothesis by estimating the
effect of prices on the distribution of catch across size classes using daily records of prices and catch. We
linked the predictions from this economic choice model to a staged-based model of the fishery to
estimate the effects on the stock and harvest revenues. We found that the supply of plate-sized fish
increased by 6% while the supply of large fish decreased by 4% as a result of a 13% price premium for
plate-sized fish. This market-driven size selection may increase revenues (14%) but may decrease total
fish biomass (-3%). However, when market-driven size selection is combined with limited institutional
constraints, both fish biomass (28%) and fishermen's revenue (22%) may increase. These results show
the important effects of both biological attributes and institutions in mediating the effects of market
demand on biological populations and human behavior.

Introduction

Demand for fisheries products, tourism opportunities, and other ecosystem services have contributed
substantially to ecosystem change in coastal and marine systems (e.g., (1-3)). Nonetheless,
investigations of human impacts in marine systems, and even of fisheries-related impacts specifically,
often ignore market demand entirely or simply consider it to be an exogenous factor leading directly
and uniformly to greater pressure on fisheries (as reviewed in (4)). However, evidence from a variety of
systems suggests that ecological, economic, and institutional processes can dictate the strength of the
relationship between market demand and ecosystem health, and even whether growing demand
reduces or increases ecosystem health (5-8). For example, Foster and Rosenzweig (9) suggest that the
presence of strong property rights over forest-lands in isolated Indian villages may have caused growing
demand for wood products to actually induce greater forest growth (see also (10) and (11) for reef

fish/market interactions from the tropics). In contrast, Armsworth and colleagues (5) show that the
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ecological value of land may determine whether market feedbacks from purchasing land for nature
conservation undermine conservation efforts. Here, we build on this literature by investigating how
both ecological and institutional factors determine how market driven selective harvest affects
populations and revenues.

Selective harvesting — where exploitation favors a particular species, stock, body size, sex,
season, or geographic location — is common, particularly for marine species (12-14). Across species,
selective harvest of large species, especially predators, has changed community structure and trophic
interactions in a variety of ecosystems (12, 15, 16). Within species, individual traits, demographics, and
the ecology of diverse taxa have been affected by harvest that targets specific size classes, stages, or
sexes (12). Size selective harvest, where large species or individuals of a species are preferentially
caught, has been especially important in shaping fish populations and fisheries (as reviewed by (13)). It
has led to the loss of large individuals and taxa globally (e.g., (17, 18) and in some cases led to
demographic or evolutionary changes in fish populations that may have negative consequences for
fisheries yields (19-21).

Most work on the drivers of size selective fish harvest has focused on the interaction between
fishing technology and fish biology and how regulations may mediate this interaction. Fishing gear, such
as hook and line, select for large species or individuals (22). These large species and individuals tend to
be from upper trophic levels and have slow growth rates and low fecundity, which exacerbate the
effects of fishing (23). This correspondence between size, trophic level, and vulnerability has been
implicated as the cause of the phenomenon of fishing down the food chain, which refers to sequentially
fishing from upper trophic level species to lower trophic level species (17). Similarly, size selective fishing
has led to dramatic changes in the median size of individuals within populations (20, 24-26).

Size based regulations that protect key size classes, such as juveniles that are needed to recruit

to the population and large adults that are disproportionately fecund, are a widely used fishing strategy
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(13, 27). Minimum-length limits became popular in the 1960s and 1970s after theoretical results by
Ricker (28) and Saila and Horton (29) suggested higher stocks and harvests could be achieved by
protecting small, fast-growing fish (30). Minimum-length limits are thought to produce the most
benefits for fish populations with low recruitment rates and natural mortality, moderate to high growth
rates, and high fishing mortality (31). Anderson (32), (33) proposed slot-length limits, which prohibit
catching fish within some length range, for fish populations with high recruitment and low growth rates.
However, regulations may be difficult to enforce and not flexible enough to take advantages of the
dynamic synergies between species life histories and the economic incentives created by market
demand.

Market demand for fisheries products has the potential to influence the size distribution of the
catch —and thus, population abundance, harvest, and revenue — through economic incentives rather
than regulations. For instance, Sethi, Branch and Watson (34) argue that profits are a better predictor of
the sequence of fisheries development than trophic group or size, in contrast to Pauly's (17) fishing
down the food chain hypothesis. Similarly, differences in profits associated with different size classes of
fish may be a good predictor of the size distribution of the fish catch. High prices associated with high
demand for certain size classes may make it worthwhile for fishermen to focus their effort on that size
class. One example of a particular size class with a price premium are so-called “plate-sized” fish that are
served whole in restaurants, especially in tourism areas. In this case, demand from the tourism market
may have similar effects on catch distributions as a slot-limit regulation, but with the benefit of greater
revenues. Whether market demand has positive effects on the fish population and fishermen’s profits in
the long run will depend, in part, on the biology of the fish populations, fishermen’s behavior, and
institutional constraints (e.g., practices that limit by-catch). For example, if increased demand for plate-
sized fish results in more plate-sized fish being caught without significantly increasing catch overall,

market demand may have positive impacts on the fish population and fishermen’s revenues because
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mortality of the smallest (needed to recruit into adult population) and largest (most fecund) individuals
is reduced and plate-sized fish can be sold at a premium.

