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The need to produce suﬃcient food for people whilst also maintaining biodiversity and ecosystem integrity is
one of the most pressing challenges in the 21st century. This challenge is exempliﬁed in wetlands and deltas of
Southeast Asia that have been transformed to intensify rice production and have subsequently lost the naturally
present wild aquatic species that previously bolstered local food and nutrition security. In contrast, rice producing areas where natural hydrologic ﬂows and ecosystem processes are retained can sustain aquatic biodiversity and ﬁsheries. These rice ﬁeld ecosystems are present in many Asian countries, but are sparsely documented, underappreciated, and currently face development pressure including farming intensiﬁcation and
habitat fragmentation from infrastructure development. To understand the ﬁsheries and food security contributions of wild aquatic species in contemporary rice ﬁeld ecosystems, we examine the Tonle Sap region of
Cambodia. We used household surveys and experimental ﬁshing to measure wild aquatic species richness present in rice ﬁeld ecosystems and in local catch. We also used household surveys to estimate rice ﬁeld ﬁshery
productivity (as annual catch weight per hectare) and to examine variation in ﬁshing eﬀort and total catch
weight across seasons and habitats. Finally, we investigated catch use and the contribution of ﬁsh catch to
household consumption. We identiﬁed a total of 158 wild aquatic species, which included around twice the
number of ﬁnﬁsh species (n = 135) identiﬁed by previous studies (n = 35–70). Overall, 92% of ﬁsh catch (by
weight) was from ﬁve habitat types within rice ﬁeld ecosystems. Fishing eﬀort and catch weights were relatively
evenly spread across habitats during the dry season and were primarily from rice ﬁelds during the ﬂood season.
In both ﬂood and dry seasons, rice ﬁeld ﬁshery catch provided around 60% of the ﬁsh and aquatic animals
consumed in surveyed households. Our ﬁndings illustrate the substantial contributions rice ﬁeld ﬁsheries make
to household food security and to national ﬁsheries production. Drawing on lessons from rice farming intensiﬁcation across the region, we discuss the implications of our ﬁndings for rice ﬁeld ecosystems, food security,
and rice intensiﬁcation policy futures in Cambodia and other rice-producing nations.
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1. Introduction
Food and nutrition security and biodiversity conservation represent
two of the leading sustainable development challenges of the 21st
century (Brussaard et al., 2010; Campbell et al., 2017; Tscharntke et al.,
2012). The maintenance or restoration of biodiversity can support food
and nutrition security (Frison et al., 2006; Johns et al., 2013), as
modelled in many “multifunctional” rural landscapes where agriculture, natural resource use, and biodiversity or habitat conservation
are carried out in mosaic, successional or simultaneous ways (Liu et al.,

2013; Padoch and Sunderland, 2013; Tscharntke et al., 2012). In these
landscapes, biodiversity is supported through the presence of wild
(generally native and naturally occurring, sometimes also managed)
species and through diversiﬁed agricultural production that also supports local and/or domestic food security, as found in parts of the
Brazilian Cerrado where forests and small scale farms coexist in integrated landscapes (Wittman et al., 2017). In many multifunctional
landscapes, wild species not only contribute to biodiversity, but are
collected and consumed, thereby contributing to local food and nutrition security (i.e. servicing farmers and farming communities in rural
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usage of pesticides and changes to water management (Ali, 1990). In
Vietnam, farmers observed losses of wild ﬁsh and other species corresponding with increased agrochemical use and loss of connectivity
between rice ﬁelds and surrounding habitats due to installation of canal
and dike infrastructure (Berg et al., 2017). Although data on wild
species in rice ﬁeld ecosystems remain sparse and at best highly localized, concerns over habitat decline and species loss have been raised
for rice ﬁeld ecosystems of Laos and Cambodia (Garaway et al., 2013;
Shams, 2007). This could be particularly consequential for Cambodia, a
nation considered to have the ﬁfth most productive inland ﬁshery in the
world (Funge Smith and Bennett, 2019), around 30% of which is contributed by rice ﬁeld ﬁsheries (unpublished data Fisheries Administration, 2017).
Rice ﬁeld ecosystems make up the majority of the Lower Mekong
region’s agricultural land (Ingalls et al., 2018) and represent the conversion of approximately 86% of the total wetland area in the Lower
Mekong Basin (Hortle et al., 2008). Vietnam’s experience shows that
rice intensiﬁcation, the resulting farmer dependency on income from
rice, and sinking prices for rice can lock farmers into a positive feedback
loop (i.e. farmers continue intensiﬁcation in an eﬀort to maximize
production, to the point of causing a decline in rice ﬁeld fertility; Berg
et al., 2017) with ultimately negative consequences for agricultural
productivity, the environment, and farmer livelihood. Rice intensiﬁcation in Vietnam has also aﬀected food security of rural households
through greater seasonal variation in wild food harvests, reduced
availability of wild ﬁsh in particular, and reduced consumption of all
ﬁsh, with eﬀects greatest for poor households (Nguyen et al., 2018).
Despite (or perhaps due to) these experiences, irrigation investments
continue alongside growing recognition that sustainability and food
and nutrition security outcomes must be improved upon (e.g., Asian
Development Bank (ADB), 2015). The maintenance of habitat connectivity and aquatic biodiversity, e.g. through ‘ﬁsh-friendly’ irrigation
and water management infrastructure and practices (Baumgartner
et al., 2016; Mccartney et al., 2019) could prove a more food secure and
environmentally and economically viable option. However, most of the
Lower Mekong region lacks baseline data to guide the development and
understand the impact of such innovations.

