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Abstract  Fisheries of the Mekong Basin are cru-
cial to regional food security. They rely on seasonal 
monsoon rains that inundate rice fields and reconnect 
water bodies. Species assemblages vary over time 
and space, but infrastructure developments and cli-
mate change are negatively impacting the timing and 
magnitude of the flood pulse as well as fish migration 
routes and populations. In lowland rice field land-
scapes of Cambodia, community fish refuges (CFRs) 
are used to maintain fish abundance and biodiversity, 
with varying success. There is little knowledge of the 
drivers of this variation to guide management inter-
ventions. We used beta diversity to explore the effec-
tiveness of 40 CFRs in maintaining species abun-
dance and diversity during the dry seasons from 2012 
to 2015. Results show CFR connectivity to the flood-
plain is important and suggest the type of inlet/outlet 

influences fish retention. CFRs connected to a large 
area of rice fields during the wet season had lower 
losses in species abundance through the dry season. 
However, large CFRs, or those part of a larger body 
of water, had higher losses in species abundance. Key 
design features of CFRs must be coupled with strong 
management capacity to guide the conservation and 
fisheries strategy in the Mekong Basin.

Keywords  Flood pulse · Mekong · Aquatic 
foods · Small-scale fisheries · Rice field fisheries · 
Dissimilarity · Beta diversity

Introduction

As of 2015, inland fisheries represented 12% of total 
global capture fisheries production (Funge-Smith, 
2018). They represent a substantial and important 
aquatic food system mostly concentrated in the trop-
ics, which is under continual threat of reduction from 
power and agriculture needs for water. The capture 
of wild fish from seasonally flooded rice fields and 
associated water bodies such as canals, ponds and 
ditches are collectively termed as “rice field fisheries” 
(Gregory, 1997), and represent a key food system that 
crosses the land–water interface. In Cambodia, rice 
field fisheries contribute substantially to local house-
hold food security (Freed et  al., 2020). Freshwater 
fish consumption in Cambodia is among the highest 
in the world (Hortle et al., 2004; Funge-Smith, 2018) 
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with variation in annual rates by province (from 43.4 
to 105.2  kg per capita) depending on proximity to 
riparian areas and household participation in fisheries 
(Hortle, 2007).

The majority of Cambodia’s rice fields are rain-
fed systems during flood season, and the fish stocks 
therein are sustained through natural recruitment by 
freely moving across a variety of aquatic habitats that 
have remained largely connected, which is a key fac-
tor influencing the diversity of fish assemblages and 
biomass (Welcomme, 1995). However, increasing 
demand for water resources, coupled with climate-
related changes in precipitation and temperature, has 
diverted and decreased the flow of water (de Wit & 
Stankiewicz, 2006; Bauer & Scholz, 2015) leading 
to reduced movement and dispersal of wild aquatic 
species.

Following recommendations from a study by Greg-
ory (1997), various projects have aimed to enhance 
the stock and productivity of rice field fisheries by 
establishing and/or enhancing dry season no-take ref-
uges for brood fish in seasonally inundated rice field 
landscapes. Specifically, Community Fish Refuges 
(CFRs) can be constructed reservoirs, a demarcated 
part of a larger water body, or an entire natural water 
body that holds water throughout the year (but may 
also become disconnected from the rest of the flood-
plain). They are under community ownership and 
management and are formally recognized and enacted 
in Cambodian fisheries law and policy. During the 
dry season, most CFRs become disconnected from 
the rest of the floodplain and other natural water bod-
ies. Then in the flood season, they are reconnected to 
these water bodies and to large areas of the seasonally 
flooded rice fields. The key function of a CFR is to 
maintain its fish population and diversity through the 
dry season until the flooding creates seasonal habitat 
and allows fish to move to areas suitable for feeding 
and reproduction. During the flood season, fish from 
CFRs can spawn and feed in the inundated rice fields 
(Joffre et al., 2012). Fish guilds of the Lower Mekong 
are largely grouped by migration habits and oxygen 
requirements: ‘black’ fish are predominantly resident 
floodplain species that tolerate low-oxygen levels, 
‘white’ fish are highly migratory and are sensitive to 
low oxygen, and ‘grey’ fish are short distance migra-
tors with some tolerance to low oxygen (Welcomme, 
2001). Given the varying tolerance of different fish 
species, the CFR attributes (size, water quality, 

availability of physical shelter, etc.) and especially its 
connectivity are likely to affect the species composi-
tion of the local fish assemblage and the persistence 
of certain species over time.

