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Abstract: Inland fisheries management in Cambodia has undergone two major policy reforms over
the last two decades. These reforms led to the abolishment of a century-old commercial fishing lot
system in 2012 and the establishment of new fish sanctuary and community fishing areas. However,
the status of fisheries and fish assemblages following the reforms is not well understood. Here,
we investigated the temporal changes in fish catch weight and fish assemblage structure for the
period 1995-2000 before fishing lot abolishment (BLA) and for the period 2012-2015 after the removal
of all fishing lots (after lot abolishment-ALA) using time-series fish catch data recorded from the
Tonle Sap Lake (TSL), one of the world largest inland fisheries. We found (i) mean catch trends vary
seasonally, with stable catch trends during the BLA and decreasing catch trends during the ALA and
(ii) significant shifts in fish assemblage composition, notably a shift from large-bodied, migratory,
and/or predatory species during the BLA toward more short-distance migratory and/or floodplain,
small-bodied species during the ALA. Fishing lot abolishment coincided with substantial changes to
floodplain habitats and increases in fishing pressure, threatening TSL fish stocks. Flow alterations
caused by dams and climate change may exacerbate the problem. Therefore, to realize the fisheries
reform objectives, it is imperative to strengthen the fisheries’ governance and management system,
including effective law enforcement, institutional strengthening, improved planning, cooperation,
and coordination as well as clearly defined roles and responsibilities among concerned stakeholders
at all levels.

Keywords: fishing lot abolishment; private property regime; fisheries policy reform; overfishing;
indiscriminate fishing; community fisheries; co-management; common property regime;
Tonle Sap Lake
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1. Introduction

The Tonle Sap Lake (TSL) is the largest inland lake in Southeast Asia [1]. The Tonle Sap basin
hosts at least 296 fish species [2], including globally significant populations of several threatened and
endangered species such as the Mekong giant catfish (Pangasianodon gigas) and giant carp (Catlocarpio
siamensis) [3]. Fish in the TSL system are strongly adapted to the seasonal flood-pulse dynamics, with
fish abundance and assemblage structure varying in relation to seasonal hydrology [4-6]. For instance,
predictable peak fish catch is observed to occur in the early flood period in the upper Cambodian
Mekong and during the early flood recession period in the Tonle Sap River (TSR) and TSL [7,8].
The TSL fish catch constituted more than 60% of Cambodia’s total annual production (1995-1998)
of inland capture fisheries of 767,000 metric tons [9-11]. The lake, therefore, plays a crucial role in
the support of nutrition and food security of people in the Lower Mekong Basin, including over 15
million Cambodians. The TSL is considered a world biodiversity hotspot [12] and the Mekong’s main
fish factory [6] and has been recognized as a world heritage biosphere reserve by the United Nations
Educational, Scientific, and Cultural Organization (UNESCO) since 1997 [13].

In the past, the management and governance of Cambodia’s inland fisheries was centered on
the management of fishing lots, a centrally allocated commercial private fishing right rendered by
the government to the highest bidder through a formal auction process for the exclusive exploitation
of fisheries resources. Fishing lots were usually situated in very productive fishing grounds and are
“geographically defined locations on a stretch of the river, river beach, or temporarily flooded land,
which may or may not include flooded forest areas” [14]. The fishing lot system, introduced during the
pre-colonial period and modified and simplified by the French colonial administration to collect fishing
taxes, was basically a government tool to extract a resource rent from inland fisheries [15,16]. While
generating national revenues by auctioning the most productive fishing grounds particularly in the
TSL and the area south of Phnom Penbh, the lot system was also a source of conflict between commercial
fishing lot owners and subsistence fishers over their access rights to fishing grounds [16-19].

For this reason, and to ensure the equity of benefit sharing among resource users, as well as
sustain fish diversity and productivity, the Royal Government of Cambodia introduced two major
fisheries policy reforms to remove private commercial user rights in favor of community-based fisheries
management. The first reform in 2001 led to the abolishment of 56% (540,000 ha) of fishing lot areas
in favor of community access [18], and the second reform in 2012 permanently abolished all the
commercial fishing lots countrywide [19]. As a result of the reforms, former commercial fishing areas
(more than 1 million ha) were divided into newly designated conservation areas (~24%; and currently
the conservation areas cover 5.5% of the TSL area [20]) and community-use areas (~76%) for subsistence
fishing [19,21].

