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Abstract.—Mangroves are critically important habitats for fisheries, both
for their resident fish, crustacean, and mollusk populations and as nursery
grounds for the target species of offshore fisheries. However, the spatial variation in the benefits provided by mangroves to fisheries is poorly understood.
Based on expert knowledge of mangrove ecology and fisheries biology, we developed a preliminary model of the spatial distribution of benefits to fisheries
from mangroves. The preliminary model covers the environmental factors that
determine the amount of fish, crustaceans, mollusks, and other fishery target
species produced by mangrove areas (termed “potential fish production”) and
the socioeconomic variables that determine the level of fishing in any given location. The combination of these two outputs gives the predicted catch. Potential fish production is predicted to be highest where there is high freshwater and
nutrient input to mangroves, such as in large estuaries. At large seascape scales,
total mangrove area is also an important driver. Fishing effort is highest close
to human populations, which provide both the fishers and the markets for their
catch. The model is qualitative and has not been parameterized with field data
and, as such, should only be considered as a first step towards understanding
the spatial variation in the benefits that mangroves provide to fisheries.

Introduction

Mangrove forests are critically important
fish habitats, both as nursery grounds (Manson et al. 2005; Nagelkerken et al. 2008) and
in supporting large populations of resident
fish (Castellanos-Galindo et al. 2013). Mangroves enhance fish communities by providing refuge from predation and sustaining
high levels of primary productivity (Alongi
2009), which in turn serves as the basis of a
complex food web. The importance of mangroves for fish also makes them important
for people. In the Gulf of California, for example, mangrove-related species make up 32%
of the small-scale fisheries in the region, giving the mangrove fringe a median value for
fisheries of US$37,500/ha (Aburto-Oropeza
et al. 2008). Paw and Chua (1991) find a
similar figure of 32% for Malaysian fisher-
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ies and a much higher figure of 72% for the
Philippines.
Mangroves provide a range of other
valuable ecosystem services in addition to
fish production, including coastal protection,
carbon storage, and sediment trapping (Lee
et al. 2014). Mangroves provide coastal protection by physically slowing the movement
of water as it passes through the aerial root
systems (Alongi 2008; McIvor et al. 2012a,
2012b). This function also serves to trap sediments that settle out of the water column as
the flow rate decreases (Victor et al. 2004),
protecting adjacent ecosystems such as coral
reefs and sea grasses that are vulnerable to
sedimentation. Carbon is stored both in the
aboveground biomass of the mangroves and
in the sediments, with soil carbon values averaging 1,023 Mg/ha in Indo-Pacific forests
(Donato et al. 2011). The sum value of the
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many ecosystem services mangrove forests
provide is therefore potentially high. For
example, in Southeast Asia, ecosystem services from mangroves have been estimated
to have a mean value greater than $4,000/ha
(Brander et al. 2012).
While mangroves are extremely valuable,
they are also highly threatened. As much as a
third of the world’s mangroves have been lost
over the past 50 years, largely through conversion for aquaculture or agriculture, and
mangrove deforestation rates have remained
among the highest of any forest type (Duke et
al. 2007; Spalding et al. 2010; Van Lavieren
et al. 2012). Mangrove deforestation has had
major impacts on fisheries; in the Gulf of Thailand alone, the cost of mangrove loss to fisheries was estimated at $12,000–408,000 per
year in the early 1990s (Barbier et al. 2002).
The protection and restoration of mangroves
is therefore gaining political and economic
support (e.g., Cayubit 2014; Vong 2014).
Our understanding of the value of the
ecosystem services that mangroves provide
is growing (e.g., Barbier 2012; Siikamäki et
al. 2012; Pendleton et al. 2012). Nevertheless, the spatial variability in ecosystem service provision remains poorly quantified for
most services, including fisheries. A better
understanding of this variability is needed
both for more robust valuation and to comprehensively incorporate ecosystem services
into management practices (Koch et al. 2009).
Information on the spatial distribution of ecosystem service provision would also be valuable for decision makers and conservation
practitioners seeking to maximize conservation with limited resources.
Expert judgment is one option for developing ecosystem service models in the absence of complete data. Examples of the use of
expert judgment include the development of
matrix models that estimate the delivery of a
suite of different services for each land cover
type within a landscape (e.g., Costanza et al.
1997; Burkhard et al. 2012). However, expert
judgment can also be used to develop mod-

els for delivery of specific services by specific
ecosystems (e.g., Lonsdorf et al. 2009; HainesYoung 2011).
Here, we describe the use of expert judgment to develop a conceptual model of mangrove fishery catches. We then used available
global data sets to represent the key drivers
in this model, allowing us to qualitatively predict mangrove fishery catches. The model was
developed prior to, during, and after a small
expert workshop, held within The Second International Symposium on Mangroves as Fish
Habitat in Mazatlán, Mexico in April 2014.
This is an initial attempt at model development based on a short and relatively simplistic expert consultation process. As such,
the results should primarily be considered a
proof of concept rather than a finished work,
although we believe that even at this stage
the model offers some useful insights into the
drivers of mangrove fisheries and the spatial
variability in the relative importance of this
ecosystem service around the globe.