Despite the rich literature on the annual flood cycle 
and floodplain fisheries in Cambodia (e.g. Junk et al., 
1989; Kummu et  al., 2008; Kong et  al., 2017; Sabo 
et al., 2017), there has been very limited work on the 
changes in species abundance and diversity through 
seasons, or whether CFRs and other perennial aquatic 
habitats influence the magnitude of seasonal variation 
in fish assemblages. Yet, it is important to understand 
these dynamics to inform best management practices 
and guidance for the CFR programme in Cambo-
dia, and to ensure the diversity and viability of rice 
field fisheries within broader aquatic food systems 
development.

Temporal beta diversity is defined as the change 
in community composition through time and can be 
measured using data from repeated surveys (Legendre 
and Gauthier, 2014). Analysis of temporal beta diver-
sity can be used to investigate the effects of environ-
mental change (both natural disturbances and human 
impacts) on community composition (Legendre 
2019). This type of research has been conducted to 
understand natural patterns of seasonal change in 
fish and aquatic communities (e.g. Penha et al., 2017; 
Petsch et  al., 2021) and to recommend conservation 
approaches for fish and aquatic species (e.g. Langer 
et al., 2016; Dong et al., 2021). Similar research has 
been conducted for open water fisheries in Cambo-
dia, with important findings on the drivers of seasonal 
changes in species composition. For example, in a 
recent study of spatial and temporal variations in fish 
species assemblages in the Tonle Sap Lake (TSL), 
Kong et  al. (2017) concluded that fish species com-
position is heterogeneously distributed in space and 
time, which is likely to be due to spatial variation in 
environmental conditions and the seasonal migration 
of particular species reliant on habitat connectivity 
for their reproduction and survival. Further relevant 
observations have been made in other floodplain sys-
tems, such as the influence of connectivity to peren-
nial large water bodies on local fish diversity (Jiang 
et  al., 2021) and the influence of area and connec-
tivity of local habitats in maintaining fish diversity 
within floodplain sites (Liu & Wang, 2010).

Our main objective was to assess changes in com-
munity composition during the dry season because 
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the faunal communities that remain at the end of the 
dry season and are re-assembled in the wet season are 
the foundation of the fisheries diversity. We tested the 
following hypotheses related to CFR performance 
in maintaining fish populations: (1) Perennial con-
nection of CFRs (e.g. those prone to flooding and/or 
in larger water bodies) and the length of time since 
CFR establishment will positively influence CFR beta 
diversity. (2) Beta diversity will be negatively cor-
related with the distance to the Tonle Sap Lake, the 
largest perennial water body and reservoir of most 
fish species present in the ecosystem. (3) A CFR’s 
area and connectedness to larger water bodies influ-
ence its performance in maintaining biodiversity and 
fish abundance through the dry season.

Methods

Study area background

The Tonle Sap and its floodplain in the Mekong 
Basin in Cambodia represent the 5th most produc-
tive inland fishery in the world with an annual pro-
duction of ~ 4–500,000 metric tonnes almost entirely 
from natural recruitment of wild fish (Funge-Smith, 
2018). This productivity is driven by seasonal rain-
fall fluctuations and resulting nutrient dynamics and 
primary productivity of the floodplain, known as the 
“flood pulse” (Junk et  al., 1989). Previous research 
using catch monitoring data from the large river chan-
nels and the TSL has highlighted the importance of 
the flood pulse in fisheries productivity (Sabo et al., 
2017) and the overall decline in the medium to large-
sized fish species in the catch over 15  years (Ngor 
et al., 2018a).

Approximately, 30% of the total land area of Cam-
bodia is subjected to seasonal flooding, fed directly 
by rainfall or by the associated flooding of lakes and 
rivers, lasting from a few weeks to 6 months. Much of 
these seasonally flooded areas are used for rice culti-
vation and rice field fisheries (Chheng et  al., 2016). 
These rice field fisheries are open to all fishers dur-
ing flood season, as long as non-commercial gear is 
used. Aquatic life in the flooded rice cultivation areas 
is a common pool resource, regardless of land own-
ership. Small fish (bream, cyprinids, gourami) caught 
by artisanal fishers throughout the year are a major 
source of food security for households in riparian and 

floodplain areas (Shams, 2007; Garaway et al., 2013; 
Tweddle et al., 2015), and larger predatory fish (e.g. 
snakehead and catfish) are both consumed and sold 
for income (Hortle et al., 2008; Freed et al., 2020).

The flood pulse of the TSL has been affected by 
development of land and waters in the upstream 
Mekong and its catchment basin (De Xun Chua et al., 
2022). As a result, the productivity of Mekong flood-
plains may decline, calling for management innova-
tions to mitigate the loss of floodplain ecosystem ser-
vices, including fisheries (Kummu & Sarkkula, 2008; 
Dugan et al., 2010) and regional species genetic pools 
(Arrington & Winemiller, 2003; Food and Agricul-
ture Organization of the United Nations, 2019).