areas, rather than distant markets). This has been demonstrated in rice
ﬁeld landscapes in Laos where wild aquatic species are collected and
consumed (Garaway et al., 2013) and in other landscapes globally
(Bharucha and Pretty, 2010; Powell et al., 2015).
Rice production covers 160 million ha globally, which is equivalent
to around half the total land area of India (FAOSTAT, 2013). The
portion of this that can be characterised as rice ﬁeld ecosystems (i.e.
includes the paddy where the rice is grown, but also includes diverse
wetland and aquatic habitats that connect with the rice paddies during
seasonal ﬂooding; Shams, 2007) is unknown, but it’s likely that rice
ﬁeld ecosystems are the most expansive multifunctional landscapes.
Natural ﬂooding of rice ﬁelds enables both rice production and the
maintenance of high biodiversity (Bouman et al., 2007; Verhoeven and
Setter, 2010). Wild aquatic species readily populate rice ﬁelds when
ﬂoods connect the ﬁelds with other aquatic habitats, especially perennial water bodies (Amilhat et al., 2009; Nguyen Khoa et al., 2005).
For ﬁsh, rice ﬁelds provide habitat, nutrients, and organic material
necessary for seasonal spawning and feeding (Heckman, 1979; Lawler,
2001; Nguyen Khoa et al., 2005). Rice ﬁeld ecosystems contain a
variety of wild species of ﬁsh, molluscs, crabs, prawn, frogs, snakes,
insects, waterbirds, and aquatic plants (e.g. Heckman, 1979). Rice ﬁeld
ﬁsheries involve the harvest or capture of these wild aquatic species
from rice ﬁelds and other habitats within the rice ﬁeld ecosystem, such
as canals, ponds, and ditches (Gregory, 1997). The diversity of wild
species occurring in rice ﬁeld ecosystems have been dietary mainstays
for many societies and their importance is reﬂected in the cultures of
many Asian countries (Gregory et al., 2018; Lu and Li, 2006).
In stark contrast to the closely monitored production and high data
availability for farmed crops, livestock, and ﬁsh, quantitative data on
the presence, production, and food provision from wild species are
sparse (Pimentel et al., 1997; Scoones et al., 1992). When missing from
national statistics, as is often the case, wild harvests are overlooked in
decision-making arenas and in policy (Bharucha and Pretty, 2010;
Garaway et al., 2013; Halwart, 2006). Whilst some wild harvest case
studies have provided recommendations for policy and management
practices, the species, use, and beneﬁts of wild harvests are highly
variable (Angelsen et al., 2014; Pascual and Perrings, 2007; Powell
et al., 2015) suggesting a need for contextualized data to guide decision-making related to wild foods.
In the Lower Mekong region there is political and economic pressure
to intensify rice production through irrigation infrastructure development and investments (Baran et al., 2007; Johnston et al., 2014;
Nguyen Khoa et al., 2005). To inform these impending decisions, this
study employs the largest geographic area and longest time period of
any rice ﬁeld ﬁshery study in the region to illustrate the diversity,
magnitude, and trends in the presence and use of wild aquatic species
within rice ﬁeld ecosystems. Our objectives were to: 1) make an inventory of wild aquatic species present in rice ﬁeld ecosystems and in
local catch; 2) estimate rice ﬁeld ﬁshery productivity; 3) describe
ﬁshing practices and elucidate habitat and seasonal patterns in ﬁshing
eﬀort and catch weight; and 4) assess catch contributions to food provisioning and other aspects of livelihood for ﬁshers and their households.

2.2. Study site background
Cambodia’s rice production is predominantly rain-fed and connected to natural ﬂood regimes. Despite a number of recent and upcoming irrigation and water management projects (MAFF, 2017), irrigation covers only 17% of Cambodia’s rice landscape (MAFF, 2018) and
primarily serves a loss prevention role for wet season rice crops rather
than an intensiﬁcation role for dry season rice production (Johnston
et al., 2014). While other countries adopted high-yield rice varieties
and built up irrigation systems during the Green Revolution, Cambodia
faced a socio-political crisis during and following the Khmer Rouge
regime (1975–1979) that caused severe drops in rice production and
famine (DeFalco, 2014). Over the past 20 years, Cambodia has experienced tremendous economic growth and employment creation, yet
agriculture remains a signiﬁcant contributor to national GDP (The
World Bank, 2017) and the majority of the population remains rural
(Ingalls et al., 2018). Farming remains predominantly a smallholder
activity in Cambodia, with average area of agricultural holding per
household at 1.6 ha (MoP, 2015). Total household agricultural holdings
are 3.3 million ha, over 70% of which is used for rice production (MoP,
2015). Rice is the predominant crop grown in the Tonle Sap region
(MoP, 2015) and land for rice cultivation makes up one third of Tonle
Sap wetlands (Arias et al., 2014). Rice farming is rarely a sole livelihood
in the region, as two studies conducted in separate provinces found (Sok
et al., 2019; Teh et al., 2019). Fisheries played a role in a variety of
livelihood strategies, including in ‘rice monocropping’ livelihoods,
‘large farmer’ livelihoods, and diversiﬁed livelihoods (with 11%, 12%,
and 46% of income from ﬁshery related activities, respectively; Sok

2. Background
2.1. Regional background
In Southeast Asia, rural livelihoods and food and nutrition security
are experiencing negative eﬀects from agricultural intensiﬁcation employed in pursuit of national economic development and food production targets (Broegaard et al., 2017; Cramb et al., 2017). In Malaysia
and Vietnam, intensiﬁcation of rice production came at the expense of
wild ﬁsh populations and species diversity (Ali, 1990; Berg et al., 2017).
In Malaysia, ten ﬁsh species were reported as absent, rare, or endangered in rice ﬁelds following increased use of fertilizer, greater
2
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Table 1
Aquatic habitats of the rice-ﬁeld ecosystem (and associated rice ﬁeld ﬁshery) in the Tonle Sap region of Cambodia described by their structure and connectivity, roles
as ﬁsh habitat, and ﬁshing access.
Habitat

Description

Role as ﬁsh habitat

Fishing access

Rice ﬁeld

Seasonally connected to permanent water bodies during
ﬂood periods

Reproduction and feeding in ﬂood season

Streams and channels

Waterways that connect water bodies and rice ﬁelds during
ﬂood periods; may contain some water year-round; includes
irrigation and drainage channels, natural streams
Semi-permanent water body where water level may
ﬂuctuate, connected to rice ﬁeld ecosystem through streams
and channels
Small water body in or adjacent to a rice ﬁeld; seasonally
connected to rice ﬁelds and permanent water bodies during
ﬂood period; may be conserved, dry up, or be pumped dry
during dry season
Mid to large size water body communally owned; seasonally
connected to rice ﬁelds and permanent water bodies during
ﬂood period; usually contains at least some water year-round
All or part of a communally owned water body; seasonally
connected to rice ﬁelds and other water bodies during ﬂood
period; retains water year-round

Migration routes between permanent
water bodies and ﬂooded areas; some also
provide refuge in dry season
Dry season refuge, semi-permanent habitat
for residential species

Land is privately held; ﬂood waters on the
rice ﬁeld are a “commons” accessible to all
for wild aquatic species harvest
Commons