Methods

Conceptual framework

We used a four-stage process to model the
benefits that humans derive from fish production by mangroves. The four stages are

1. Potential fish production: This is the
amount of fish, crustaceans, mollusks,
and other fishery target species predicted to be produced by a pristine system,
free from human influences. It is based
purely on the environmental drivers, of
which mangrove extent is one.
2. Fish production: This is the amount of
fish predicted to be produced by the
system, once the influence of human activities such as fishing, pollution, and
mangrove degradation is taken into account.
3. Modeled catch: This is the amount of fish
predicted to be caught. It depends on
fish production, as well as fishing effort,
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which is driven by socioeconomic factors, particularly population density.
4. Modeled value: This is the value of the
modeled catch. This can be measured as
the market value of the fish caught,
which depends on the fish species and
on various socioeconomic factors, or it
can be measured in terms of the protein
that the fishery produces, the people it
feeds, or the livelihoods it supports.

In this study, we develop a model for the
potential fish production. We then develop a
model for fishing pressure and use this to calculate the modeled catch. In this first version
of the model, we do not consider the difference between potential fish production (from
a theoretical pristine system) and fish production (from a system influenced by human
activities such as fishing, pollution and degradation). We also did not incorporate value
into our model for reasons discussed below.
Workshop methodology

Prior to the workshop, we compiled a list of
potential drivers of mangrove fishery value
from a literature review (Hutchison et al.
2014a). We convened an expert workshop
to discuss, advise, and drive the selection
and weighting of these drivers in the model.
Initially, the participants were briefed on
the approaches used in developing conceptual models of this sort. A simple conceptual
model developed by two of us (J. Hutchison
and M. Spalding) prior to the workshop was
presented together with an explanation of
the sort of data sets that might be used to
represent the drivers in the model. Each
driver was then discussed to elucidate its relationship and relative importance to mangrove fisheries and thus its role in our overall model. This process had three stages:

1. Discussion of environmental and human impact drivers: This was carried
out in three groups, with participants
assigned to groups based on their expertise. Following the group discussion,
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each group described their conclusions
to the rest of the participants giving
them the opportunity to add further input.
2. Discussion of socioeconomic drivers:
This was carried out with all participants present.
3. Voting: The relative importance of each
driver in the model was assessed
through a voting process. Each participant was given three votes to assign to
environmental drivers and two for socioeconomic drivers, reflecting the
greater number of environmental variables in the model.
The final selection of drivers for the
model was driven by feedback from the
workshop on which drivers were most important. However, it was also limited by the
drivers for which global spatial data sets
were either readily available or could be easily developed from existing data sets.

Environmental drivers.—In our conceptual
model (Figure 1), potential fish production
is determined by environmental factors. All
the environmental drivers considered at the
workshop are listed below, along with a summary of the conclusions reached. The voting
scores for these drivers are shown in Table 1.
Based on the workshop conclusions and voting, we used mangrove area, mangrove biomass (as a proxy for primary productivity),
freshwater input, and nutrient input as our
driver variables in the model of potential fish
production.
•

Mangrove area/linear extent: The benefits to fisheries from mangroves are
likely to be proportional to the area of
mangrove. Numerous studies have demonstrated relationships between different aspects of mangrove area and fishery
yields in different parts of the world
(e.g., de Graaf and Xuan 1998; Carrasquilla-Henao et al. 2013). Habitat benefits to fisheries come primarily from the
area of mangroves that are in contact
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Figure 1.—A conceptual model for the first three stages of mangrove fisheries valuation, showing
the drivers that influence each stage. Note that the output of each stage is a driver of the following stage.

with the water, so the fringe area of
mangrove may be more important than
total area. Recent work in the Gulf of Cal
ifornia suggests that there is a constant
ratio between fringe area and the square
root of the total area (Aburto-Oropeza
et al. 2008), but this ratio may be influenced by local geomorphic settings
and tidal range (Lee 2004). The consensus among the expert group was that
we should use total area rather than
fringe area, as even parts of the mangrove that are infrequently inundated
may still benefit fisheries through the
contribution of leaf litter to the food
chain. Because fish production by mangroves is expected to be proportional to
mangrove area, we used the other drivers to generate potential fish production
and modeled catch per unit area of man-

•

grove, in a 30 arcsecond grid. National
and regional estimates were then generated by multiplying these by the area
of mangrove in each grid cell, which
was derived from the U.S. Geological Survey (USGS) Global Distribution of Mangroves layer (Giri et al. 2011).
Primary productivity/biomass: Primary productivity in mangroves comes
from trees, but also from periphyton,
microphytobenthos, and phytoplankton.
It is likely to be positively correlated
with fish production, as it provides the
basis for a detrital food chain that ultimately supports species of value to fish
eries. Mangrove productivity varies
at least 10-fold, from 3.4 Mg ha–1 year–1
in Florida (Ewe et al. 2006) to 30.9 Mg
ha–1 year–1 in Japan (Khan et al. 2009),
due to climatic factors, nutrient availabil-
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Table 1.—Environmental drivers: summary of the decisions made by workshop participants and
the votes and relative importance (percentage of total votes received) of each driver in the model
of potential fish production. Relative importance is the percentage of the total votes received by
each driver while the adjusted importance is the percentage of votes received by drivers used in
the final model: mangrove primary productivity, nutrient input, and freshwater input. Mangrove
extent was also used but only for the purpose of calculating total benefits to fisheries (See Appendix A for detailed methods).
			