Study sites and CFR characterization

This study focuses on 40 CFRs surrounding the TSL 
that were selected in 2012 to receive interventions 
including biophysical modifications and strengthen-
ing of the management committee operations (Fig. 1). 
The CFRs are located in the provinces of Pursat, Bat-
tambang, Siem Reap and Kampong Thom.

The Cambodian Fisheries Administration (FiA) 
divides water bodies that can house CFRs into two 
main categories: (i) a community pond surrounded by 
rice fields, and (ii) a conservation area within a large 
water body that is surrounded by rice fields. However, 
for the purpose of better management and interven-
tions, the CFRs were further classified into four cat-
egories (Brooks et al., 2015): (1) irrigation reservoir, 
(2) community pond within agricultural land not 
prone to flooding, (3) community pond within agri-
cultural land prone to flooding and (4) a demarcated 
area within a larger water body.

Well-functioning CFRs are managed by local com-
munities to enhance fish productivity and biodiver-
sity by ensuring aquatic habitat remains throughout 
the dry season and protecting a community of fishes 
from fishing mortality year-round (Fig. 2). Communi-
ties undertake various habitat improvement interven-
tions with the support of WorldFish and other NGO 
partners. This study reports findings based on the first 
phase of the Rice Field Fisheries Enhancement Pro-
ject that supported the 40 CFRs, funded by USAID 
from 2012 to 2016.

Water availability and flooding vary seasonally at 
the sites. The dry season occurs from January to May, 
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and floods occur from July to November (Freed et al., 
2020). The average water depth in the study site rice 
fields was 0.1 cm and 18 cm during dry and flood sea-
sons, respectively.

Data collected during the site selection process and 
used in analyses for this study included water body 
area (included the total water body for CFRs that 
were a demarcated area within a larger water body), 
distance from the CFR to the nearest village, and the 
rice field area connected to the CFR in the wet season 
(the area was determined during the delineation of 
the rice field ecosystem fishing ground area that was 
described in Freed et al., 2020).

Monitoring protocol

Fish biodiversity and environmental variables were 
sampled at 3-month intervals at the 40 CFR sites 
from November 2012 to November 2015. The sam-
pling methods are described in detail in Fiorella et al. 
(2019). Standardised sampling was conducted using 
gill nets four times per year (13 sampling occasions in 
total). Depending on the size and depth of the CFR, 
five to eight gill nets were used during a sampling 
occasion. The sample consisted of a maximum of 
8 gill nets, 2.5 m in height, composed of 1.5 or 3 m 
long panels of mesh sizes of 1.5, 2, 4, 6, 8 and 10 cm. 
The number and length of gill nets were adjusted to 
seasonal variations in CFR water depth and bottom 
structure, to minimise excessive sampling in small 

water bodies. Each gill net was set perpendicular to 
the shoreline, with a minimum of 20 m between gill 
nets. The submerged net area was calculated per set 
using the water depth at each end of the net, and the 
length of the net. Gill nets were set between 16:00 
and 17:00 h and remained in the water for 12–14 h. 
Captured fish were grouped by species and the num-
ber of individuals, the minimum and maximum fork 
length, and the minimum and maximum weight, and 
total weight per species were recorded.

Data analysis

We used the temporal beta diversity index (TBI; Leg-
endre, 2019) to understand the changes in community 
composition between early and late dry season. Spe-
cifically, for each CFR, we measured the dissimilar-
ity in community composition (described by a matrix 
of species by sites) between February and May in the 
same year. We employed one matrix to represent the 
three occasions in February and a separate matrix for 
the occasions in May. In other words, each combina-
tion of refuge and year was considered as a distinct 
site in the analysis.

We assembled the community composition 
matrices through a measure of catch per unit effort 
(CPUE). We summed the number of individuals cap-
tured within a sampling occasion for each refuge and 
then standardised the values to account for the num-
ber of gill nets used in the sample. Because there 

Fig. 1   Map of 40 commu-
nity fish refuges (red dots) 
around the Tonle Sap Lake 
in Cambodia
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were large differences across the abundances of dif-
ferent species, CPUE data were log + 1 transformed.

We used the percentage difference coefficient 
(also known as Bray–Curtis dissimilarity) to cal-
culate the temporal beta diversity index. We used 
9,999 permutations to test the significance of the 
temporal beta diversity indices in each site. Spe-
cifically, we examined if any site-year combination 

showed significant changes in composition during 
the dry season.