Reservoir

Individual pond

Community pond

Community Fish
Refuge (CFR)

Dry season “refuge” (most often, this type
of pond will be emptied and ﬁsh will be
captured)

Most often a commons; in some cases access
is limited to ownership or a management
committee
Privately held water body based on land
ownership, access must be granted by owner

Dry season refuge (but ﬁsh will be
captured if the pond dries up)

Commons

Dry season refuge

Community-managed protected area, ﬁshing
not allowed

from ﬁshing. This decision and national policy was adopted in response
to observations and preliminary research ﬁndings that suggested CFRs
contribute to increased water security, ﬁsheries production, and
household food security. By mid-2011 the Fisheries Administration had
designated around 670 CFRs, but the eﬃcacy of these CFRs in preventing ﬁshing and serving as a dry season refuge for ﬁsh was highly
variable and not well evidenced (Joﬀre et al., 2012).
In response to the dearth of knowledge on CFR outcomes and best
practices, a project (Rice Field Fisheries Enhancement Project, funded
by United States Agency for International Development) commenced in
2012. The objective was to develop evidence of CFR management best
practices that would enhance rice ﬁeld ﬁsheries productivity. The
project research team, with input from the Fisheries Administration and
communities, nominated 40 CFRs and surrounding communities within
the Tonle Sap region as research sites (Fig. 1). These 40 sites were selected based on high rates of local participation in rice ﬁeld ﬁsheries (at
least 75% of the community’s households) and a willingness of communities to engage in a participatory research process with the project
team. The majority of the sites selected were within or in close surrounds to the Tonle Sap ﬂoodplain (between 9 and 72 km from the
Tonle Sap lake, average distance 38 ± 15 km), predominantly in the
lowland rain-fed ecozone for rice production, but also in lowland
deepwater and upland irrigated and rain-fed ecozones. Based on
scoping data, the number of rice crops at each site depends on water
availability, with paddy dikes generally around 30 cm, fertilizer application ranging from 50−600 kg per ha, herbicide from 0 to 1.8 L per
ha, and pesticide from 0 to 1.5 L per ha.

et al., 2019).
The Tonle Sap lake and ﬂoodplain are seasonally inundated through
dynamic ﬂood pulses that foster high biological productivity (Junk
et al., 1989; Sabo et al., 2017). The Tonle Sap region hosts the largest
wetland ecosystem in Southeast Asia, providing a diverse array of interconnected wetland habitats to support its high aquatic diversity
(Arias et al., 2014). The rice ﬁeld ecosystem within the Tonle Sap
wetland is made up of various interconnected habitats such as irrigation
channels, streams, ponds, and reservoirs, in addition to the rice ﬁelds
themselves (Shams, 2007). Altogether, the ﬂood pulse, habitat connectivity, and slow pace of agricultural intensiﬁcation allows for cooccurrence of wild aquatic species and agricultural production.
Rice ﬁeld ﬁsheries occur in a variety of habitats within the Tonle
Sap rice ﬁeld ecosystem (Table 1). When the rainy season begins, ﬁsh
migrate from permanent water bodies to ﬂooded wetlands, including
rice ﬁelds, to spawn and feed. As rains cease and ﬂoodwaters recede,
the ﬁsh retreat to deeper waters to wait out the dry season. Rice ﬁeld
wetlands are used both by ﬂoodplain resident species (known as black
ﬁsh; e.g., snakehead of genus Channa) and local or long distance migratory riverine species (respectively known as grey and white ﬁsh; e.g.,
barbs of genus Puntius; Gregory, 1997; Welcomme, 2001). While rice
ﬁelds are privately owned, ﬁshing rights throughout the rice ﬁeld
ecosystem are formally recognized, allowing the ﬁshery to operate as a
“commons” resource (Gregory, 1997; Hortle et al., 2008; Shams, 2007).
Previous studies on rice ﬁeld ﬁsheries in Cambodia provided rich information on ﬁshing practices (e.g., Balzer et al., 2005; Gregory and
Guttman, 1996; Hori et al., 2011; Hortle et al., 2008; Shams, 2007), but
were conducted across small geographic scales and short time periods
(up to eight months), most often during the wet season with the assumption that catch was negligible during the dry season. These studies
present a range of ﬁndings, such as 35–70 ﬁnﬁsh species present in or
caught from the rice ﬁeld ecosystem (Balzer et al., 2005; Hortle et al.,
2008; Shams, 2007), ﬁshery yield of 119 kg ha−1 (wet season yield,
Hortle et al., 2008), and consumption of 54% of catch (measured during
ﬂood recession season, Shams, 2007). Analyses of rice ﬁeld ﬁsheries
patterns across multiple seasons and habitats are needed to ensure the
ﬁshery is appropriately accounted for in policy and decision-making,
especially for irrigation development, and could substantially improve
the way the ﬁshery is managed in the future.
Cambodia’s Fisheries Administration has adopted an approach to
enhance productivity of rice ﬁeld ﬁsheries through the designation of
Community Fish Refuges (CFRs), comprised of all or part of a permanent water body that is connected to a rice ﬁeld system and protected

3. Methods
3.1. Sampling procedures
We collected data through two sampling procedures: experimental
ﬁshing and household catch recall surveys. We set experimental ﬁshing
gears within the CFRs (n = 40 sites), the only rice ﬁeld ecosystem habitat protected from ﬁshing and therefore expected to contain the most
biodiversity, and conducted surveys with male and female heads of ten
households each in 40 villages (n = 400 households) adjacent to the
CFRs over a 36-month period from November 2012 to November 2015
(Table 2). Sampling events (13 for experimental ﬁshing, 19 for household surveys) were evenly spaced throughout the study period. We used
experimental ﬁshing and household surveys, as opposed to landings
surveys, because rice ﬁeld ﬁsheries lack designated landing sites (i.e.
3
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Fig. 1. Location of 40 study sites of rice ﬁeld ecosystems, including Community Fish Refuges, around Tonle Sap lake, Cambodia.