Driver
Relationship
Votes
Mangrove extent
Mangrove perimeter
Mangrove primary
productivity
Nutrient input

Fish catch α mangrove area
Fish catch α mangrove
perimeter
Positive

12
2

Positive up to a threshold,
then plateau, then drop
Freshwater input
Positive
Rainfall
Positive but only as part of
freshwater input
Sea surface
Possibly upper and lower
temperatures
thresholds, but little
influence between these.
Mangrove diversity
Possibly positive
Fish diversity		
Mangrove forest
Probably important, but
type
relationship unclear. Partly
accounted for by freshwater
and nutrients

•

ity, and forest age. The expert panel felt
that primary productivity would positively influence potential fish production but only as a relatively minor driver
in the model. There are currently no
available maps of mangrove primary
productivity, but we used a map of mangrove above-ground biomass as a proxy
(Hutchison et al. 2014b).
Freshwater input: Freshwater input has
been demonstrated to be positively
correlated with fish and prawn production in mangroves and other estuarine
habitats (e.g., Vance et al. 1985; Meynecke et al. 2006). The expert panel
agreed that freshwater input would positively influence potential fish produc-

•

3

Relative
importance
32.4
5.4
8.1

Adjusted
importance
–
–

21.4

5

13.5

35.7

0

0.0

–

6
0

1
3
5

16.2
0.0

2.7
8.1
13.5

42.9
–

–
–
–

tion, giving it the second greatest number of votes after mangrove area. Maps
of sea surface salinity from satellite sensors do exist, but they tend to be unreliable in coastal areas and are generally
of poor resolution. Instead, we developed our own map of freshwater influence based on the watersheds and river
mouth locations from the USGS HydroSHEDS layer (Lehner et al. 2006) coupled with rainfall data from the World
Clim Bioclim data set (Hijmans et al.
2005).
Nutrient input: Nutrient enrichment increases primary production by mangroves and other producers such as
phytoplankton and algae, as well as
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having some detrimental effects such
as increased mangrove mortality
(Lovelock et al. 2009). Increased nutrients may also increase the palatability
of these producers to grazers (Boyer et
al. 2004). Under certain conditions,
highly elevated nutrient levels lead to hypoxia and the formation of dead zones
(Diaz and Rosenberg 2008), but these
are spatially rare and for the purposes
of this model they were ignored. The expert panel felt that nutrient input would
be positively correlated with fish production by mangroves up to a certain
threshold, beyond which production
would plateau and then eventually drop.
Models that map riverine nutrients have
been produced but generally only at very
coarse resolution or for a small number of large river mouths. For our model,
we therefore used modeled watershed
sediment output from the Reefs at Risk
project (Burke et al. 2011). This layer
was developed to be a proxy of sediment,
nutrient, and pollutant delivery, modeled using watershed soil type, slope,
land cover, and precipitation.
Climate: Climate is likely to influence
fishery productivity through precipitation, which determines freshwater input. Temperature may also be important
for some species. In particular, the
growth rate of invertebrates such as
prawns and crabs are directly affected
by water temperature (Staples and
Heales 1991). However, the expert panel
felt that climate was unlikely to be a major driver of potential fish production
except through rainfall, which is already
covered as part of freshwater input. Neither rainfall nor sea surface temperature
received any votes so climate was not
used in the model.
Mangrove species diversity: Diversity
of mangrove tree species is higher in the
Indo-West Pacific than in the Atlantic
East Pacific (Spalding et al. 2010). The

•

•

expert group felt that mangrove diversity might influence habitat complexity
or mangrove productivity, which might
in turn influence fish production. However, the level of certainty of this effect
was low and mangrove diversity received just one vote so was not used in
the model.
Marine species diversity: Like mangroves, diversity of marine species in
coastal waters is generally higher in the
Indo-West Pacific than in the Atlantic
East Pacific (Tittensor et al. 2010). The
expert group suggested that a greater
diversity of fishery target species may
give greater resilience to environmental perturbations and overfishing (Jackson et al. 2001). However, the level of
certainty of this effect was low and the
relationship between diversity and overall yield was not clear. Global data on marine species diversity do exist (Tittensor
et al. 2010) but only at coarse resolutions. For this reason and because of the
uncertainty of the relationship between
diversity and fish production, marine
species diversity was not used in the
model.
Mangrove forest type: Lugo and Snedaker (1974) classified mangroves as
fringe forest, riverine forest, overwash
forest, basin forest, or dwarf forest depending on the ecological setting in
which they were found. These different
forest types will vary in inundation frequency, carbon dynamics, freshwater,
and nutrient availability and may differ in the benefit they provide to fisheries (Flores-Verdugo et al. 2014). Forest type scored highly in the voting process, but consensus in the discussion
was that its effect on potential fish production would primarily be through its
influence on freshwater and nutrient
input. There is also no available data set
showing where each forest type is found.
For these reasons, forest type was not

expert-judgment-based model of mangrove fisheries

used in the model. Freshwater and nutrients are, however, included elsewhere.

Human impact drivers.—These drivers were
discussed during the workshop and were
felt to be important. However, none of them
have global data sets that could be used to
represent them in the model. Furthermore,
the only metrics we might have used to generate a model for fishery impacts were based
around population and markets, which were
proposed at the same time as key drivers in
determining fishing effort. In the absence of
better data or models, we decided to use these
data sets only in the fishing effort model. We
therefore decided to omit human impacts
from this preliminary version of the model.
However, a summary of the workshop discussion on each human impact driver is included
below.
•

•

Fishery impacts: Overfishing and destructive fishing practices will reduce
fish populations, which may also impact
yield. In many fisheries, years of overfishing have led to greatly reduced catches (Worm et al. 2009). However, catches
in many multispecies fisheries such as
those found in and around mangroves
appear to remain more stable even under elevated fishing pressure, although
with a reduction in size and trophic level
of the species caught (“fishing down the
food chain”) (Welcomme 1999). This is
reflected in the equation we used to relate modeled catch to fishing effort (Figure A.4), which was developed based on
studies in coastal lagoons in West Africa
(Laë 1997).
Environmental condition: Mangrove
degradation, for example through clearance for timber, changes in hydrological
regimes and pollution, will reduce the
benefits that the mangroves provide to
fisheries (Barbier et al. 2002). Pollution
may also influence fishery target species
directly by reducing water quality
(Alongi 2002) and even driving anoxia in
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the most heavily polluted estuarine systems (Diaz and Rosenberg 2008).