The permanent removal of the fishing lot system was applauded by international organizations
and local civil societies and was perceived by fishers to bring benefits to local communities through
better access to more productive fishing grounds [19,22,23]. This event was also perceived to greatly
reduce fishing effort and as an essential step toward maintaining fishery productivity and protecting
biological diversity [19]. For instance, the former 38 fishing lots in the TSL were believed to have
near-complete removal of fish seasonally from about 20% of the TSL area for decades [19]. Apart
from being a source of conflict in the inland fisheries sector, the fishing lot system was also blamed
for decades of indiscriminate fishing through the introduction of destructive fishing methods such as
dry-pumping of fishing areas, use of electrofishing, use of brush parks to attract fish for exploitation,
use of enormous nets, use of nets with excessively small mesh size, trawling (sweeping) river beds, and
sub-leasing fishing areas [14,16,24-27]. Alternatively, it was expected that the removal of Cambodian
fishing lots would greatly reduce fishing effort and pressure on the Tonle Sap fisheries [19]. However,
the evidence related to the quantitative impact of Cambodian fisheries reform on inland fish biodiversity
and productivity remains unclear.

To date, much research has focused on fisheries reforms on the TSL fisheries from management,
governance, and policy perspectives [17-19,22,28-34]. None of the studies has quantitatively assessed



Water 2020, 12, 2974 30f18

the temporal trends in fish catch weight and temporal changes in fish assemblages and their species
composition before and after the reforms took effect. Our study, therefore, uniquely contributes to the
better understanding of fish catch weights and assemblage dynamics in the TSL before and after the
abolishment of this unique century-old fishing lot system.

Overall, the study investigated the temporal changes in fish catch (measured using weights of
individual fish) and fish assemblage structure in the TSL for the period 1995-2000 before fishing
lot abolishment (BLA) and for the period 2012-2015 after the removal of all fishing lots (ALA). We
present three related hypotheses: first, we expected that, by reducing fishing effort as a result of
fishing lot abolishment in the TSL, there will be seasonal changes in fish catch weight with stable or
increasing catch trends particularly for the ALA period 2012-2015; second, we expected that there
will be changes in assemblage composition between the two study periods given species-specific
vulnerability to fishing pressure (i.e., changes in fishing effort) and other human-induced disturbances;
third, and closely linked to the second hypothesis, we expected that abundance trends will be related
to species-specific morphological and biological traits because these traits inform the ability of species
to recover after disturbances, e.g., endangered, long-lived, large-bodied, and long-distance migrants
are more vulnerable to overfishing or species loss than small-bodied, short-lived species [7,35]. To
test these hypotheses, we used monthly fish catch weight data of stationary gillnets monitored by the
Mekong River Commission (MRC) before (1995-2000) and after (2012-2015) the TSL fisheries reforms.
In addition, we also used fish morphological and biological trait data obtained from FishBase and
existing literature to examine whether the species changes are related to specific traits.