With this in mind, we empirically examine how ecological and institutional processes mediate
the effect of market demand on the red snapper (or huachinango; Lutjanus peru) fishery near La Paz,
Mexico. Lutjanus peru is relatively slow growing and is among the longest lived species in the Lutjanid
family (e.g. exceeding 30 years) (35). These fish constitute a substantial and increasing fraction of
commercial finfish landings (34% or 598 tons) and revenue (46% or >$1 million) in the region (36, 37).
However, this fishing mortality around La Paz is still relatively low compared to other regions in Mexico
(37). In the tourist zone around La Paz, medium or plate-sized red snapper are the preferred fish for
restaurants and hotels (36) and are sold at a premium price compared to smaller and larger sized fish.
Plate-sized fish are typically between 20 and 35 cm in length (Aburto-Oropeza, Walsh, pers. obs.), which
corresponds to the size of small adults (38). When selling fish, fishermen distinguish the plate-sized fish
from small fish (<20 cm) and large fish (>35 cm) (Aburto-Oropeza, Walsh pers. obs.). Fishermen use hook
and line to catch L. peru and "free the size that does not pay" (Walsh, per. obs.). Interviews with
fishermen indicate that they are able to be very selective in fishing particular sizes by their choice of
hook, location, and depth (Sievanen, Walsh, pers. obs.). Harvest of small adults may have less of an
impact on the fish population than fishing juveniles and large adults, given that large adults produce
disproportionately more offspring (27) and juvenile mortality already is significant (39). These aspects of
fish biology motivated the management of fisheries using ‘slot limits’, where only medium size adults
are fished, and has been shown to increase stocks and yields for fish with certain biological attributes
(30, 32, 33). The relatively slow growth and low fishing mortality of L. peru around La Paz suggests that
its stock could increase due to a market-driven or regulatory 'slot limit'.

Fisheries in Mexico are governed by a set of reasonable laws including size limits for some

fisheries. However, the government agency CONAPESCA, which is responsible for enforcing fisheries
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regulations, has limited resources (40). In this low enforcement capacity setting, market demand
combined with local institutional constraints could help incentivize compliance with size limits, when
they exist; or create a non-regulatory mechanism to promote better fishing practices. Small-scale
fishermen in the Gulf of California generally operate independently, either as boat owners or hired
workers, are members of for-profit firms, or belong to cooperatives (41). Although, with few exceptions,
cooperatives no longer retain exclusive rights to particular species, cooperatives continue to operate in
the La Paz region and elsewhere in Mexico by holding permits (42) and may thus could play an
important role in mediating the effects of market demand.

Increased tourism demand for plate-sized fish would only be beneficial if (a) it does not induce
large supply responses by fishermen; and (b) fishermen selectively harvest plate-sized fish and decrease
their harvest of non-plate-sized fish. Fishing cooperatives may be able to control fishing effort in a way
that is consistent with both these conditions. The fishing cooperative could encourage this by making
lower payments for non-plate-sized fish or mandating the use of certain hook and line technology by
cooperative members and fishing in certain habitats. Moreover, effective monitoring and collective
action by cooperative members could limit entrance of new fishermen (43-45), who may be attracted by
the increase in fish prices. All these solutions depend on the cooperative wielding enough influence; if
there are a large number of non-cooperative members in the fishery, it is less likely these conditions will
hold.

Given this understanding of the fishery, we develop a four-stage analysis using logbook data
containing three fishing cooperatives’ daily purchases from 2007-2009 in and around La Paz (collected
by Aburto-Oropeza and colleagues) and information on the biology of L. peru (Fig. 1). First, we examine
the differences in price associated with the different size classes and relative influence of the market.
Given the location of the fishing cooperatives and time period covered by the logbooks, these data

provide significant geographic and temporal variation in fishermen’s connections to markets. Second,
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once we establish the price differences across size classes, we estimate the effect of these price
differences on the supply of different size classes of fish. Third, in order to simulate the effect of market-
driven size selective fishing on the fish population and fishermen’s revenues, we develop a stage-based
model of the fish population with harvest using parameter estimates from the literature. Finally, we
explore how institutional constraints could further mediate the interaction between market demand
and size selective fishing. Our results show how biology and institutions may determine both the sign

and magnitude of the influence of market demand on a fishery.

Results and Discussion

Based on the empirical data on daily catches, we find that the price of medium or plate-sized fish is as
much as 13% greater near the main market in La Paz (Pichilingue: 53 $/kg, SD=3; Sargento: 52 $/kg,
SD=2) than away from this market (Dorado: 47 S/kg, SD=3) (Fig. 2). The average price of plate-sized fish
across all cooperatives is also greater than the price of small or large fish, indicating potentially far-
reaching effects of the market in La Paz on fish prices. In contrast, the average prices of small and large
fish across all cooperatives are not different (Fig. 2).

Increases in the price of plate-sized fish are associated with increases in the supply of plate-sized
fish and decreases in the supply of large fish and other species, but are not associated with changes in
the supply of small fish (see Supplementary Information, Table S1 for detailed results). The monthly
supply of plate-sized fish increases 0.43% (SE=0.26, p<0.10) for every 1% increase in its own price. This
same increase in the price of plate-sized fish also results in a 0.33% (SE=0.14, p<0.05) decrease in the
monthly supply of large fish and a 1.1% decrease in the supply of other species (SE=0.64, p<0.10). The
increases in the supply of plate-sized fish that are associated with the price of plate-sized fish are in
addition to the increase in supply that result when the generic, non-size specific price of L. peru

increases (0.72%, SE=0.25, p<0.01). Given the difference in the price (13%) of plate-sized fish near and
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far from the market, market demand may have resulted in at least a 6% (price difference*price
elasticity= 13%*0.43) increase in the overall supply of plate-sized fish and a 4% (price difference*price
elasticity= 13%*0.33) decrease in the supply of large fish.