Socioeconomic drivers.—These drivers were
used to model fishing effort. All of the socioeconomic drivers identified were thought
to be potentially important by our expert
group. However, only human population
and markets were used due to a lack of data
for the other two proposed drivers. Conclusions of the workshop discussions on these
drivers are described below, and the voting
scores are shown in Table 2.
•

•

Human population density: In general,
fishing effort will be positively correlated with human population density as
these populations provide both the fishers and the demand for the catch. However, this relationship will vary between different fishery classes. For pure
subsistence fishing, there will be a
strong relationship with population density in the area immediately surrounding
the fishery. However, most small-scale
fisheries are still at least partly commercial and therefore require a market for
their catch, which requires a population
center. Fishing effort is therefore likely
to be related to population and distance
to the nearest market (Brewer et al.
2009). For the highest value fisheries,
there may be little or no relationship to
local populations, with fishers traveling
long distances to the fishing grounds and
exporting their catch to other parts of the
country or overseas. Our model is primarily aimed at small-scale fisheries, so
we used population as the primary driver of fishing effort, modified by distance
to the nearest market. We used population data from the Global Rural-Urban
Mapping Project population density grid
for our model (CIESIN et al. 2011a). We
related fishing effort to catch using an
equation developed by Laë (1997) for
West African lagoon fisheries.
Access to markets: Most commercial
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Table 2.—Socioeconomic drivers: summary of the decisions made at the workshop and the votes
and relative importance (percentage of total votes received) of each driver in the model of catch.
Only population and access to markets were used in the final model due to a lack of data on management or demand. Note that due to the modelling methods used for catch (see Appendix), the
relative importance was not directly used in the model.
			Relative
Driver
Relationship
Votes
importance
Population

Access to markets
Management
Demand

•

Subsistence fisheries—strongly related to
11
population density.
Small- to medium-scale commercial—local
population provides fishers but also requires
market—town of 10,000 within 2 hours’ travel.
High value commercial (all scales)—may be
unrelated to population.		
Will increase catch for small- to medium-scale
4
fisheries.
Positive, by reducing overfishing, but may reduce
3
short-term catches.
Positive, will increase motivation to fish.
5

fisheries require a market to sell their
catch. In small-scale fisheries, the fishers
themselves are most likely to sell to intermediaries, who will then transport
the catch to a market in a population center. The expert group reached a consensus that a market was any town of great
er than 10,000 people and estimated
that fish sellers might transport their
catches up to 50 km to reach such a market. This is based on small-scale fisheries with little or no refrigeration. Different assumptions would be required for
more industrialized fisheries. Locations
of towns of greater than 10,000 people
were taken from the Global Rural-Urban
Mapping Project settlement points data
set (CIESIN et al. 2011b).
Demand: Demand for fish will vary not
only with population size, but also with
the amount of fish in the diet. This varies by country and across different income groups, influenced by cultural traditions and also by the availability of
alternative food sources (Dey et al.
2008). Data on fish consumption are

•

47.8

17.4
13.0
21.7

available by country from the Food and
Agriculture Organization of the United
Nations. However, there is no data at
finer at finer spatial scales, so for this
reason demand for fish was not included
in this version of the model.
Management: Well-managed fisheries
can generate higher long-term yields
than poorly managed ones (although
overfishing may lead to higher shortterm yields in poorly managed fisheries). There is very little information
available on management measures or
their effectiveness, especially for smallscale fisheries, so we did not use management in the model.

Model development

Once the drivers had been filtered based on
the workshop discussion and voting, and
on the availability of data sets to represent
them in the model, the remaining drivers
were weighted based on the scores from the
workshop voting process. The potential fish
production model used mangrove area, freshwater input, nutrient input, and mangrove
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biomass, while the fishing effort model used
human population per unit area of mangrove
and whether there was a market within 50
km. Modeled catch was then calculated by
multiplying the outputs of these two models.
Full details of the model development are given in the Appendix.

Results

We used the models for potential fish production and fishing effort to generate the maps
shown in Figure 2. The potential fish production map shows the importance of rivers in
our model as sources of freshwater and nutrients, with high potential fish production in
areas with many large rivers such as West Africa, but low production in dry areas such as
the Arabian Peninsula and Australia. The map
of fishing effort reflects the distribution of
population density, showing a strong contrast
between the sparsely populated north coast
of Australia and the high population densities
in China, India, and much of Southeast Asia.
The modeled catch map is a combination of
these two inputs.
We used the maps to generate country
level summaries of potential fish production,
fishing effort, and modeled catch (Table A.1).
The countries with the most important mangrove fisheries are generally those with the
largest mangrove areas, including Nigeria,
Indonesia, Malaysia, Brazil, and Mexico. Australia and Papua New Guinea are exceptions.
Both have large mangrove areas, but low
modeled fishing effort due to their low population densities. For the same reason, Indonesia has lower-than-expected modeled catch
levels. Despite this, its huge area of mangrove
means that it remains one of the top-ranked
countries for total catch.