ﬁshers are mainly moving on foot between ﬁshing sites and home and
are not constrained by water entry and exit points) which makes
landings surveys logistically demanding and/or low in accuracy. Interviews or household recall surveys tend to be the most reliable
methods for diﬀuse, remote, or data-poor ﬁsheries (Barnes-mauthe
et al., 2013; Bayley and Petrere, 1989; Mccluskey and Lewison, 2008).
This sampling procedure generated the most comprehensive dataset on
Cambodia’s rice ﬁeld ﬁsheries to date.
To conduct experimental ﬁshing, community members worked
alongside the project team in a participatory approach to increase coownership of the research process and also to help disseminate observations and raise community awareness of the changes in ﬁsh species
presence and abundance in the CFRs throughout the project’s implementation. To maximize the potential of recording the variety of
species present in the CFRs while avoiding use of illegal indiscriminate
gears (i.e., electroﬁshing), we used three types of gear for experimental
ﬁshing: nylon gill nets which were 9 m or 18 m in length (length of net
used depended on the size of the CFR) with graduated mesh size; pole
and line with multiple hooks; and fyke traps (a funnel trap built of wire
and nylon net). The sampling periodicity of each gear (Table 2) diﬀered
because of time constraints when setting and retrieving gear. All three
gear types were set overnight and were checked for catch in the
morning. The ﬁeld teams recorded species present in catches using
Latin names. Identiﬁcation was assisted by photographs in the

following texts: Balzer et al. (2005) and Rainboth (1996).
The surveys targeted households that were known to be involved in
ﬁshing. For this reason, our data on catch and consumption are more
representative of ﬁshing households rather than an “average” household in that community. We surveyed the same households across
sampling events whenever possible. Occasionally, a household was not
available for the survey during a sampling event. When this occurred,
we surveyed a new household to maintain site representation.
Respondents provided seven-day recall of household ﬁshing activities,
including type of catch (ﬁnﬁsh, other aquatic animal, or aquatic plant),
numbers of ﬁshers and ﬁshing days, gear used to catch ﬁnﬁsh and other
aquatic animals, and the total catch weight for each catch type over the
seven days. We asked respondents to disaggregate total catch by habitat
(rice ﬁeld ecosystem habitats, see Table 1, and habitats outside of the
rice ﬁeld ecosystem), using aids such as stones or seeds to represent the
total catch and then the allocation to each habitat. We also asked respondents to disaggregate total catch by species, and then by use
(consumption, sale, processing, other), again using aids to represent
total catch and allocations to each species and use. We recorded each
species by both local and Latin names: enumerators and respondents
discussed the local names for the catch, and then used the same texts
and photos from the experimental ﬁshing methods to identify and record the Latin name of each species (except for catch of waterbirds and
insects which were not identiﬁed by Latin names). A subset of surveys

Table 2
Sampling design for harvest recall surveys and for experimental ﬁshing by gear type. Number of sites, sampling events, households, and gear replicates are reported.
Gear replicates are reported as average number (min-max) per sample. “NA “means not applicable to the data collection method.
Harvest recall surveys

Number of sites
Number of sampling events
Sampling seasons
Number of households per site
Number of gear replicates (sets)

40
19
All (6 times/year)
10
NA

Experimental ﬁshing
Gill net

Fyke trap

Pole and line

40
13
All (4 times/year)
NA
7.5 (2−8)

40
4
Flood recession (1 time/year)
NA
7.5 (2−8)

40
9
Dry and ﬂood (3 times/year)
NA
5.6 (1−8)

4
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catchments (e.g.; when 40% of surveyed households did not ﬁsh, we
multiplied catch by 60% of all households within the ﬁshing ground
catchments). This provided an “upper bound” estimate of total weekly
catch within ﬁshing grounds, since the survey sample overrepresented
ﬁshing households. We also calculated a “lower bound” estimate using
50% of all households within each ﬁshing ground catchment (e.g.;
when 40% of surveyed households did not ﬁsh, we multiplied catch by
30% of all households within the ﬁshing ground catchments). This was
based on the Nasielski et al. (2016) ﬁnding that 50% of households
ﬁshed from an unbiased sample of both ﬁshing dependent and nonﬁshing dependent rural communities. For both upper and lower bound
estimates, we summed total estimated catch for the six sampling periods in each year. We then multiplied these six-week estimated catches
by 8.67 (that is, 52/6) to provide full year catch estimates. Finally, we
averaged the annual estimates from 2013, 2014, and 2015, to obtain
average upper and lower bound estimates of annual per-hectare productivity in rice ﬁeld ﬁsheries.
Due to survey question phrasing, it is possible that some of the reported catch from streams and channels, community ponds, and reservoirs (collectively referred to as Habitat Group 1) came from outside
the ﬁshing grounds. To account for this in the ﬁsheries productivity
estimates, we adjusted catch reports from Habitat Group 1 by the
proportion of reported rice ﬁeld and individual pond (Habitat Group 2)
catch from within the ﬁshing ground. For households that reported
catch from Habitat Group 1, but not from Habitat Group 2, we used an
average of the proportion of Habitat Group 2 catch across households
that ﬁshed in both habitat groups. Finally, we excluded Habitat Group 1
catch reports at sites where none of the corresponding habitat type was
present inside the ﬁshing ground.

from 46 households provided information on the age and gender of
ﬁshers. Starting from September 2013 (i.e., on 14 sampling events), we
also asked respondents to report weight of ﬁnﬁsh and other aquatic
animals by source (i.e., fresh household catch, processed ﬁsh from
previous household catch, household aquaculture, market purchase,
gift) that were consumed in the household over the seven-day recall
period. Households provided weights for catch and consumption as
estimates rather than using scales for measurement. We recorded
weights in kilograms with precision to tenths because weights tended to
be small (often less than 10 kg and including reports less than 1 kg).
This recall and estimation approach for reporting catch and consumption weights has some limitations. Some studies have found recall
surveys can overestimate catch (e.g., Kuster et al., 2006), especially
when conducted over months-long time periods and with more frequent
ﬁshing trips (Fisher et al., 1991). However, surveys or interviews
spanning multiple ﬁshing trips are appropriate in temporally and spatially variable ﬁsheries (Mccluskey and Lewison, 2008). We determined
that the robust representation of ﬁshing eﬀort gained from a seven-day
timeframe and sampling at household level warranted a tradeoﬀ in
catch weight accuracy. Recognizing the limits of the catch weight reports, we analyzed the data primarily through proportion-based and/or
within-group comparisons rather than absolute measurements (for the
ﬁshery productivity estimate, we addressed the limits to the data
through other means as described in Section 3.3).
3.2. Wild aquatic species inventory
To assess species richness of catch from the rice ﬁeld ecosystem in
Tonle Sap region, we pooled reports from the household surveys. This
pooled approach suited our aim of compiling a species inventory (rather than describing gear selectivity) and has been demonstrated in
other studies (e.g., Gotelli and Colwell, 2001; Moreno and Halﬀter,
2001; Vásquez-Yeomans et al., 2011), including previous rice ﬁeld
ﬁsheries assessments (e.g., Hortle et al., 2008; Shams, 2007). During
the household surveys, species catch reports were elicited separately
from catch reports by habitat. Because of this, we excluded from the
pooled samples the survey responses that reported catch from habitats
outside the rice ﬁeld ecosystem. To assess the selectivity of catch, we
compared the pooled species richness from the household surveys with
pooled species richness from experimental ﬁshing in CFRs.