Using a stage-based model of the fishery, we find that this market-driven size selective fishing
may decrease the abundance of plate-sized fish and large fish, with no effect on small fish (Fig 3b),
relative to fishing in the absence of market-driven size selective fishing (Fig 3a). The decrease in the
abundance of plate-sized fish is a result of direct harvest. In contrast, the decrease in large fish is not a
result of direct harvest but of changes in the survival of plate-sized fish. Although market demand
reduces the catch of large fish, the reduction in harvest in this stage evidently does not offset the
decrease in the number of plate-sized fish surviving and entering the large stage. Market demand had
no direct effect on the catch of small fish; however, changes in the abundance of the larger stages
should affect recruitment to the small fish stage. In fact, egg production is most sensitive to survivorship
in the large stage (see Text S1). However, changes in egg production have limited effects on the
abundance of small fish if total egg production is near the saturation level, as defined by the density
dependent pre-recruit survival function we employ (see Methods). This suggests that the negative
effects of market-driven size selective fishing may be exacerbated for a population with lower
population-level egg densities. In total, the change in the size structure of the population and the
resulting catch under market-driven size selective fishing resulted in a 3% decrease in the total biomass
of the stock and a 14% increase in revenues (Fig. 4b). The increase in the revenue is a result of the
relative increase in the catch of plate-sized fish and the price premium for plate-sized fish. The total
harvest actually decreased by 1%. We have no way of accounting for differences in costs associated with
targeting plate-sized fish, but interviews with fishermen suggest that the differences are small

(Sievanen, Walsh pers. obs.).



197 Our modeled harvest scenarios suggest that if institutional constraints increase the selectivity
198  for plate-sized fish by 5% above and beyond market-driven selectivity and impose compensating

199 decreases in the supply of small and large fish, the total biomass of the stock could increase 28% and
200 revenue from harvest could increase 22% (Fig. 4c). This total biomass increase is a result of increases in
201  the abundance of both plate-sized and large fish (Fig 3c). The finding that it is possible to increase the
202 biomass of the stock by shifting catch toward medium or plate-sized fish supports the hypothesis that a
203  slot limit type of fishery may be beneficial to the L. peru fishery near La Paz, given its biology and the
204  status of the fishery. However, our results suggest market incentives alone are not sufficient to improve
205 both fish biomass and harvest revenues, and must be complemented by institutional incentives for size
206 selective harvest, as well as limits on entry to the fishery. Based on interviews with fishermen, it seems
207  that fishing cooperatives already encourage some selection against small fish. The price premium on
208 plate-sized fish may increase compliance with these or future institutional constraints by offsetting

209  some of the potential costs associated with more selective fishing.

210 Although fishermen indicate they release small and large fish, there may be unobserved by-
211  catch. We found that the losses in total biomass may be greater (6% vs. 3%) while the gains in revenue
212 may be less (13% vs. 14%) than estimated with market-driven size selection alone, if unobserved by-
213 catch does occur (Fig. 4d). This is a result of even greater decreases in abundance of both plate-sized
214  and large fish under this harvest scenario (Fig. 3d).

215 Our analysis so far only considered changes in catch created by current fishermen. To determine
216  whether new fishermen were entering the market in response to changes in fish price, we estimated the
217  number of unique fishing teams fishing a given size class of L. peru or other species at a particular

218  cooperative in a given month using a poisson regression model (see Tables S2 for detailed results)”. The

X
Tobit regression models showed similar results, namely increases in the number of small fish given increases in
plate-sized fish price and increases in the number of fishermen fishing other species given increases in the price of
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predictor variables were the same as in the models of fish catch (see Methods). We found that the
number of fishing teams fishing small fish increased 11% (SE=6.1, p<0.10) and the number of teams
fishing large fish decreased 11% (SE=6.1, p<0.10) for every 1% increase in the price of plate-sized fish
(see Table S2). The number of fishing teams fishing plate-sized L. peru or other species was not affected
by the price of plate-sized fish. However, an increase in the generic price of L. peru markedly increased
the number of fishing teams fishing small (12%, SE=5.7, p<0.05), plate-sized (12%, SE=5.3, p<0.05), and
large L. peru (20%, SE=5.8, p<0.01). Although it seems likely that more fishing teams are fishing when
the prices are high, the extremely large elasticities suggest that our results may be influenced by the fact
that some of the catch records in the logbook data are reported by cooperative sub-groups rather than
individual fishing teams. Overall, when we incorporated the role of new entrants into our harvest
equations, we found that fish biomass was greatly reduced and the gains in revenues from market-
driven size selective fishing were eliminated (see Fig S1 ii-b). Even with institutional constraints, large
decreases in biomass and small decreases in revenue occurred (Fig S1 ii-c). Despite the uncertainty
surrounding the response of new entrants to the change in the plate-sized fish price, these results
suggest that market-driven or institutional constraints on size selectivity may need to be complemented
by stronger institutional constraints on new entrants and/or total harvest in order to sustain the fishery
(i.e., the fish population and fishermen’s profits). Our finding that total biomass, as well as total
population size and egg production, are more sensitive to the total proportion of biomass harvested
than to the harvest in a particular size class supports this finding (see Table S3). However, it should be
noted that these variables are more sensitive to the harvest of medium-sized fish, followed by small fish,
and large fish (see Table S3).

Lastly, if we modeled our four scenarios for a more heavily fished population (40% initial harvest

rather than 30% percent), we found a similar effect of market-driven size selective fishing as when the

other species. However, the Tobit model results did not show an increase in the number of fishermen fishing large
fish given an increase in the price of plate-sized fish.
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population was less heavily fished (Fig. S3). However, if we modeled both a more heavily fished
population and the price premium that enabled both changes in catch and the number of new entrants
into the fishery, we found that market-driven size selective fishing resulted in decreases in both biomass
and revenues (Fig. S4 ii-b). Under these conditions, market-driven size selective fishing combined with
institutional constraints, including both a 5% increase in selectivity and 50% reduction in new entrants,

were insufficient to improve biomass but may improve harvest revenues (Fig. S4, ii-c).