Discussion

Model results

This work represents a first output from an
effort to develop a global model and map of
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the spatial variation in mangrove fisheries. It
has important limitations, but we believe it
provides a proof of concept for this way of
using expert judgment, and that even this
current version provides some insights into
the importance of mangroves for fisheries.
Not surprisingly, the importance of total
mangrove area is highlighted—the six highest ranked countries by total predicted catch
from mangrove fisheries all have more than
500,000 ha of mangrove. Fishing effort is also
important, as demonstrated by lower catches for Papua New Guinea, Australia, and Indonesia, which all have large areas with low
fishing effort. Fishing effort is modeled using
population density close to the mangroves,
meaning that the highest scoring countries
have large mangrove areas that are also close
to people and markets. This has important
implications for conservation and development; the most valuable areas of mangrove
for fisheries are those closest to human
populations, which in many places are also
likely to be under the greatest threat. Traditionally, conservation effort has emphasized
the importance of preserving pristine wilderness areas that remain intact due to their
remoteness from people (e.g., Mittermeier
et al. 2003; Graham and McClanahan 2013;
McCauley et al. 2013). This is in contrast to
some of the international agreements where
nations have regularly stressed the need to
protect not only biodiversity, but also ecosystem services (CBD 2010). To maintain or
enhance ecosystem services such as fish production, we need to focus conservation and
management efforts particularly on those
areas close to people, despite the fact that
they are likely to already be far from pristine.
Value and limitations of the model

This first version of the model is conceptual,
based on the knowledge and opinions of the
authors. It has not been parameterized using field data on fish biomass, fishing effort,
or catch, and for this reason it can only be
used to make qualitative statements about
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Figure 2.—Maps showing the outputs of the various stages of the model: A. Potential fish production, B. Modeled fishing effort, and C. Modeled catch.

mangrove fisheries. The primary value of the
model is as a proof of concept, demonstrating
the approach that can be used to elucidate
the spatial variation in the ecosystem service
of fish production by mangroves. It is a first
step to be built upon using more sophisticated modeling techniques and through the use
of field data for parameterization.

A key limitation of this first draft model
is that it does not attempt to cover the value
of mangrove fisheries. The monetary value
of a fishery can be expressed as the amount
of fish produced multiplied by the price of
that fish, minus the cost of its production.
However, price and cost are key determinants of effort, which in turn is a major
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driver of total catch. Accurately representing this circularity requires a more complex modeling approach (e.g., Barbier et
al. 2002), but this was both beyond the expertise of our expert panel and beyond the
scope of this preliminary modeling attempt.
Additionally, value is a complex concept, especially in small-scale fisheries that have a
subsistence aspect, and cannot necessarily
be fully expressed in monetary terms. Much
of the catch may never reach a market or
may be traded for other nonmonetary
goods. Such values could be expressed in
terms of livelihoods supported or dietary
protein produced by a fishery.
The elements that we have modeled
are based on a number of major simplifying assumptions, a few of which could have
a major impact on the model output and
are therefore worth highlighting. The first
is that the model ignores the negative impacts of people on the ecosystem service
through degradation and pollution of the
mangroves. This is likely to be important in
some locations. Nigeria, for example, is the
top-ranked country by total catch predicted
by the model. However, much of Nigeria’s
mangrove area is polluted by oil (Osuji and
Ezebuiro 2006), which is likely to heavily
impact the fishery. There may also be impacts of overfishing that are not considered
in the model; Welcomme (1999) suggests
that although yields from small-scale mixed
species fisheries remain stable over a range
of fishing effort, they can be reduced if fishing effort exceeds a threshold level. Mangrove fisheries also include single species
fisheries for crabs and mollusks, and some
of these show declining catches due to overfishing (e.g., Beitl 2011). Human impacts
are likely to be focused in areas with high
population density, which might temper the
importance of these areas for fisheries.
The model in its current form is only
applicable to small-scale inshore fisheries.
For example, it assumes that mangrove fishers will be local residents, which is valid for
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small-scale fisheries but not for fisheries for
high-value species such as penaeid prawns.
Northern Australia has very low fishing effort in the model due to its low population
density. However, the Northern Prawn Fishery landed 6,600 Mg of prawns along this
coastline in 2012 (Barwick 2013), mostly
using boats greater than 22 m long, which
are able to spend many days at sea and travel many kilometers from their home port
to the fishing grounds. A similar modeling
approach could be applied to these fisheries but would require the assumptions and
data sets for the modeling of fishing effort
to be revised. Similarly, the model does not
include recreational fisheries, which have
very high values in some locations.
Finally, the model only seeks to predict
the catch in fisheries in and around mangroves. It does not assess the dependence
of those fisheries on the mangrove habitat
or the extent to which the presence of mangroves enhances catches. It is true that fisheries would still exist in the absence of mangroves, as other, less-structured estuarine
and coastal habitats also produce fish. Indeed,
much of the benefit that mangroves provide
to fisheries comes through their connections
to other habitats such as sea grass beds and
coral reefs, with a number of species shown
to move between these habitats at different
life stages (e.g., Manson et al. 2005; Kimirei
et al. 2013). Assessing the extent to which
mangroves enhance fisheries over the background level provided by unstructured habitats would require data on fish density inside
and outside mangrove habitats, collected using comparable methods (Blandon and zu Ermgassen 2014a, 2014b). We have found very
few data meeting these criteria.
Next steps