3.4. Fishing practices, eﬀort, and weight
To describe ﬁshing practices, we used the household survey results
to assess the proportion of households ﬁshing during each survey event,
numbers of ﬁshers and ﬁshing days per household, and top reported
gears. We used the subset of surveys that provided ﬁsher age and
gender to report ﬁsher demographics.
We also evaluated ﬁshing eﬀort and catch weight from the household survey data, conducting separate analyses for ﬁsh (ﬁnﬁsh and
other aquatic animals) and for aquatic plants. We investigated habitat
and seasonal patterns to account for the seasonal ﬂooding and heterogeneous habitats within rice ﬁeld ecosystems. Because catch reports
were at household level rather than speciﬁed by ﬁsher or ﬁshing day,
we treated reported household catch from each habitat within the
seven-day period as separate ﬁshing events (i.e., during a survey event,
households could report at most one ﬁshing event per habitat). We
summed the number of ﬁshing events by habitat to obtain a relative
measure of ﬁshing eﬀort across habitats, which we used along with the
catch weights provided in the habitat catch reports for the habitat and
seasonal analyses.

3.3. Rice ﬁeld ﬁsheries productivity
Estimation of the annual per hectare productivity of rice ﬁeld ﬁsheries required two steps: 1) determining the area of rice ﬁeld ecosystem
ﬁshing grounds and number of households and 2) an estimation of the
total annual catch within those grounds. For the ﬁrst step, we delineated ﬁshing ground area at each of the 40 study sites through consultation with expert ﬁshers, representatives from the ﬁsheries authorities, and men and women from the adjacent rice farming households.
These experts provided an estimate of the radius of the ﬁshing ground,
radiating out from each CFR. To calculate ﬁshing ground area, we
plotted the ﬁshing grounds in ArcGIS (2012) excluding the area of
roads, residences, and other areas where ﬂooding and ﬁshing did not
occur (see sample map in Supplementary Fig. 1). With the resulting
maps, we consulted with village chiefs, community members, and local
authorities to estimate the number of households in the catchment of
each ﬁshing ground to extrapolate total catch per ﬁshing ground. Due
to inconsistencies in household estimation, we excluded 3 ﬁshing
grounds from further analysis.
For the second step, we summed catch (kg household−1 week−1)
reported in the household survey from rice ﬁelds, individual ponds,
streams and channels, community ponds, and reservoirs from within
the 37 ﬁshing grounds. Then, adjusting for the proportion of surveyed
households that did not ﬁsh during the survey event, we multiplied
catch to account for all households within the ﬁshing ground

3.5. Catch use and total household ﬁsh consumption
We evaluated the frequency and seasonal patterns for a variety of
uses (consumption within the household, sale, processing, and other
uses) for each type of catch (ﬁnﬁsh, other aquatic animal, and aquatic
plant) reported in the household surveys. To evaluate seasonal patterns,
we grouped use reports by sampling events in the same month across
years (i.e.; for each month, we calculated a grand mean from 3 to 4
sampling events). We also used household survey data on weight of ﬁsh
(ﬁnﬁsh and other aquatic animals) consumed in the household by
source (i.e. catch, purchase, gift, and home aquaculture) to evaluate
contribution of household catch to total household ﬁsh consumption.

5

Fisheries Research 229 (2020) 105615

S. Freed, et al.

Fig. 2. Species reported in household catch recall surveys as a) number of species of ﬁnﬁsh, other aquatic animals, and aquatic plant; b) Percent of all species
occurrences in which a species was reported (ﬁgure is truncated at 75%, see supplementary Table 1 for full species list).

4. Results

4.2. Fisheries productivity

4.1. Wild aquatic species inventory

The 37 ﬁshing grounds used for the calculation of rice ﬁeld ﬁshery
productivity varied in area from 183 ha to 5167 ha (mean area:
1736 ± 1366 ha). A total of 32,458 households resided within the
64,231 ha of ﬁshing grounds. For the 30–74% of surveyed households
that ﬁshed within the ﬁshing grounds, average weekly ﬁsh catch was
7.6 ± 15 kg (median: 3.5 kg). From these data, we estimated an upper
bound average yearly total catch of 8853 ± 1494 metric tons (for the
lower bound, 4293 ± 685 metric tons). We estimated that rice ﬁeld
ﬁsheries provided 138 ± 23.3 kg ha−1 yr−1, composed of
104 ± 16.0 kg ha−1 yr−1 ﬁnﬁsh catch and 34 ± 7.7 kg ha−1 yr−1
other aquatic animal catch (for the lower bound, 67.8 ± 10.7 kg ha−1
yr−1, 49.7 ± 7.3 kg ha−1 yr−1, and 17.1 ± 3.9k, kg ha−1 yr−1, respectively). Results by year are provided in Supplementary Table 2.

A total of 147 species were reported in household surveys, comprised of 126 ﬁnﬁsh species from 24 families, 13 other aquatic animal
species from 10 families, (four species of snake; two species each of
frogs, snails, and bivalves; one species each of crab, prawn, and turtle),
and eight aquatic plant species from as many families (Fig. 2a). By
migratory guild, 23 ﬁnﬁsh species were black ﬁsh, 84 were grey, 16
were white, and two were unassigned (Supplementary Table 1). An
additional 11 species (nine ﬁnﬁsh and two snake species) were identiﬁed in catch from experimental ﬁshing (Supplementary Table 1).
Twenty-four species (17 ﬁnﬁsh species, three aquatic plant species,
and four other aquatic animal species) made up 75% of all species
occurrences (n = 35,016) in reported household catch (Fig. 2b). The
remaining 123 species appeared in 5% or less of household catch reports. The most frequently reported species appeared in 38% of surveys.
Fewer species (130) were caught in the dry season than in the ﬂood
season (148), but the same six species had the highest occurrences
across seasons (although ranked diﬀerently), making up 41 and 36% of
dry and ﬂood season species occurrences, respectively.