Mean differences in beta diversity

The temporal beta diversity index proposed by Leg-
endre (2019) can be decomposed into gains and losses 
of abundances-per-species or gains and losses of 

Fig. 2   A community fish 
refuge in different seasons. 
©WorldFish. Reproduced 
with permission from Joffre 
et al. (2012)
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species (when using occurrence data). ‘Species loss’ 
refers to a species being absent from a repeat survey, 
not that it is locally extinct. In the same way, species 
gain is where it was once absent but then appears in 
a subsequent sampling occasion. We used a Bayes-
ian regression to examine the extent to which differ-
ences in community composition are driven predomi-
nantly by gains or losses. We were also interested in 
testing whether gains and losses differ across refuge 
categories. To that end, we used a multivariate model 
in which the response variables were the percentage 
difference due to gains and due to losses (Ieno et al., 
2007). In addition, to control for unmeasured differ-
ences across CFRs and years, we calculated a group-
level intercept for each of these levels. Using a mul-
tivariate model, as opposed to two separate models, 
allow us to acknowledge that gains across refuges and 
years (as well as their variability) is correlated with 
losses. Furthermore, a multivariate model provides 
the residual correlation between response variables 
which assess whether there is an unmodelled depend-
ency between the response variables (Zuur et  al. 
2009). The formula notation for this regression is

Percentage differences were modelled using a zero 
inflated beta distribution. The model was fitted using 
four Markov chains with 5,000 iterations each; half of 
those as a warm-up for the Hamiltonian Monte Carlo 
method (Hoerl and Snee, 2015). We used weakly 
informative priors for all parameters. We performed 
a Moran’s test (Moran, 1950) using 999 permutations 
to test for residual spatial autocorrelation and found 
that residuals were spatially independent (Moran’s 
I =  − 0.004; P = 0.298).

Covariates of beta diversity

We investigated how the sampling occasion and ref-
uge covariates were associated with the differences in 
community composition as measured by both the gain 
and loss components of temporal beta diversity. We 
performed a PCA to identify any collinearity among 
parameters and detect the most relevant parameters in 
describing the data. After discarding collinear variables 
and selecting only those that represented variation in 

(%dif f .gains,%diff .losses) ∼ refugecategory + (1|refugeid)

+ (1|year).

the data set, we selected refuge-level covariates of TBI. 
These covariates were as follows: (1) the area  of the 
whole water body, (2) the proportion of area covered by 
aquatic plants in February, (3) the CFR depth in May, 
(4) the depth difference between May and February, (5) 
the distance of the CFR to the nearest village, (6) the 
rice field area connected in the wet season and (7) the 
type of inlets/outlets that connect the CFR to the rice 
field and the area of the refuge’s water body. The reason 
for selecting these covariates was to account for: the 
potential of fish in the CFRs to evade predation and/or 
sampling (covariates 1–3), the severity of drought and/
or water use affecting the fish habitat (covariate 4), the 
remoteness and level of difficulty to monitor the CFR 
for poachers (covariate 5), and the ease and/or likeli-
hood of fish species returning to the CFR at the start 
of the dry season (covariates 6 and 7). Inlet/outlet types 
were earthen channels or ditches, or culverts made from 
a pipe or reinforced concrete or other material (and 
some CFRs connect to rice fields without the need for 
artificially constructed inlet/outlets). We did not include 
the CFR category as a covariate for two main reasons. 
First, in this model we were mainly interested in the 
site characteristics that may drive differences in beta 
diversity. Second, these site characteristics and the CFR 
categories are not independent from each other, and 
including both would invalidate the assumptions of our 
modelling framework.

Distances and area variables were log-transformed, 
and numerical variables were scaled to have a mean of 
zero and unit standard deviation. We modelled response 
variables (i.e. gains and losses in a multivariate model), 
hierarchy structure (random effects for refuge and year), 
priors and model chains in the same way as in the 
model in which we compare mean differences in beta 
diversity.

We calculated the temporal beta diversity index and 
the species’ paired t tests using the implementations in 
the R package ‘adespatial’ 0.3-8. Bayesian models were 
implemented using ‘brms’ 2.14.4 (Bürkner, 2017). All 
analyses were performed in R version 4.0.2 (R Core 
Team 2020). Code is available at https://​github.​com/​
World​FishC​enter/​cambo​dian-​fish-​refug​es.

Differences across species types

We also looked at the role that different species may 
play in the change in temporal beta diversity. Spe-
cifically, we computed paired t tests of differences 

https://github.com/WorldFishCenter/cambodian-fish-refuges
https://github.com/WorldFishCenter/cambodian-fish-refuges
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between the abundance observed at the beginning and 
end of the dry season (February and May) for each 
species. We used the same community composition 
matrices as for the computation of the temporal beta 
diversity index. That is, keeping each refuge–year 
combination as an independent site in the analysis. 
We used 9,999 permutations to test statistical sig-
nificance and used the Holm method to correct for 
multiple testing. We then computed t tests for the 
total abundance of each group of species (black, grey, 
white and other species) at the beginning and end of 
the dry season (February and May). To do this, we 
aggregated the abundance of all species within each 
group at the beginning and end of the dry season and 
then conducted a t test to check for significant differ-
ence in the total abundance of each group.