Conclusions

We find that under certain conditions, market-driven selectivity may have positive outcomes for
fishermen’s revenues, but that additional institutional constraints (e.g. to enhance selectivity or limit
entrants) are needed to enhance and sustain fish stocks. Thus, although market mechanisms may not be
sufficient to sustain this fishery, they may increase compliance with institutional constraints by providing
an economic incentive in the form of a price premium for plate-sized fish. Yet, if populations are
overfished, market-driven and institutionally encouraged size selective fishing may be insufficient to
maintain biomass.

By showing how biology and institutional design may determine both the sign and magnitude of
the influence of market demand on an exploited fish population, we emphasize the importance of
understanding the coupled dynamics of human and natural systems (46, 47). These dynamics may be
especially important in marine systems and developing countries where people are directly and highly
dependent on wild populations (e.g., (48)). Although price premiums for plate-sized fish are a specific
example of market demand and selective harvest, we expect that market demand may have widespread
and important consequences for selective harvest of particular taxa or sizes and life stages of a given
taxon (34). This phenomenon may become more important as demand for specialized products

increases with growing global markets for fish and fishery products (49). Market-driven selective
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harvest; therefore, may have far-reaching effects on community and ecosystems interactions as well as
biological population dynamics, with importance consequences for human well-being.

Our results show how accounting for biological and behavioral complexity yields a richer
understanding of human-environment connections and can help inform institutional design. In Mexico
and other low governance capacity contexts, local institutions may play an important role in
encouraging compliance with size selective harvest limits, while growing markets may provide economic
incentives. However, our analysis also suggests that regional or national governments may need to
support local-scale institutions by creating conditions that allow them to be effective, e.g. by
establishing/supporting property rights or local monitoring groups (50), and providing higher-level
regulations when market and local institutional mechanisms are insufficient, e.g. for overfished or wide-

ranging populations.

Methods

Economic choice model

We tested the effect of market demand on size selective fishing by estimating a linearized economic
choice model of fishermen's supply decisions using detailed daily logbook data from three cooperatives
over 2007-2009. We assume that fishermen choose whether to fish L. peru or another species, and
which size class of L. peru to fish, based on the profits obtained from fishing. The choice is a two-stage
process. First, fishermen determine the maximum profits that can be obtained from targeting a
particular fish given his production function for that fish and an optimal choice of inputs. The maximum

profits from targeting fish type i can be denoted 7, (p ,r,C,n), where P is a vector of product prices

for the size classes of L. peru and fish other than L. peru, I is a vector of input prices, C indicates a set of

institutional constraints, and N is a vector indicating the relative abundance of each size class of L. peru

or fish other than L. peru. Second, the fishermen chooses to target fish type | if TT; (p ,r,n,C)>
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7. (p,r,n,C) forall K # 1. Note that the entire vector of product prices appears in each expression.

Fishermen target types of fish by choosing different technology (e.g., size of hook) or fishing location,
which will be reflected in the input prices; however, “targeting” a particular type of fish i does not
mean that other size classes of L. peru or other species are not caught in the process. Cooperative
logbook data shows that 44% of days fishing teams report catching L. peru and in only 6% of days do
teams only catch one size class of L. peru. The most common catch combination is small and medium L.
peru and other species (15%), followed by small L. peru and other species (10%), and by medium L. peru
and other species (6%). If there is by-catch, it can be sold for a rate that depends on the market price for
that by-catch. Of course, if institutional constraints penalize the selling of non-plate-sized fish, this will
be reflected in the profit functions.

The choice of which fish to target leads to supply functions for each fishing team. These
functions can be aggregated over time and linearized to get models of fish supply that can be estimated

with standard regression techniques. Fishermen's aggregated monthly supply of each size class of L.

peru and all other species are estimated by the following equation:
In(q,) = B, + A,In(p,) + B, In(p,) + B, In(p,) + T +C +¢

where @ is the quantity of fish of type i supplied [the three size classes of L. peru (m = medium or
plate-sized and g = non plate-sized) and all other species (0 )], the price of these types of fish, month

fixed effects (T ), and cooperative fixed effects (C ).The prices of non plate-sized fish (small and large
fish) were grouped because we found that these prices were statistically indistinguishable. This
specification is further validated by the fact that results from models where the price of small and large
fish price enters separately are extremely similar to results from this model specification (see Table S1,
S4). Direct information on the price of inputs (I') is not available; however, differences in input prices

are captured in part by the buying prices of from the cooperative (P ) because cooperatives typically pay
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fishermen after subtracting out the cost of fuel. Month and cooperative fixed effects captures temporal
and spatial variation in the abundance of the fish (N ). Cooperative fixed effects also capture differences
in fishing ability that may be common to fishermen in the cooperative because of shared ecological
knowledge or capital. Institutional constraints that the cooperative exerts, for instance, on fishing
certain size classes also will be captured by this variable. We were unable to control for unobserved
heterogeneity across fishermen because the data represent a very unbalanced panel; however, we
assert that cooperative fixed effects capture the most important differences across fishermen.

These models of supply were estimated using the daily logbook data on catch (kg) and buying
price (peso/kg) by fish type from three cooperatives around La Paz over 2007-2009. The logbook data
identified the catches by species and, for some species including L. peru, by size class. In the logbook
data, fishermen distinguish between the three size classes of L. peru, "chico" (<20 cm), "mediano" or
"orden" (20-35 cm), and "grande" (>35 cm) (Aburto-Oropeza, Walsh pers. obs.). The catch of the three
size classes of L. peru and all other species combined was aggregated by month for each fishing team or
sub-cooperative group. The price associated with these catch records was taken as the average price the
fishing team or group received over the time period. If a fishing team or group did not fish a particular
type of fish during a given month, the price the fishermen would have observed was assumed to be the
average of the price received by other fishermen in the same cooperative for that type of fish in that
month. In some cases, it was necessary to match prices by averaging across the year or the entire data
set for a given cooperative. In total, the database contained 7,056 observations of monthly catches by
fishing teams or groups for the three size classes of L. peru and all other species combined.