4.3. Fishing practices and habitat and seasonal patterns in ﬁshing eﬀort and
catch weights
From household surveys, on average 62 ± 12% (mean ± sd) of
sampled households reported ﬁsh catch and 39 ± 13% reported
aquatic plant catch during the previous seven days. Reported catch
came from a median of one habitat (maximum of four habitats), over a
median of four person-days (maximum of 35 person-days), by a median
of one ﬁsher (maximum of ﬁve ﬁshers) per household in a seven-day
6
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Fig. 3. Fishing eﬀort within rice-ﬁeld ecosystems as a) average number of weekly household ﬁshing or aquatic plant ﬁshing events each month (n = 400 households
in each of 3–4 sampling events); b) proportion of ﬁshing or aquatic plant ﬁshing events by season (ﬂood: July–November; dry: January–May) and habitat.

ponds were the primary sites of catch during ﬂood season (comprising
27 and 19% of total ﬁshing events, respectively), while all habitats were
similarly frequented in dry season (each habitat comprising between 3
and 10% of all ﬁshing events; Fig. 3b).
Seasonal patterns for catch weight were slightly diﬀerent from those
of ﬁshing eﬀort. November (ﬂood season) was the month with highest
reported ﬁsh catch weight, closely followed by January and March (dry
season; Fig. 4a), although ﬁshing eﬀort was lower in dry months when
compared to ﬂood months (Fig. 3a). During ﬂood season, rice ﬁelds
returned the largest total ﬁsh catch (32% of total catch weight; Fig. 4b).
During dry season, ﬁsh catch weights from streams and channels, reservoirs, and individual ponds were higher than those from rice ﬁelds
(13, 11, 11, and 6% of total catch weight, respectively; Fig. 4b). Other
aquatic animals were caught primarily in rice ﬁelds and made up a
substantial portion of rice ﬁeld catch (39% during ﬂood season and
63% during dry season; Fig. 4b). Except for community ponds, habitat
patterns for catch weight of aquatic plants mirrored patterns for eﬀort.
Although community ponds were the least frequented habitats for
aquatic plants (Fig. 3b), they provided the third largest proportion of
plants by weight (15% during the ﬂood season and 17% overall;
Fig. 4b).

period. Households caught ﬁsh and aquatic plants nearly entirely from
the rice ﬁeld ecosystem in terms of both eﬀort (95 and 91% of ﬁshing
events for ﬁsh and for aquatic plants, respectively) and catch weight
(92% of reported catch weight for both ﬁsh and aquatic plants).
From the subsample of surveys in which ﬁsher age and gender were
reported, ﬁsher ages ranged from six to 65 and ﬁshers were primarily
(77%) males. The majority of males were between 20 and 34 years of
age, while the majority of females were between 10 and 24 years of age
(57 and 58%, respectively). From gear reports, ﬁshers used traditional
gears, most often cast net or gill net for ﬁnﬁsh (30 and 24% of all gear
reports for ﬁnﬁsh catch, respectively) and hand collection for other
aquatic animals (51% of all gear reports for other aquatic animal catch).
Fishing eﬀort followed the seasonal ﬂow of water and ﬁsh in that
eﬀort ramped up as rice ﬁelds became ﬂooded (July-Nov), then decreased as ﬂood waters receded (Jan-May; Fig. 3a). Based on 3-year
averages, ﬁshing events were more common in ﬂood season (55 ± 4%
for ﬁsh, 65 ± 4% for aquatic plants) than in dry season (45 ± 4% for
ﬁsh, 35 ± 4% for aquatic plants). Looking at combined seasonal and
habitat patterns of eﬀort for ﬁsh, rice ﬁelds were the primary habitat in
ﬂood season (comprising 33% of total ﬁshing events), while rice ﬁelds,
streams and channels, and reservoirs were relatively evenly frequented
during dry season (comprising 12, 14, and 9% of all ﬁshing events,
respectively; Fig. 3b). For aquatic plants, rice ﬁelds and individual
7
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Fig. 4. Catch weights from rice-ﬁeld ecosystems as a) averages are of monthly total catch weights (n = 400 households in each of 3–4 sampling events); b) proportion
of total catch weight by season and habitat.

4.4. Catch use and total household ﬁsh consumption
Sampled catch was primarily destined for immediate consumption
within the household. Nearly all household catch reports included a
portion designated for immediate consumption (99% of ﬁnﬁsh and
aquatic plant catch reports, 93% of other aquatic animal catch reports;
Fig. 5). All surveyed ﬁshing households reported consumption of catch
during one or more survey events, while eight percent of households
never reported processing their catch and 35% never reported selling.
Weight consumed from ﬁsh catch was relatively consistent, while
weights destined for sale, processing, or other uses varied greatly by
household and season (Fig. 6). Use of ﬁsh catch for sale and processing
occurred primarily during the peak catch period from November to
March (Fig. 6). Processing included drying, fermentation as “prahoc”,
and other preservation methods for later consumption and/or sale and
was more common for ﬁnﬁsh than for other aquatic animals or aquatic
plants (Fig. 5). “Other” uses for ﬁnﬁsh and other aquatic animals primarily meant the catch was kept at the home, but not yet consumed,
processed, or sold. A few households used large quantities of aquatic