Results

Across the 40 CFR sites over three years sampling, 
272,032 individuals were sampled belonging to 161 
species in 82 genera and 35 families. The total num-
ber of species captured by site varied from the low of 
33 (Boeng Tramses, Cat. 4) to the high of 85 (Tum-
nub Kandole, Cat. 1 and Boeng Rolum, Cat. 4), while 
the total number of individuals by site across all 
sampling ranged from 2,379 (Boeng Kampeng, Cat. 
4) to 12,509 (Damnak Kranh, Cat. 1). In dry season 

sampling (February and May) across all CFRs and 
years, six species accounted for over 50% of individu-
als sampled: Parambassis siamensis (Fowler 1937; 
glass fish), Esomus metallicus (Ahl 1923; striped fly-
ing barb), Cyclocheilichthys lagleri (Sontirat, 1989; 
Lagler carp), Puntius cf. masyai (barb species), Pun-
tius brevis (Bleeker, 1849; swamp barb) and Param-
bassis apogonoides (Bleeker 1851; Iridescent glassy 
perchlet).

The community composition of CFRs between 
February and May was quite different, and this differ-
ence was, generally, due to losses in per-species abun-
dance during this period. The mean total dissimilarity 
(measured using the percentage difference) ranged 
between 50% [28%, 72%] (mean and 95% credible 
intervals) for CFRs in ponds within agricultural land 
not prone to flooding (Cat. 2) and 57% [34%, 77%] for 
CFRs in reservoirs for irrigation (Cat. 1) (Fig. 3, top 
panel). When partitioning these dissimilarities into 
those due to losses and gains in species abundances, 
we found that dissimilarity losses account for a larger 
amount than gains across all CFR categories (prob-
ability of direction, p.d., 0.95; Fig. 3, middle and bot-
tom panels). When looking at the random effects, we 
also found that there is no more substantial difference 
between the variability of beta diversity index across 
CFRs than across years (Supplementary Fig.  2). In 
addition, none of the site-year combinations changed 
in exceptional ways when compared to all others (all 

Fig. 3   Percentage total 
dissimilarity and dissimilar-
ity due to gains and losses 
according to CFR type 
(category)
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P values of the temporal beta diversity index cor-
rected for multiple testing were larger than 0.05). 
In other words, the length of time since initial CFR 
interventions (since 2012) did not seem to affect the 
pattern of community composition change.

The model that explored covariates of beta diver-
sity had a R2 of 0.36 [0.21, 0.49] for the dissimilarity 
in per-species abundance due to losses and 0.2 [0.09, 
0.33] for the dissimilarity due to gains. From the vari-
ables we analysed, we found that three of them were 
likely associated with either of the response variables: 
the channel type (a categorical variable), the area of 
the water body (positively correlated with percent 
dissimilarity due to species abundance losses) and the 
area of the rice field connected during the wet season 
(negatively correlated with percent dissimilarity due 
to species abundance losses). CFRs connected to the 
adjacent rice fields through culverts were less likely 
to experience species abundance losses during the dry 
season particularly when compared to CFRs without 
channels or those with earth channels (p.d. 0.96 and 
0.72; Fig. 4A). Similarly, CFRs with culverts experi-
enced larger species abundance gains when compared 
to CFRs without channels (p.d. 0.999).

We found that the (log) area of the CFR water body 
had a positive association with the dissimilarities due 
to species abundance losses (p.d. 0.99; Fig.  4B). In 
contrast, the rice field area connected to the refuge 
during the wet season had a negative association with 
losses (p.d. 0.99; Fig. 4C). In addition, we also found 
some evidence for negative association between the 
refuge’s area at the end of the dry season and the loss 
of species abundance as well as a negative association 
between the refuge’s distance to the nearest village 

and the species abundance gains. However, the effect 
sizes of these associations were considerably smaller 
(Supplementary Fig. 2).

We found that out of the 149 species sampled dur-
ing the dry season, seven species showed significant 
(log) differences in their abundances (namely Pun-
tius cf. masyai, Pristolepis fasciata, Trichogaster 
microlepis, Notopterus notopterus, Hampala mac-
rolepidota, Labiobarbus siamensis and Parambassis 
apogonoides (Table  1). Another 24 species showed 
important differences but were not considered signifi-
cant at the 0.05 level after correcting for multiple test-
ing (Table  1). The average difference in log species 
abundances between the end and the beginning of the 
dry season was − 0.63, − 0.74 and 0.03 for black, grey 
and white species, respectively.