The results of our regression analysis show how changes in prices affected the aggregate
monthly catch for a given fishing team but do not provide information on whether the total number of

fishing teams in the fishery changes with prices. In order to examine the effect of prices of the number
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of fishing teams, we estimated a poisson regression model with the same predictor variables as above

using the total number of fishing teams reporting catch to a given cooperative in a given month.

Stage-based Fishery Model

To estimate the effects of market-driven size selective fishing as well as the role of institutional
constraints on the fish stock and fishermen's revenues, we simulated the effects of fishing using a stage-
based non-linear matrix population model of the L. peru fishery. We first developed an age-based model
of L. peru because age-specific demographic information was available for L. peru and related snappers.
However, in order to couple this model with results from the economic choice model, we reduced the

age model to stages that correspond to the size classes recognized in the market (see Text S1). This

process resulted in the following matrix model:

r]1 Pl IlFZ I1F3 n1
n, |(t+)={G, P, 0 || n,|(t)
N, 0 G, P )ing

where |;is pre-recruit survival, P, is the probability of staying in the same stage, and G, is the probability

of surviving and growing to the next stage. Our models employ a compensatory Beverton and Holt

function that determines pre-recruit survival based on total egg density, M. Pre-recruit survival is given

a
by | =
Y

s
where M = z Fn; and F is the fecundity of stage i, N, is the population size in stage
i1

i,and S is the maximum stage. The parameter ¢ represents the maximum number of recruits in the
population and [is the number of eggs needed to produce « / 2 recruits. An egg-recruitment

relationship was chosen over stock-recruitment because adults and pre-recruits of this species inhabit

separate habitats (35, 51, 52), so we assume that pre-recruit mortality is affected by egg density,
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through starvation or vulnerability to predators, rather than the adult stock, through processes such as

cannibalism.

Parameter values were derived from previously published data on L. peru and related species.
Diaz-Uribe et al. (37) provides estimates of the parameters for the Beverton and Holt function for L.
peru. The function was presented in terms of total population size N, so we scaled the parameters in
order to use them in a Beverton and Holt function in terms of total egg production M. In addition, we
scaled the parameters to account for only females because the model in Diaz-Uribe et al. (37) quantified
both males and females. The resulting parameter values were « =5.94x10°individuals and
£ =5.29 x10° eggs. Weighted averages of age-specific parameter values from the age-based model
were used in the stage-based model, assuming that the in-stage age distributions are the same as the
age distributions that result from the age-based model (see Text S1).

At equilibrium in the absence of harvest, the vast majority of individuals (94%) are in the first
two stages; however, 67% of the biomass was in the third, largest stage. We estimated the proportional
sensitivity, or elasticity, of the output variables to the parameters (see Text S1). Total biomass and total
egg production were more sensitive to the survival of the large-sized fish than to fish in the two smaller
size classes. Total population, however, was less sensitive to all survival parameters than total biomass
and total egg production. Total biomass, population, and egg production also were more sensitive to the
fecundity of large-sized fish, as opposed to medium-sized fish. The output variables were also more
sensitive to the Beverton and Holt parameter a, which bounds the number of recruits to the population

and thus the population size, than to the parameter .

The results of the economic choice model were incorporated into the stage-based model of L.

peru such that harvest was a function of the prices for the three stages of L. peru. Harvest was assumed

s
to be proportional and defined as H, = a x Zi:lbi (t) where ais the proportion of the total biomass
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harvested and Db, is the biomass in stage i . Harvest may be distributed differently across the stages,

hence, stage specific harvest is h; (t) =[(100+ E,, | Ap,, + Ehi'pgApg +C) /100]H (t), where ris the

. s
proportion of total harvest taken from stage I and Zi:lr; =1. For simplicity, these harvest equations

are represented differently than the equations we used to estimate harvest. The elasticity of the harvest

with respect to the price of plate-sized fish ( Ehi,pm ) and with respect to the generic, non-size specific
price ( Ehi,pm ) was estimated by the economic choice model. The elasticities are multiplied by the
percentage change in the plate-sized fish price ( P, ) and the generic, non-sized specific price of fish (

). The institutional constraints (C ) on the percentage change in selectivity are reasonable assumptions
based on interviews with cooperatives members and leaders (Sievanen, Walsh pers. obs.). These
assumptions are necessary because we were unable to separate the effect of a given cooperative from
its location, which may also affect the stock.

These harvest equations give stage specific harvest in terms of biomass but the population

model is in terms of individuals. Harvest in terms of individuals is U, (t) = h, (t) /W,, where W, is the

average per capita biomass in stage i. In order to calculate the population in the next year as a result of

fishing, we subtract U, (t) from the population vector, n(t). We assume that harvesting takes place

S
directly after the breeding season, such that total egg production is still defined as M = Ziﬂ Fn,(t).