The model presented in this paper is primarily a proof of concept rather than a finished
work and could be improved in a number of
ways. A few main areas are obvious targets
for further work:
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Improving the conceptual model: This
could be achieved through the inclusion
of human impacts on mangroves and
fish stocks, so that catch can be calculated using modeled fish production
rather than potential fish production
(see Figure 1). There are also other drivers that may be important but were not
included in this version of the model.
Fish diversity and mangrove forest type
were both identified as potentially important in the workshop, but were not included due to uncertainty over their effects and a lack of suitable data sets to
represent them. Tidal range was also
mentioned at the workshop but not formally discussed, and has been shown to
be correlated with mangrove prawn
catch (Lee 2004).
Improving the use of expert judgment:
There is a large body of literature on the
best ways of using expert judgment to
model ecosystem services. The authors
were largely unaware of this literature
at the time of the workshop. In future
workshops, we would include a measure
of confidence in the different modeling
steps based on the level of scientific evidence supporting each step, as well as
the degree of consensus among the expert group (Jacobs et al. 2015). In addition, the simplistic voting method used
may not give an accurate estimate of the
weightings attached to each driver in
the model. This could be improved using an approach that allows each expert
to weight the relative importance of
each model driver, ideally as part of a
Delphi process allowing for discussion
of the initial weightings followed by another weighting opportunity (Martin et
al. 2012).
Developing model versions for different
fisheries: in our initial reviews of mangrove fisheries, we identified four broad
fishery classes—mixed inshore fisheries, inshore mollusk and crustacean fish-

•

•

eries, offshore fisheries (primarily
prawn), and recreational fisheries
(Hutchison et al. 2014b). Each of these
would have a different set of weightings
or even different drivers, particularly
for the fishing effort part of the model.
The current model focusses primarily on
inshore fisheries, a combination of the
first two classes. There is an established
precedent for using population as a
proxy for fishing pressure in small-scale
fisheries such as these (e.g., Burke et
al. 2011; Teh et al. 2013). For largerscale fisheries, it is likely to be a much
less important factor as the larger boats
used are able to travel long distances to
remote fishing grounds, and to freeze
their catches on board for the return
journey.
Parameterizing the model with fishery
catch data: This step would enable us to
move from a qualitative model to a numerical model, capable of predicting actual fish catches around the world. We
have carried out a literature review and
collected data on fish catch and fish
abundance in mangroves which might
be suitable for this (Hutchison et al.
2014a). However, the data are very variable in quality and the data set is relatively small, with developing countries
having particularly poor coverage. We
also investigated global databases such
as that held by the Sea Around Us Project
(Pauly 2007), but we found that the
resolution was too coarse for use in a
spatial model at the scale of individual
mangrove forests. This step therefore
represents a significant challenge, but
it is an important one: the resulting
model could be used to demonstrate the
dependence of fisheries in different
countries on mangroves and could
therefore be a crucial tool to influence
policy for mangrove conservation.
Reporting multiple value metrics: along
side efforts to improve and parameterize
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the model, it will be important to consider how value can be quantified beyond simple measures of captured biomass. Value can be measured in many
ways, and these should include metrics
such as livelihoods as well as monetary
values.
Developing fine-scale models for local
use: ecosystem services are increasingly
used in planning—few countries have
detailed knowledge of the value of their
mangrove fisheries, but conceptual
models could be developed at more local
scales, with the advantages of higher
resolution data sets and the potential of
testing the findings against field data.

The value of mangrove fisheries is
widely accepted and yet there are currently
no global models or tools to assess such value in specific locations or to reveal global
patterns in the variability of this value. At
the same time, pressures for development
in coastal areas are leading to widespread
degradation and loss of mangroves. Better
understanding of their value could provide
a powerful tool to reduce further mangrove
loss and encourage restoration. Through
the workshop and subsequent modeling,
we are confident that we have developed a
valuable proof-of-concept model. With ongoing investment, we hope to build a tool
that will generate a model of mangrove fisheries value, but also improve understanding
of modeling approaches to enable application at finer scales.
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Appendix A: Detailed Methods and Results
Detailed methods

This appendix contains the detailed methods and equations used to develop the maps
for this paper. It should be noted that these
methods and models have not been parameterised with any field data and that the results are therefore preliminary. Much of the
methodology was informed by the expert
judgment of the authors, gathered at a workshop at the 2nd International Symposium
on Mangroves as Fish Habitat in Mazatlán,
Mexico in April 2014. The remaining steps
were developed by JH and MS based on background knowledge of the underlying ecology
of mangrove ecosystems. The quantitative
outputs are perhaps a useful pointer to some
real patterns but are primarily intended to
help ascertain how such a model could be
further developed, using both a more extensive expert consultation and field data for
parameterization, work we intend to undertake in the future.
Potential fish production.—Based on the
workshop results and the availability of
data sets, potential fish production per unit
area of mangrove was modelled using freshwater input, nutrient input, and mangrove
biomass. The layers were weighted based
on the percentage of votes they received at
the workshop (Table 1): freshwater input re-

ceived six votes, nutrient input received five,
and primary productivity (represented by
mangrove biomass) received three (14 votes
in total). The resulting weightings were 14/6
= 42.9 for freshwater input, 35.7 for nutrient
input, and 21.4 for biomass. Each layer was
scaled so that its maximum value was equal
to its weighting, giving the modelled potential fish production a theoretical maximum
of 100. Details of the development of each
layer and of the scaling methods are given
below.
•