Discussion

The range of species richness (33–85 species) and 
number of individuals (2,379–12,509) found across 
the 40 CFRs sites illustrates that these systems sup-
port and harbour the natural species diversity avail-
able throughout the TSL region (with estimates 
of between 149 and 296 fish species having been 
recorded in the Tonle Sap Lake Campbell et al., 2006; 
Allen et al., 2012; Baran et al., 2013). The differences 
seen in community composition of CFRs between 
February and May were more due to fish being lost 
from CFRs than fish being gained. These differences 
were generally due to species abundance losses dur-
ing the dry season period rather than a reduction in 
species richness (‘whole’ populations disappearing 

Fig. 4   Percentage dissimilarities: A due to species abundance 
losses (blue) and gains (green) in CFRs with different types of 
inlet/outlet connections to adjacent rice fields, B due to spe-

cies abundance losses in correlation with (log) area of the CFR 
water body, and C due to species abundance losses in correla-
tion with area of rice field connected during the wet season
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from samples). The six species that accounted for 
over 50% of individuals sampled are all grey spe-
cies, broadly categorised as short distance migrators 
with some tolerance to low oxygen (Welcomme et al., 
2001). This result is at least partly due to the sampling 

method, which favours capture of non-predatory spe-
cies and small-sized individuals. On average, black 
and grey fish species were more likely to experience 
losses in abundances than white fish species. Five 
of seven species that showed different abundances 

Table 1   Results of paired t tests for selected species for (log) abundances observed at the beginning and the end of the dry season

Species shown are those with a non-adjusted P value below 0.05 or in the top 10 more abundant species during the dry season. navg 
is the average abundance of the species during the dry season; and s the proportion of dry season samples in which the species was 
present
*Species identification unconfirmed. Considered to be either Ompok bimaculatus (Bloch, 1794) or Hemisilurus mekongensis Born-
busch & Lundberg, 1989

Species Family Type Approx. %change P Padj navg sprop (%)

Puntius masyai Smith, 1945 Cyprinidae Grey  − 55.3  < 0.001 0.013 25.8 29.4
Pristolepis fasciata (Bleeker, 1851) Pristolepididae Black  − 24.5  < 0.001 0.013 0.9 26.9
Hampala macrolepidota Kuhl & Van Hasselt, 1823 Cyprinidae Grey  − 12.7  < 0.001 0.013 0.2 6.7
Parambassis apogonoides (Bleeker, 1851) Ambassidae Grey  − 34.3  < 0.001 0.013 20.8 16.0
Trichogaster microlepis (Günther, 1861) Osphronemidae Black  − 31.4  < 0.001 0.024 6.7 52.9
Labiobarbus siamensis (Sauvage, 1881) Cyprinidae Grey  − 13.5  < 0.001 0.024 0.5 9.7
Notopterus notopterus (Pallas, 1769) Notopteridae Grey  − 26.7  < 0.001 0.048 4.7 63.4
Osteochilus vittatus (Valenciennes, 1842) Cyprinidae Grey  − 21.2  < 0.001 0.059 1.6 28.2
Mystus mysticetus Roberts, 1992 Bagridae Grey  − 31.3 0.001 0.082 6.4 36.6
Channa striata (Bloch, 1793) Channidae Black  − 19.4 0.001 0.139 1.1 36.6
Xenentodon cancila (Hamilton, 1822) Belonidae Grey  − 23.7 0.002 0.218 2.6 35.7
Mystus wolffii (Bleeker, 1851) Bagridae Grey  − 13.0 0.002 0.251 0.3 5.0
Esomus longimanus (Lunel, 1881) Cyprinidae Grey  − 21.9 0.003 0.328 3.7 11.8
Siluridae undetermined* Siluridae Grey  − 16.4 0.004 0.403 1.0 29.8
Anabas testudineus (Bloch, 1792) Anabantidae Black  − 18.9 0.004 0.499 1.2 31.5
Puntius brevis (Bleeker, 1849) Cyprinidae Grey  − 37.2 0.010 1.000 24.1 45.8
Paralaubuca typus Bleeker, 1864 Cyprinidae White 29.6 0.013 1.000 3.1 15.1
Trichopsis vittata (Cuvier, 1831) Osphronemidae Black  − 8.4 0.013 1.000 0.2 5.9
Systomus partipentazona (Fowler, 1934) Cyprinidae Grey  − 7.5 0.016 1.000 0.2 4.2
Nandus nandus (Hamilton, 1822) Nandidae Black  − 4.6 0.016 1.000 0.0 2.5
Cyclocheilichthys lagleri Sontirat, 1989 Cyprinidae Grey  − 28.7 0.016 1.000 27.9 67.6
Mystus multiradiatus Roberts, 1992 Bagridae Grey  − 8.2 0.017 1.000 0.2 2.5
Kryptopterus dissitus Ng, 2001 Siluridae Grey  − 11.4 0.019 1.000 2.8 13.0
Rasbora aurotaenia (Tirant, 1885) Cyprinidae Grey  − 12.7 0.022 1.000 1.9 15.5
Hypsibarbus wetmorei (Smith, 1931) Cyprinidae White  − 8.2 0.022 1.000 0.2 3.4
Esomus metallicus Ahl, 1923 Cyprinidae Grey  − 23.7 0.022 1.000 30.5 37.0
Trichopodus pectoralis Regan, 1910 Osphronemidae Black  − 8.4 0.024 1.000 1.1 10.5
Parambassis siamensis (Fowler, 1937) Ambassidae Grey  − 26.7 0.029 1.000 31.7 33.6
Trichopodus trichopterus (Pallas, 1770) Osphronemidae Black  − 19.7 0.030 1.000 5.6 34.0
Nandus oxyrhynchus Ng, Vidthayanon & Ng, 1996 Nandidae Black  − 4.2 0.031 1.000 0.1 2.5
Mystus singaringan (Bleeker, 1846) Bagridae Grey 8.8 0.033 1.000 0.2 6.7
Cyclocheilichthys apogon (Valenciennes, 1842) Cyprinidae Grey  − 18.4 0.069 1.000 7.6 44.5
Labiobarbus leptocheilus (Valenciennes, 1842) Cyprinidae Grey  − 14.1 0.070 1.000 8.2 54.6
Parambassis wolffii (Bleeker, 1850) Ambassidae Grey  − 14.2 0.102 1.000 16.4 21.4
Oxygaster pointoni (Fowler, 1934) Cyprinidae White 0.4 0.486 1.000 8.3 24.4
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during the dry season were grey and were likely to 
have been trapped in the CFR, unable to migrate back 
to larger water bodies.