Fig. 5. Reported uses of rice ﬁeld ﬁshery catch by catch type: proportions of
household survey reports designating a portion of catch to consumption, sale,
processing, or other uses. As each report could include multiple uses, total
number of reported uses is greater than number of reports.
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used for rice cultivation (speciﬁcally, less fertilizer use, direct seeding
instead of transplanting, mid-season tillage and weed management).
Regarding habitat diversity, it has been demonstrated to contribute to
species diversity in rice ﬁelds and other agroecosystems (e.g. Kamoshita
et al., 2014; Purtauf et al., 2005).
5.2. Fishery prevalence, rice ﬁeld ﬁsheries productivity, and contribution to
national ﬁsheries
This study supports ﬁndings from Nasielski et al. (2016) that national census data in Cambodia underrepresents ﬁshers, primarily because ﬁshing-related questions focus on income generation. The most
recent national statistics recognize 20–26% of households as involved
in ﬁshing as an occupation (MoP, 2015), but do not capture households
participating in ﬁsheries for subsistence or as occasional livelihood. The
latest agricultural census acknowledges the diﬃculty of capturing ﬁsher
numbers, as a repeat survey found an increase in the number of
households reporting ﬁshing as part of their livelihood following a ﬂood
season (MoP, 2015). Across three years and 19 sampling events, 35% of
households in this study never reported sale of catch, conﬁrming that
subsistence ﬁshing is prevalent in rice ﬁeld ecosystems. National statistics on ﬁshery participation could be improved through modiﬁcations
to the agricultural census protocol and questions, for example, inclusion
of landless households and questions on subsistence-based ﬁshing to
better capture actual numbers of ﬁshing households and ﬁshers.
As the largest ﬁeld study evaluating rice ﬁeld ﬁsheries productivity,
the upper bound estimate for ﬁnﬁsh productivity (104 ± 16.0 kg ha−1
yr−1) was similar to an estimate (112 kg ha−1 yr−1) provided by
Chheng et al. (2016). The latter estimate came from previous studies on
rain-fed rice ﬁeld habitats in Cambodia and Thailand that ranged in
productivity from 25 to 209 kg ha−1 yr−1 (Chheng et al., 2016). This
study’s upper bound estimate for productivity of other aquatic animals
(34 ± 7.9 kg ha−1 yr−1) was slightly higher than an average from two
studies conducted in previous years (25.1 kg ha−1 yr−1; Chheng et al.,
2016). Our study supports Chheng et al. (2016) estimations that 1)
productivity of rice ﬁeld ﬁsheries is in the mid-range among Cambodia’s highly productive and diverse ﬁsheries ecosystems (ﬂooded shrub
land, reservoirs, open water, ﬂooded grassland, and ﬂooded forest in
Chheng et al., 2016) and 2) Cambodia’s expansive area of rice ﬁeld
ecosystems means that rice ﬁeld ﬁsheries potentially contribute the
largest proportion of the nation’s annual inland ﬁsh catch (around 70%
according to Chheng et al., 2016). Oﬃcial rice ﬁeld ﬁshery productivity
estimates (ranging from 68 to 79 kg ha−1 yr−1 for ﬁsh catch, unpublished data Fisheries Administration, 2014) from the provinces
where this study was conducted were closest to the lower bound estimate in this study (66.8 ± 10.7 kg ha−1 yr−1).
As annual ﬁsheries productivity diﬀers across sites and years, national estimates would beneﬁt from ﬁeld studies in other locations and
under diﬀering rainfall and hydrological conditions. The productivity
estimates presented in this study were produced under counterbalancing conditions. First, the rice ﬁeld ecosystems included in this
study may have higher productivity relative to other rice ﬁeld ecosystems in Cambodia due to their proximity to Tonle Sap, the relatively
good condition of the connected Community Fish Refuges, and project
related habitat and management enhancements. Second, the poor
rainfall conditions during the years used for the productivity estimate
(especially in 2015, a low-rainfall year that led to the worst drought in
50 years) are likely to have reduced the number of active ﬁshing
households and ﬁsh catch per household relative to “normal” years of
rainfall.

Fig. 6. Use of ﬁnﬁsh and other aquatic animal catch. Values are grand means of
weekly household catch weights by month.

plants for “other” purposes (Fig. 5), primarily for feeding livestock.
Contribution of ﬁsh catch (as fresh or processed, ﬁnﬁsh or other
aquatic animals) to household ﬁsh consumption varied more among
households than across seasons and months. Overall, ﬁsh catch made up
62% (57% in dry season, 66% in ﬂood season) of average household
ﬁsh consumption (3.1 ± 1 kg of an average total 5.0 ± 0.8 kg consumed per week). Purchased ﬁsh, gift ﬁsh, and home aquaculture made
up of 34, 4, and 0.2% of average household ﬁsh consumption, respectively. Home aquaculture was practiced by only 14 surveyed households and reported as a consumption source only 19 times across the 14
households and 14 sampling events.
5. Discussion
5.1. Wild aquatic species diversity in rice ﬁeld ecosystems and local catch
This study demonstrated that the diversity of wild aquatic species in
rice ﬁeld ecosystem habitats is much greater than previously documented. In previous studies, the numbers of ﬁnﬁsh species found in rice
ﬁeld ecosystems were approximately half or less than the number found
in our study (126 in household catch, 135 including experimental
ﬁshing): 44 in Laos (Garaway et al., 2013) and at most 70 in Cambodia
(Balzer et al., 2005). Three studies found around half or less the number
of other aquatic animal species in this study (13 in household catch, 15
including experimental ﬁshing), although not all studies identiﬁed to
species (Gregory, 1997; Hortle et al., 2008; Shams, 2007). Studies of
wild plants (not exclusively aquatic plants) collected from rice ﬁeld
ecosystems found around twice the number of species found in this
study (8), but it is unclear how many were aquatic plants (13 species in
Kamoshita et al., 2014; 16 species in Shams, 2007). Kamoshita et al.
(2014) found more wild plant species (76 in total) through biological
sampling in Cambodian rice ﬁelds and attributed the presence of these
“weeds” (also known as self-recruits or volunteers) to the low use of
agrochemicals and natural ﬂooding. It would be of interest to conduct
further study on habitat speciﬁc species richness in rice ﬁeld ecosystems, as a study from the Mediterranean region found species diﬀered
when comparing rice ﬁeld and channel habitats (Clavero et al., 2015).
The diversity of wild aquatic species found in this study should not
be surprising, given the high diversity within Tonle Sap lake and the
speculation that many species from the lake and/or nearby rivers take
temporary residence in rice ﬁeld ecosystems during ﬂooding (e.g.,
Gregory, 1997; Halls and Kshatriya, 2009). It is likely that the geographical spread, number of sites, and multiple seasons and years in this
study contributed to the higher diversity of wild aquatic species recorded than previous studies of catch from rice ﬁeld ecosystems in
Cambodia. Two other factors are likely contributors to the higher diversity in comparison with studies outside Cambodia: the relatively low
use of agrochemicals and the diversity of habitats across the rice ﬁeld
ecosystem. Regarding agrochemical use, Kamoshita (2014) found
higher plant diversity in rice ﬁeld habitats where fewer inputs were

5.3. Habitat and seasonal ﬁshing patterns relevant to decision-making on
agricultural development
The importance of diverse and interconnected habitats has been
previously noted for rice ﬁeld ecosystems in both Cambodia and Laos
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household livelihood, can enhance household adaptive capacity. The
income opportunities from rice ﬁeld ﬁsheries may be especially important for the most remote households that tend not to be reached by
irrigation development or other agricultural intensiﬁcation schemes.