Freshwater input: Freshwater input was
calculated using watersheds from the
USGS Hydrosheds database (Lehner et
al. 2006). We used precipitation data
from the WorldClim Bioclim data set to
calculate the total volume of precipitation for each watershed, and assumed
that all of this volume flowed into the
sea at the watershed river mouth. We
did not account for evaporation or extraction by humans, which is significant
in some regions. The level of freshwater
influence was modelled using a Gaussian
kernel convolution function to give a
smooth decline with distance from each
river mouth. The kernel function was
calibrated using a map to estimate the
range over which freshwater influenced
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mangroves at several sites with which
the authors were familiar, and is shown
in Figure A.1. The effect of this freshwater on potential fishable biomass was
modelled using a logistic curve which
was adjusted based on freshwater values
in locations where mangroves are
known to be freshwater limited or
strongly freshwater influenced. This is
based on the assumption that freshwater will benefit fisheries, but that the
benefit for a given increase in freshwater will decline as total freshwater input
rises. The function also gives a slow initial increase, as small amounts of freshwater will have little effect due to dilution in saltwater. The curve was scaled
to give values between 0 and 43, which
is the adjusted importance value for
freshwater based on the workshop voting (Table 1), rounded to integer values.
The curve is shown in Figure A.2.
Nutrient input: We used modelled watershed sediment output from the Reefs

at Risk project (Burke et al. 2011) as a
proxy for nutrient input. This layer was
developed to be a proxy of sediment, nutrient, and pollutant delivery, modelled
using watershed soil type, slope, land
cover, and precipitation for some
300,000 watersheds worldwide. It gives
a high weighting to agricultural land use
as a source of nutrients, but does not include any influence from human, livestock, or industrial waste. We assumed
that the dispersion of this sediment
would be related to river flow so we
used the same Gaussian function to produce the nutrient map as we did for
freshwater. As with freshwater, the impact of nutrients on potential fishable
biomass was modelled using a logistic
curve, this time scaled from 0 to 36. We
hypothesised that even small amounts
of nutrients from rivers could make a
substantial difference to mangrove productivity and fish production in nutrient-poor oceanic mangroves, so we ad-

Figure A.1.—The kernel used to generate maps of freshwater and nutrient input from point sources at river mouths. The kernel was roughly calibrated using maps of known riverine influence on
mangroves from a small subset of rivers.
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Figure A.2.—The logistic curve used to model the effects of freshwater input on potential fish production. The curve is based on the assumption that freshwater input will increase fish production
up to a certain level, at which point it will plateau. The curve is scaled from 0 to 43 to reflect the
voting score for freshwater (rounded to integer values).

•

justed the curve to remove the initial
slow increase used for freshwater. Very
high nutrient levels would be expected
to cause a drop in fish production due to
reduced water quality and eutrophication, but this is not included in our model. The curve is shown in Figure A.3.
Mangrove biomass: Mangrove biomass
data were taken from the climate-based
model produced by Hutchison et al.
(2014). Biomass was assumed to have
a linear relationship with fish production. The modelled biomass layer used
is in Mg/ha and has a range of 389. It
was therefore scaled by multiplying all
values by 0.055 to give a maximum value
of 21.4, reflecting the weighting of this
driver in the model.

The overall equation for potential fish
production (PFP) is


43
PFP = 
Freshwater
−

1 + e 50,000



− 3






72


+ −36 +
Nutrients 

−


7

 1 + e
 


Mangrove biomass
+
0.055
Fishing effort.—Our fishing effort model
used population density adjusted according
to whether there was a market within 50
km. Based on consensus in the expert group,
markets were defined as towns of 10,000
people or more. The hypothesis underlying
the model is that mangrove fisheries without
a market within 50 km are likely to be primarily catching fish on a subsistence basis
for local consumption, whereas those with
access to a market will be catching fish primarily for sale on a commercial basis. We
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Figure A.3.—The logistic curve used to model the effects of nutrients on potential fish production.
As with freshwater, there is assumed to be a positive relationship up to a certain point, followed
by a plateau. The curve is scaled from 0 to 36 to reflect the voting score for nutrients (rounded
to integer values).

hypothesise that these commercial fisheries
will have greater fishing effort per head of
population than the subsistence fisheries. Finally, we hypothesise that catch will increase
with increasing fishing effort up to a plateau,
after which it will remain stable as effort
increases further. This relationship is commonly found for small-scale, mixed-species
fisheries (Welcomme 1999).
We used the population density grid
from the Global Rural-Urban Mapping Project (CIESIN et al. 2011a) layer to calculate
the number of people within 10 km of each
mangrove grid cell (potential fishers), and
the settlement point layer (CIESIN et al.
2011b) to delimit areas within 50 km of a
town of 10,000 people or more. Population
per unit area of mangrove was calculated
by dividing the population within 10 km of
each mangrove grid cell by the total area of
mangrove within the same 10-km radius.
We used a model developed by Laë (1997)
from work in coastal lagoon fisheries for
the relationship between fishing effort and

proportion of the available fish production caught. The model parameters were
adjusted to give two separate curves: one
for locations within 50 km of a market, and
one for locations without a market within
50 km (Figure A.4). The curves represent
the proportion of the available fish production caught for a given number of people
per unit area of mangrove, where available
fish production is some proportion of the
modelled potential fish production. This
proportion would vary depending on the
fisheries biology of the target species but
is unimportant in this context as the potential fish production model uses arbitrary
units. The parameters for the curves were
set based on expert opinion so that 99%
of the available fish production was caught
when the population within 10 km reached
500 people/km² mangrove for areas within reach of a market or 2,000 people/km²
mangrove without a market. The equations
for the two curves are as follows.

expert-judgment-based model of mangrove fisheries
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Figure A.4.—The two curves showing our hypothesised relationship between population and the
proportion of fish production being caught in locations with and without markets.