The performance of the model that explored 
covariates of beta diversity was remarkable given it 
did not consider the potentially large effect of species 
competitive and predatory interactions. However, the 
data did not support the first hypothesis. Neither CFR 
connection to perennial water bodies nor the length 
of time since initial CFR interventions significantly 
influenced CFR beta diversity. Beta diversity differ-
ences between CFRs were similar to the differences 
across time (years) (Supplementary Fig.  2). Three 
CFR attributes showed association with the gain and 
loss of species abundance: the channel type, the area 
of the water body and the area of the rice field con-
nected during the wet season. While we provide some 
potential explanations for these associations, it is not 
yet clear whether these attributes are related to a more 
direct cause of gain and loss of species abundance, 
such as management measures including fishing pro-
hibition during the dry season. This would be sup-
ported by existing evidence of the effect of manage-
ment measures, especially community fundraising, on 
CFR biomass reported by Fiorella et al. (2019). Good 
management was also associated with improved 
water quality, and in turn increased species richness 
(Fiorella et  al., 2019). In addition, anthropogenic 
changes in agroecosystems can have unexpected 
effects and decouple the correlation between beta 
diversity and environmental conditions (Dala-Corte 
et al., 2019). For example, water infrastructure devel-
opments can have substantial effects on seasonal flow 
patterns and drive towards assemblages dominated by 
generalist species (Ngor et al., 2018b).

Since beta diversity differences between CFRs 
appear to be substantial, we explore some potential 
explanations for this spatial variability. Fish behav-
iour may also drive the spatial variability of tempo-
ral beta diversity. There is a great body of literature 
evidencing the ability of fishes, from salmon (Clem-
ens et  al., 1939) to stingrays (Tilley et  al., 2013), to 
navigate and return to a particular location. A recent 
study used otolith chemistry to show catfish migrated 
up to 1,400 km into the Mekong and to return to the 
same estuary (Vu et al., 2022), and work in Australia 
with Lates calcarifer and Neoarius leptaspis dem-
onstrated “homing back to previously occupied dry 
season refugia during the wet-to-dry transition, even 

though other potential refugia were available in closer 
proximity to wet season activity areas” (Crook et al., 
2020). The authors’ suggestion that it is this homing 
behaviour that might regulate temporal variation in 
fish community composition and abundance, supports 
Kong et  al. (2017) and our own findings of spatial 
variation driving heterogeneity more than changes 
over time. Finally, the large differences of temporal 
beta diversity between CFRs would justify the “all-
inclusive” conservation approach of CFRs throughout 
the landscape, rather than a “hotspot” approach with 
fewer conservation sites, as recommended by Langer 
et  al. (2016) for ecosystems with unique localized 
species assemblages.