Harvest Scenarios

We compared four different harvest scenarios that represent changes in harvest as a result of changes
in the price of fish and institutional constraints on size-selective fishing. Prior to running these scenarios,
we simulated 20% total harvest for 20 years so that the modeled fish population represented a fished

population similar to that in the vicinity of contemporary La Paz. The distribution (I') of the catch across
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the size classes (20% small, 40% plate-sized, 40% large) was based on the equilibrium population
structure and catch size distributions in lightly fished places (53). For the four harvest scenarios of
interest, we then simulated a 30% total harvest for 7 years. The total harvest level was chosen to
represent recent increases in catch of L. peru (36). The initial distribution (I' ) of the catch across size
classes for all four scenarios was based on the observed distribution of catch away from the tourism
market (40% small fish, 60% plate-size fish, 0% large fish) (Fig. S4). However, given that no catch of large
L. peru away from the tourism market were reported in the database, we assumed that 10% of the
harvest was in the large size class based on other length-frequency distribution data in the area and
reduce the proportion of the catch in the plate-size fish category to 50% (35). This is a reasonable
assumption because large-sized L. peru were likely caught away from the tourism market but not
observed in the catch records because of the smaller number of observations or the greater number of
fish that were reported without a size designation. The simulation duration was chosen to be long
enough so that newly born fish progressed through all the size stages, but short enough that it was
reasonable to assume that prices were not responding to changes in catch. In fact, we found that prices
for plate-sized fish decreased over the study period and the prices for other sizes of fish did not change.
In both the initial population run-down phase and the simulation of the four scenarios of interest, the
total harvest levels (20% and 30%) were set at levels that were judged to be sustainable in the short run
based on studies of marine protected area design for fisheries (see for example, (53), for empirical and
model-based estimates of sustainable harvest derived from no-take marine reserve effects).

In scenario a, the "status quo" harvest scenario, the distribution of the catch is the same as the
catch distribution we observed away from the tourism market (i.e. 40% small fish, 50% medium fish,
10% large fish). We represent this by setting the change in the price of medium or plate-sized fish and
the change in the generic, non-size specific price to zero. In scenario b, the "market-driven" harvest

scenario, the change in the price of plate-sized fish is the percentage difference in this price that we



425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

observed near and far from the tourism center (13%). We assume that there is no change in the generic,
non-size specific price of fish. In scenario ¢ ("market-driven + institutional constraints"), we assume that
there is the same change in the price of plate-sized fish and no change in the generic price but that
cooperatives may increase selectivity for plate-sized fish 5% above and beyond the increases caused by
market demand. We chose a 5% increase so that it would be similar to the level of increased selectivity
caused by the market (i.e. 6%). We assumed the cooperatives also encouraged decreased selectivity for
small and large fish. The decreases in catch of these size classes are at such levels that the gain in
revenues from enhanced selectivity of plate-sized fish is off-set by decreased catch of small and large
fish. In scenario d ("market-driven + by-catch"), again we assume the same changes in prices as in the
second, "market-driven" scenario, but we also assume that there is unobserved by-catch of small and
large fish. We represent this unobserved by-catch by setting the elasticity of the catch of both small and
large fish with respect to the price of plate-sized fish to the elasticity of plate-sized fish with respect to

its own price (e.g. E, , =E, |
's1 Mg 'm s+ Mm

=E, , =0454)

We also considered three additional drivers of change in this social-ecological system: 1)
additional fishermen entering the market; 2) a non-size specific increase in the demand for L. peru; and
3) variation in the initial condition of the population. We estimated the effect of the change in the price
of fish on the number of fishermen entering the market using the same models as we used to estimate
the catch. The resulting price elasticities were incorporated into the harvest equations in the stage-
based model. We also considered that there may be an increase in the generic, non-size specific price of
L. peru of similar magnitude to the price premium for plate-sized fish (e.g. 15%). However, we found
that including this effect made no qualitative change in the size structure of the population, total
biomass, or revenues. Moreover, the price of other size classes of L. peru showed no trend over time,
while the price of plate-sized fish actually decreased 2% across the study period (SE=0.001, p<0.001).

Lastly, we considered the effect of the initial condition of the population by increasing the harvest in the
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run-down phase to 30% and increasing the initial harvest in the simulation of the four harvest scenarios
to 40%.

Confidence intervals for the outcome variables were constructed through Monte Carlo
simulation methods. Values for the parameters were either drawn 1,000 times from a normal
distribution defined by the estimated mean and standard deviation of the parameter or from a uniform
distribution when there was no estimate of the error in the parameter. When parameter values were
drawn from uniform distributions, they were drawn from values +/- 20% of the parameter value

reported in the literature.
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610 Figure 1. The location of three fishing cooperatives and the tourism market of La Paz, Baja California-Sur,
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Figure 2. The mean price of L. peru by size class and fishing cooperative. Pichilingue, Sargento, and
Dorado are located at increasing distances away from the markets of La Paz. The mean price is
significantly different across size classes (F,;=19.26, p<0.0001), cooperatives (F,,=0.03, p<0.05), and
certain size classes at a cooperative (F;7=2.28, p<0.0001) (Two-way ANOVA). Error bars are standard
deviations and lower case letters indicate means that are not significantly different as determined by

Tukey’s HSD post-hoc tests.
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Fig. S1 i) Biomass of L. peru by size class and harvest scenario and ii) Biomass and revenue of L. peru by
harvest scenario, including effects of new entrants to the fishery. The harvest scenario are defined as a)
the status quo away from the market in La Paz, b) market-driven size selection, c) market-drive size

selection plus institutional constraints (IC), and d) market-driven size selection plus by-catch (BC). Error

bars are 95% confidence intervals.
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Fig. S2 i) Biomass of L. peru by size class and harvest scenario and ii) Biomass and revenue of L. peru,
under a higher initial harvest rate (40% vs. 30%). The harvest scenario are defined as a) the status quo
away from the market in La Paz, b) market-driven size selection, c) market-drive size selection plus

institutional constraints (IC), and d) market-driven size selection plus by-catch (BC). Error bars are 95%

confidence intervals.
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Fig. S3 i) Biomass of L. peru by size class and harvest scenario and ii) Biomass and revenue of L. peru by
harvest scenario, under a higher initial harvest rate (40% vs. 30%) and including effects of new entrants
to the fishery. The harvest scenario are defined as a) the status quo away from the market in La Paz, b)
market-driven size selection, c) market-drive size selection plus institutional constraints (IC), and d)

market-driven size selection plus by-catch (BC). Error bars are 95% confidence intervals.
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Text S1. Fish Population Model

We developed an age-based non-linear matrix population model of L. peru with projection intervals of
one year because age-specific demographic information was available for L. peru and related snappers.
We then reduced the age-based model to stages that correspond to the size classes recognized in the
market. Although the age-based model contains more information than the stage-based model, which
averages the age-specific information into three stages, the stage-based model is used because it allows
harvest to be added.