(Kamoshita et al., 2014; Nguyen Khoa et al., 2005; Shams, 2007). The
habitat and seasonal ﬁshing patterns found in this study revealed that
connectivity and access across rice ﬁeld ecosystem habitats are essential
for wild aquatic species harvests. Rice ﬁelds provided the majority of
ﬁnﬁsh and other aquatic animal catch during ﬂood season (Fig. 4b),
made possible by their connectivity to the more perennial habitats for
ﬁnﬁsh and many other aquatic species. Streams and channels, individual ponds, and reservoirs provided the majority of catch during
the dry season, and collectively surpassed catch weight from ﬂood
season rice ﬁelds (Fig. 4b). Due to the importance of small reservoirs,
canals, and individual ponds for dry season catch, we recommend
further study to determine whether socioeconomic diﬀerences play a
role in ﬁshery use of these habitats, and of dry season catch in general.
The Cambodian Ministry of Agriculture, Forestry, and Fisheries recognizes the importance of rice ﬁeld ﬁsheries and the role of habitat
connectivity. Agricultural and ﬁsheries planning documents include
targets to maintain natural hydrological features and habitat integrity
of rice ﬁeld ecosystems, thereby increasing rice ﬁeld ﬁshery productivity (Fisheries Administration, 2011; MAFF, 2014). When considering improvements to new or old irrigation infrastructure, technologies to allow ﬁsh passage and water management protocols that
allow natural ﬂows from ﬂood pulses are two requirements to ensure
habitat connectivity (Gregory et al., 2018). We recommend further
research and application of these strategies if irrigation development in
Cambodia and the Lower Mekong region is to continue. We also recommend maintaining access to diverse rice ﬁeld ecosystem habitats for
ﬁshery purposes and minimal use of chemical inputs to ensure availability of wild aquatic species.

6. Conclusion
The ﬁndings from this study demonstrate the importance of rice
ﬁeld ecosystems for national ﬁshery productivity, biodiversity, and
local food provision. These beneﬁts have implications for both national
and regional policy and decision-making. First, the recognition of rice
ﬁeld ﬁshery beneﬁts in some of Cambodia’s policies on ﬁsheries, agriculture, and food and nutrition security must be extended to water
management and irrigation policies, especially as plans for irrigation
development are considered. The habitat and seasonal patterns of rice
ﬁeld ﬁsheries that were identiﬁed in this study can be especially informative for designing agricultural and irrigation development
schemes that maintain aquatic habitat connectivity, natural ﬂooding
regimes, ﬁshery access, and low application of agrochemicals for rice
cultivation. Second, policy support for maintenance of wild aquatic
species in agroecosystems can also support livelihood and development
priorities at national and regional levels. Cambodia’s recent reduction
in extreme poverty leaves a large number of people only just above
poverty levels, many of whom still greatly depend upon access to natural resources (Navarro et al., 2016; The World Bank, 2017). Rice ﬁeld
ﬁsheries can support food provisioning and livelihoods in rural households transitioning out of poverty. As rural populations throughout the
Lower Mekong region continue to endure persistent poverty and undernourishment despite their nations’ growing GDPs (Ingalls et al.,
2018; The World Bank, 2017), broader policy and investment support
to maintain wild aquatic species in agroecosystems could beneﬁt rural
populations throughout the region. Finally, policies supporting the
presence of wild aquatic species in agroecosystems can beneﬁt local
economies and environments. This is exempliﬁed by the contrast of
Cambodia’s rice ﬁeld ecosystems that maintain diverse habitats, biodiversity, and food provisioning in comparison with Vietnam’s rice
monocultures, where farmers experience ecosystem service loss and
ﬁnancial vulnerability (Berg et al., 2017; Nguyen et al., 2018). Considering the increasingly common challenges of invasive pests, disease,
volatile commodity prices, and politically tenuous international trade
that agricultural systems face, policies can bolster resilience of the
agricultural environment and economy by supporting integration of
wild aquatic species and agricultural biodiversity within Cambodia and
the Lower Mekong region.

5.4. Catch use and contribution to household food provisioning and
livelihoods
It is widely understood that ﬁnﬁsh and other aquatic animals are the
predominant sources of animal protein (Arthur and Friend, 2011;
Garaway et al., 2013; Halwart, 2006; Jensen, 2001; Shams, 2007) and
micronutrients (Golden et al., 2019; Kawarazuka and Béné, 2011; Nam
and Bunthang, 2011; Roos et al., 2007) for rural households in the
Lower Mekong region. In this study, the overwhelming proportion of
catch reports with some portion allocated to household consumption
(93–99%; Fig. 5) and the substantial contribution of ﬁsh catch to total
household ﬁsh consumption (62%) provided further evidence of the
important role of wild aquatic species in rural food and nutrition security. To continue bringing in catch during the dry season, ﬁshers
shifted their eﬀorts across habitats (Fig. 3b) as the overall most frequented location (rice ﬁelds) returned less catch. Additionally, study
households prioritized consumption of ﬁsh catch relative to other uses,
as evidenced by relatively consistent average household consumption
from catch even as catch amounts declined in late dry season and early
wet season (May-September; Fig. 6). Similarly, when comparing results
across study sites and wealth status, Shams (2007) also found relatively
consistent ﬁsh consumption despite diﬀering catch amounts and found
ﬁsh were much more consumed than pork or beef (by 10 to over 300
fold). As an estimated 49% of households own less than 1 ha of agricultural land and a further 29% are landless nationally (Phann et al.,
2014), access to wild aquatic species is essential for rural food security
in Cambodia. This has been recognized and included in Cambodia’s
National Strategy for Food Security and Nutrition (CARD, 2014).
The diversity of wild aquatic species in rice ﬁeld ecosystems around
Tonle Sap also contributed to household livelihoods in other ways.
Especially during the peak catch period, excess catch was sold for income or processed to ensure availability for consumption for many
months (Fig. 6). Some households depended greatly on catch for income, collecting and selling large quantities. Wild aquatic plants also
contributed indirectly to livelihood and food and nutrition security
through their use as feed for livestock. Sok et al. (2019) and Teh et al.
(2019) have demonstrated that ﬁsheries, as part of a diversiﬁed
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