The hypothesis that distance to the Tonle Sap 
floodplain drives temporal beta diversity was not con-
firmed. However, distance alone is a relatively poor 
descriptor and other distance measures may respond 
better than linear distance (Landeiro et al. 2011). Half 
of the 40 CFRs lie inside the east and west bordering 
roads. The average distance of CFRs from the Tonle 
Sap Lake (mean ± SD) is 38.05 ± 15.6 km. The clos-
est CFR lies 9 km away, while the furthest is located 
72  km away. However, some CFRs may be close 
to the lake but higher up and out of the floodplain, 
i.e. less connected than expected by direct distance, 
whereas some may be far from the lake but close to 
other streams or large water bodies, thereby being 
more connected than expected by distance alone. 
Aside from distance from TSL, CFRs connected with 
a main river might have more grey and white fish that 
depend on oxygenated waters and short migration 
routes, but those far from rivers might have less.

In support of our third hypothesis, CFRs that 
were well connected with a large area of rice fields 
during the wet season had lower losses in species 
abundance through the dry season. This role of 
connectivity in species assemblages is supported 
from findings in wetland floodplains in Brazil 
(Penha et  al., 2017). However, those CFRs that 
were large themselves, or were part of a larger body 
of water had higher losses in species abundance, 
suggesting that area alone is not positively associ-
ated with safeguarding abundant fish populations. 
This effect might be indicative of fishing where the 
water body is not protected as a CFR and may also 
be due to effects of multiple water uses in large 
water bodies, such as for rice irrigation, domestic 
water and livestock. Also, fish can disperse in the 
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larger water bodies, while the smaller CFRs that 
lose both depth and area during the dry season will 
concentrate fish at higher densities, which may 
mask actual losses. There was some evidence that 
greater water depth in CFRs at the end of the dry 
season led to lower losses in fish abundance, which 
seems logical as this implies more available habi-
tat, higher oxygenation and the presence of more 
ecological niches.

As might be expected, community fish refuges 
with culverts connecting them to neighbouring 
rice fields had higher species abundance gains than 
those without channels (Fig. 4A). The presence of 
culverts also had a positive effect in retaining fish 
through the dry season compared to CFRs with-
out channels, or with only earthen channels. Field 
observations indicate that culverts were installed 
more often in CFRs that were poorly connected to 
the floodplain. In this sense, the type of inlet/outlet 
intervention correlates with the level of CFR con-
nectivity. It is likely that the CFRs without chan-
nels or with earth channels are well enough con-
nected to other water bodies that outmigration can 
still occur during the dry season, while CFRs with 
culverts are in areas with sparse water during the 
dry season and so would be more likely to retain or 
even attract fish searching for dry season habitat. 
In this case, CFRs earthen channels or no channels 
could gain more fish at the start of the dry season 
relative to the CFRs with culverts, and so then 
also lose more during the dry season (Fig.  4A). 
However, at the species level, the effects of vari-
ous attributes of culvert and fishways such as sub-
strate type (soft/hard, organic/artificial) roughness 
and length have been shown to be highly variable 
(Thorncraft et  al., 2006; Goodrich et  al., 2018). 
Explaining the mechanisms behind these field 
observations and species level effects were beyond 
the scope of this study, but could be further inves-
tigated through differences between flood and dry 
season data. Alternatively, culverts may again be 
merely an indicator of better management prac-
tices, where well-managed CFRs are more likely to 
have culverts, and hence show less fish losses for 
a variety of management-related reasons. This may 
also account for fish gains decreasing with increas-
ing distance between the CFR and village, because 
the opposite interaction was not seen with distance 
for fish losses.

Limitations and future research

Our results suggest that small CFRs of at least 
2  m depth that are well connected to surrounding 
rice fields, but are close to villages, are optimal for 
maintaining biodiversity. Local management prac-
tices are likely to be significant, and highly con-
textualised, and another study using the same data-
set failed to draw significant conclusions based on 
biophysical modifications and management inter-
ventions in CFRs (Fiorella et  al., 2019). In Hilsa 
fisheries in Bangladesh, management approaches 
including community fish guards were considered 
instrumental in the recovery of the fishery (Khan 
et  al., 2020; Rahman et  al., 2020). In further CFR 
research, a first step would be to incorporate com-
munity interviews into sampling and ask if fishing 
occurs in CFRs and surrounding areas during the 
dry season as part of sampling. This would help to 
answer if CFR species gains and losses are deter-
mined by the species present (and community 
trophic dynamics), or by (illegal) fishing events in 
CFR in the dry season, and also if these species 
gains and losses correspond to catch composition 
from nearby rice field habitats.

The effects of the local practice of stocking 
CFRs with predators (black fish) on community 
abundance and diversity (specifically white and 
grey fish) throughout the dry season are unknown. 
Additional sampling methods will be required to 
more reliably target black fish species and deter-
mine whether these high value species are being 
retained—and finding ample food during the dry 
season—and what effects this has on overall bio-
diversity in the CFR. This would also allow more 
study across the three fish guilds and an analysis on 
the influence of low-oxygen tolerance characteris-
tics on response to seasonality alteration.
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