With a market,

Modelled catch

timates for potential fish production, fishing
effort, and catch were generated by multiplying the value of these layers in each grid
cell by the area of mangrove in that grid cell,
which was derived from USGS Global Distribution of Mangroves layer (Giri et al. 2011).
These were then summed by country. Countries were divided into quartiles and scored
as low, medium, high, or very high on their
mean potential fish production, mean fishing
effort, mean catch per unit area of mangrove,
and total modelled catch to generate Table
A.1.

Modelled catch was calculated by multiplying the potential fish production by the proportion of fish production caught for each
mangrove grid cell. As potential fish production and proportion of fish production
caught are both scaled from 0 to 100, catch
is scaled from 0 to 10,000. We categorized
these numbers as very high, high, medium or
low based on quartiles to generate the maps
shown in Figure 2. National and regional es-

Burke, L., K. Reytar, M. Spalding, and A. Perry.
2011. Reefs at Risk revisited. World Resources Institute, Washington, D.C.
CIESIN (Center for International Earth Science
Information Network), Columbia University, International Food Policy Research
Institute, The World Bank, and Centro
Internacional de Agricultura Tropical.
2011a. Global Rural-Urban Mapping Project, (GRUMP), version 1: population den-

−
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Without a market,
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Table A.1.—Data on mean potential fish production, fishing effort, catch per unit area of mangrove, and total catch, for each country with more than 5,000 ha of mangrove forest. Countries
are ordered by total catch and divided into quartiles, which are classed as low, medium, high, and
very high.
Country

Nigeria
Indonesia
Malaysia
Brazil
Mexico
Burma
India
Bangladesh
Guinea
Guinea-Bissau
Mozambique
Vietnam
Cameroon
Thailand
Sierra Leone
Philippines
Colombia
Senegal
Cuba
The Gambia
Panama
Madagascar
Ecuador
El Salvador
Tanzania
Australia
Guatemala
Venezuela
Honduras
Nicaragua
Pakistan
Papua New Guinea
United States
(Continental)
Costa Rica
Cambodia
French Guiana
Gabon
Fiji
Brunei
Ghana
Kenya

Mangrove
area
(ha)

744,000
2,823,000
940,000
1,057,000
728,000
507,000
393,000
433,000
242,000
353,000
321,000
217,000
158,000
248,000
159,000
258,000
213,000
168,000
427,000
70,000
154,000
272,000
137,000
35,000
95,000
962,000
35,000
337,000
66,000
73,000
54,000
473,000
233,000
39,000
47,000
88,000
138,000
110,000
21,000
13,000
33,000

Potential			Total
fish
Fishing
Modelled
modelled
production
effort
catch
catch

Very high
High
High
Medium
Medium
High
Medium
Medium
Very high
High
High
High
Very high
Medium
Very high
Medium
Very high
Medium
Low
High
High
High
Very high
Very high
Very high
Medium
Very high
Medium
Very high
High
High
Very high
Low
Very high
Medium
High
High
Low
Very high
Very high
Medium

High
Low
Medium
Medium
Medium
High
High
High
Medium
High
High
Very high
High
Very high
High
Very high
Medium
High
Medium
Very high
Medium
Low
Medium
Very high
Medium
Low
Very high
Low
Medium
Medium
High
Low
Low
High
High
Low
Low
Medium
Medium
Very high
High

Very high
Medium
High
Medium
High
High
High
High
Very high
High
High
Very high
Very high
High
Very high
Medium
High
High
Medium
Very high
Medium
Medium
High
Very high
High
Low
Very high
Low
Very high
High
High
Low
Low
Very high
High
Medium
Low
Low
Very high
Very high
High

Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Very high
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
High
Medium
Medium
Medium
Medium
Medium
Medium
Medium
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Table A1.—Continued.

Country

China
Congo, (Kinshasa)
Liberia
Belize
Suriname
Haiti
Angola
Dominican Republic
Sri Lanka
New Zealand
Benin
Solomon Islands
Iran
Guyana
Jamaica
Puerto Rico
Trinidad and Tobago
United Arab Emirates
Bahamas, The
Equatorial Guinea
Cayman Islands
Micronesia,
Federated States of
Saudi Arabia
Eritrea
Turks and Caicos
Islands
Palau
New Caledonia

Mangrove
area
(ha)

Potential			Total
fish
Fishing
Modelled
modelled
production
effort
catch
catch

18,000
21,000
13,000
57,000
75,000
15,000
27,000
18,000
23,000
31,000
5,000
46,000
21,000
20,000
10,000
8,000
6,000
19,000
81,000
13,000
8,000

High
Very high
Very high
Medium
High
Medium
Very high
Medium
Medium
Low
High
Low
Medium
High
Medium
Low
Low
Low
Low
Low
Low

Very high
Medium
High
Low
Low
Very high
Low
Very high
Very high
High
Very high
Low
Medium
Low
Very high
Very high
Very high
Very high
Low
Low
Very high

Very high
Very high
Very high
Medium
Low
Very high
Medium
High
Medium
Medium
Very high
Low
Medium
Medium
Medium
Medium
Medium
Low
Low
Low
Medium

Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low

17,000
6,000
25,000

Low
Low
Low

Low
Medium
Low

Low
Low
Low

Low
Low
Low

10,000
8,000
7,000

Low
Low
Low
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