Both models are nonlinear because we assume a dependency between recruitment and adult
stock in which the density of the adult stock negatively affects the average fecundity of individuals
and/or pre-recruit survival and consequently the size of the recruited class (1-4). Our models employ a
compensatory Beverton and Holt function (see equation (2) below) that determines pre-recruit survival

based on total egg density, M .

Age-based Model

The population was divided into age classes up to a maximum age of 26 (5).

n |1 f1 |1 fz o I1 fzs n
n | o -~ 0 n

Sl+n= * (0] (1)
Ny 0 e Izs 0 Ny

Survival from age class i to i +1isgivenby |. ,, 1 =1,...,25 and average fecundity of each age class i is

given by fi , 1=1,...,26. Pre-recruit survival is defined by the following Beverton and Holt function:
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26
where egg density, M , is defined as M = Zi:l f.n, . The parameter & represents the maximum

number of recruits in the population and [ is the number of eggs needed to produce « /2 recruits. We
use a Beverton and Holt function that determines pre-recruit survival from egg density, M , rather than
adult stock, N, because adults and pre-recruits inhabit separate habitats (5-7). The different habitats of
adults and pre-recruits suggests that pre-recruit mortality is affected by egg density, through starvation

or vulnerability to predators, rather than the adult stock, through problems such as cannibalism.

Parameters Estimates
We derived estimates of the age-specific parameters, survivorship and fecundity, and the Beverton-Holt
parameters, & and [, from the literature on Lutjanus peru and related species to create the age-based
model.

Survivorship is the complement of mortality. Natural mortality estimates were taken from a

relationship between natural mortality and weight in marine fish (8)
Z=369 x WAy (3)
where Z is annual mortality, W is total weight in kilograms, and  =—0.305.

Fecundity was estimated using a relationship between fecundity and weight determined for the

vermillion snapper, Rhomboplites aurorubens (9)

F= exp(10.21 + 0.002) @)
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where W is total weight in kilograms and f is annual fecundity. Because our models count only
females, the fecundity estimate was scaled by the sex ratio given by Cruz-Romero et al. (10) to account
only for the eggs that would grow into adult females. The maximum length of the snappers sampled by
Grimes and Huntsman (9) was 57 cm, whereas Lutjanus peru may reach 95 cm (5, 11). We truncated the
fecundity estimate at age 10, at which point red snappers are 65 cm in length (determined by equation
(6) below) because extrapolating beyond the range of data adds uncertainty. We assumed that the
fecundity of individuals greater than age 10 remained constant for the remaining ages. We considered
this truncation to be plausible because over ninety-nine percent of the population is between the ages
1-10 (see Model Characteristics) and fish may experience a natural decrease in fecundity due to

senescence despite substantial increases in fecundity with age (12).

We transformed the weight-specific mortality and fecundity from equations (3) and (4) into age-
specific estimates of mortality and fecundity using known weight-length and length-age relationships.
Rocha-Olivares (5) reports the following weight-length relationship and von Bertalanffy growth function

(VBGF) for L. peru:

W =1.816x107°L*** (5)
I—T — 9285(1_ e70.12(t+0.l4)) (6)
Where L is total length given in centimeters, t is age given in years, and W is total weight in kilograms.

These equations were used along with fecundity and survival equations to determine age-specific

parameters for the matrix model.

Figure S5 shows the resulting age-specific survivorship and fecundity estimates. Fecundity is an
increasing function of age after the first year. Fecundity increases at an increasing rate with gains in

fecundity increasing dramatically after age 5.
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The parameters for the Beverton and Holt function were specific to Lutjanus peru and taken
from Diaz-Uribe et al. (13). The Beverton and Holt function presented by Diaz-Uribe et al. (13) was in
terms of total population size N, so we nondimensionalized the parameters in order to use them in a
Beverton and Holt function in terms of total egg production, M . In addition we scaled the parameters

to account for only females because the model in Diaz-Uribe et al. (13) counted total population. The

resulting parameter values were &, = &, = 5.94 % 10’ individuals, ,Bage = 6.59 x 10’ eggs, and

stage
,Bstage =5.29x10° eggs (the values of L differ because the fecundity estimates differ slightly between

the two models).

Stage-based Model

We derived a stage-based model from the age-based model in order to incorporate the available harvest
data into the population model. Fishermen recognize three size classes or stages: small "chico" (<20 cm),
medium or plate-sized "mediano" or "orden" (20-35 cm), and large "grande" (>35 cm). Using equation
(6), we estimated the corresponding ages to be: small, 0 to 1 yrs; plate-sized 2-5 yrs; and large, 6 yrs to
26 yrs. Just as in the age model, we truncated the stages at a maximum of 26 years to reflect the oldest
observed individual. The following non-linear matrix population model is used to represent the

evolution of the population as determine by stage-specific parameters:

(t+1) = (t)
| PR LF LR |n
n, G PR 0 |n (7)
n, 0 G, P )ing
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where pre-recruit survival, |1, is defined the same as in the age-based model (see equation (2)) above.

Because the length of time an individual is in a stage does not necessarily equal the projection
interval, in this case one year, a stage-based model must take into account the probability of surviving
and progressing to the next stage, G, as well as the probability of surviving but remaining in the same

stage, P . To calculate P and G the processes of growth and survival must be separated.

o, = Prob(survival of an individual in stage 7) (8)

¥, = Prob(growth from stage i to 7 + 1 | survival in stage i) (9)
G =o0, 7, (10)
B=c(-7) (1)

Note that c;is the same as |i in the age-based model and v; is not directly measurable but may be

inferred through other data (14).

We derived the parameters for the stage-based model from the age-based model, assuming
that in-stage age distributions are the same as the age distribution that results from the age-based
model. The age range of each stage was found using the growth function (equation 6) and the stable age
distribution of the nonlinear age-based model (i.e. the eigenvector associated with the eigenvalue A=1)

was used to weight the averages of the age-specific parameters for each stage:

— th:ts fidi

bz,
U8 d.

— =t i1

O. =
LI,
W. = ZE:'[SWIdI
j zt+Sd

i=t i
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Where fi , |i ,and W, the fecundity, survivorship and weight of age each class i,i=1,...,26, and
E;, Gjand WJ the fecundity, survivorship and weight of each stage j, j =1,2,3, which contains

individuals age t to t+S . The parameters P and G for the stage-based model were estimated with

0 ;and equations (10) and (11).

Figure S6 shows the resulting parameters for the stage-based model. Fecundity in the third
stage is much higher than in the second stage and fecundity in the first stage is zero. The probability of
growing to the next stage decreases with the stage and is inversely related to the probability of staying
in the stage. The probability of staying in the first stage is zero because the duration of this stage is only

one year.

Model Characteristics
Running both the age- and stage-based models to equilibrium gives the population size and structure of
a pristine population, that is, one free of fishing pressure (note: both models count only females) (Figs.
S$7-S8). The estimates of the population size; however, depend on initial conditions (i.e. the scale of the
system). Given that the purpose of these models is to simulate relative changes due to fishing rather
than estimate the actual population near La Paz, Mexico, we will focus on differences between the
models and different scenarios rather than on absolute estimates from the models.

Ideally, the age- and stage-based models would produce the same population estimates,

however, in averaging the parameters to reduce the age-based model to a 3-stage model, information is

inevitably lost. The equilibrium population sizes for both models were similar (Nage =6.75%10°

individuals and Ns'az; =6.81><105individuals) (Figs. S7-i, S8-i); however, the resulting total biomass and

total egg production for the two models differed more. Total biomass for the age- and stage-based
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models was f?age =8.63x10%kg and Estag =1.20x10’kg, respectively (Figs. S7-ii, $8-ii). The stage-

based model overestimates the number of individuals in Stage 3 and consequently overestimates the

biomass of this stage and the total biomass of the population, as well (Figs. S7-S8). Total egg production

was underestimated by the stage-based model, Z\’z :4(6><1(}0, as compared to the age-based

model, A, =501x10°.

In the age-based model, the population is concentrated within the younger age classes. In fact,
99.65% of the population is found within ages 1 to 10. Similarly, in the stage-based model, 93.98% of the
population falls within the first two stages, in which individuals range from ages 1 to 5. Sixty-seven
percent of the population’s biomass, however, resides in Stage 3, because, even though there are fewer

individuals in this stage, they are heavier than individuals in Stages 1 and 2.

Sensitivity Analysis of Stage-based model

We examined the elasticity, or proportional sensitivity, of the output variables (total population size, N

, total egg production, M , and total biomass, B) to the stage-based model parameters (F , a, 8, P,

G ) (Table S5). It is difficult to interpret the elasticity of the output variables to P and G because these
parameters must sum to ¢ and cannot be altered independently; therefore, we present the elasticity of
the output variables to . Elasticities of N and B were calculated manually while the elasticity of M
was derived analytically. It should be noted that in a linear model, elasticities are less than one, but

because our models is nonlinear, elasticities may exceed unity.

Total egg production and biomass were more sensitive to the survival parameter of Stage 3, o3,
than to the survival parameters of the other two stages, but total population was less sensitive to this

parameter. Stage 3 is has the largest average weight and the highest fecundity, explaining why altering
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survival and consequently the size of this stage may have the largest effect on M and B . The number
of individuals, which is determined by egg production, in Stage 1 and their survival has the largest effect
on N because the size of this stage bounds the size of the subsequent stages and thus total population
size.

Reducing or augmenting the survival of Stage 3 will only directly affect the size of Stage 3,
however, this may alter total egg production, M , which could affect the size of Stage 1. This presents
the question of why survival of Stage 3 doesn’t have a greater effect on N . The Beverton and Holt
function bounds the amount of eggs that can survive to Stage 1, creating a saturation point after which
anincrease in M will not affect the number of recruits. If total egg production of the equilibrium
population is greater than the saturation level, the new M produced by changes in survivorship of
Stage 3 may also be above saturation and Stage 1 will not be affected.

The elasticity of M, N, and B with respect to fecundity of Stage 3 is greater than that of Stage
2, suggesting that the fecundity of the older, more reproductive fish is more crucial to population
dynamics than that of smaller, less reproductive fish.

The total population size was the most elastic to the Beverton and Holt parameter a, which
bounds the number of recruits to the population and thus the population size. Total biomass and egg
production were also highly elastic to o, because the effect of o on total population size will in turn
affect total egg production and total biomass. Total population size, total biomass, and total egg
production were least elastic to the Beverton and Holt parameter . As M grows, 3 becomes
insignificant and Stage 1 approaches equilibrium value a. At large values of M, the magnitude of 3

determines how quickly Stage 1 reaches a rather than population size.
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264  Table S5. Elasticity of total egg production ( M ), total population size ( N ), and total population
265 biomass ( B ) with respect to the model parameters.

Parameter M N B
o (1) 1.13 0.36 1.02
o (2) 1.39 0.29 1.07
o (3) 1.65 0.28 1.19
F(1) NA NA NA
F(2) 0.02 0.00 0.00
F(3) 1.12 0.13 0.13
o 1.13 1.13 1.13
B -0.13 -0.13 -0.13
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