2. Materials and Methods

2.1. Sites Description

The study was carried out in the TSL located in northwest Cambodia (Figure 1). The TSL is
the largest floodplain of the Mekong Basin and an integral part of the history, culture, ecology, and
economics of Southeast Asia [10,36]. The Tonle Sap catchment represents approximately 11% (or 85,790
km?) of the Mekong River Basin [37]. The TSL is connected to the Mekong River by the TSR. The
TSL, the TSR, and their tributaries form a large natural ecosystem called the Tonle Sap Ecosystem
(TSE) [38]. The TSE hydrological flows are influenced by flood waters of the Mekong River driven by
the Southeast Asia tropical monsoon, and this creates a complex flood-pulse ecosystem [1,39]. The TSE
is a tropical flood-pulse system due to its seasonal and predictable periodicity in hydrological flows [8].
In the wet season (May—October), the water flows into the TSL through the TSR when water levels
in the Mekong River rise faster than those in the TSL, and during the dry season (November—April),
the water flow reverses and moves from the TSL to the Mekong River through the TSR, essentially
draining the TSE [1]. Consequently, the water levels highly vary between seasons with a minimum
depth of about half a meter in April and a maximum depth of up to almost 10 m in late September
or early October, making the lake expand its size from about 3500 km? in the dry season to around
14,500 km? in the wet season [1,40]. Moreover, the water volume stored in the lake ranges from 1-2
billion m? in the dry season up to 50-80 billion m? in the flood season [1]. Water sources for the TSL
include the Mekong River (54%), the lake’s tributaries (34%), and precipitation (12.5%) [39]. Mean
discharge at the TSR was estimated at about 83.1 and 81.9 billion m? during the inflow and outflow
periods, respectively [39]. Inundation of the vast floodplains during the inflow period enables many
fish species to gain temporary access to a large area for breeding, rearing, and foraging, driving
an enormous production of fish. Furthermore, the flow-pulse into the lake from the Mekong River
contributed approximately 70% to the average annual sediment load of 7 million tons [41,42]. The
sediment contains paramount nutrient resources (e.g., phosphorus and nitrate contents) and other
materials that support primary production and food webs in the TSE [41,43,44].
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Figure 1. Map showing the fishing lots in the Tonle Sap Lake, Tonle Sap River, Bassac River, and
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Mekong River. The dry season area of the Tonle Sap Lake is shown in blue and the green represents a
maximal area of the Tonle Sap Lake during the flooded season in 2005. The former fishing lot areas are
in grey.

2.2. Data Collection

This study used monthly fish catch weight data (kg) from stationary gillnets that were monitored
before (1995-2000) and after (2012-2015) fishing lot abolishment around the TSL (Figure 1). The fish
catch weight data used in this study were provided by the Fisheries Programme of the Mekong River
Commission (MRC) in collaboration with the Inland Fisheries Research and Development Institute
(IFReDI) of the Cambodian Department of Fisheries (currently known as the Fisheries Administration
[FiA]) and the Tonle Sap Authority with financial support by the Danish International Development
Agency (DANIDA) [10,45,46]. Our focus here was to examine the catch weight trends and compare
fish assemblage composition patterns between the two periods, i.e., before and after the fishing lot
removal. We used only the datasets that contained comparable monitoring methods and fishing effort
between the datasets, collected for the two study periods, i.e., stationary gillnets with mesh sizes
ranging between 2.5 and 7 cm before the fishing lot abolishment, and stationary gillnets with mesh
sizes ranging from 2 to 6.5 cm after the fishing lot abolishment period. Standard sampling protocols
were applied in each monitoring period, during BLA [47] and ALA [46], which allows the temporal
comparison of catch weight within each monitoring period.

From 1995 to 2000, the fish catch weight data were assessed monthly by species in the five
provinces around the TSL. The catch weight data were then summed by species, by month, and by gear
to obtain the monthly total catch by species for the TSL. After fishing lot abolishment, data collection
on catch weight of the stationary gillnet was carried out on a daily basis in the five provinces around
the TSL from January 2012 to December 2015, and these were later aggregated into monthly catch
weights to be comparable with the catch weight surveyed from 1995 to 2000. The data for the two
periods were collected by provincial fisheries officers and local fishers who were trained in sampling
and subsampling techniques, fish identification, and field data recording [45,48]. We assumed that
fishers caught as many fishes as possible because fisheries in the region are very important for food
security and are characterized by indiscriminate fishing, where fishes are exploited across habitats,
season, species, and sizes [7,49,50]. Field data collectors were regularly (on a monthly to quarterly
basis) visited by research officers from the IFReDI/FiA and the MRC to provide technical assistance
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and to check and verify the correctness and completeness of the collected data registered on the field
data forms and bring those data back to the IFReDI/FiA for data entry, processing, and analysis. Fish
species lists and identification guides were based on [51,52] and the species names were then updated
based on [53].

In addition to the catch data, we collected fish morphological (maximum length) and biological
(trophic level, position in the water column, and migration) trait data for this study from FishBase [54]
and from existing literature (e.g., [52,55,56]). The summary of fish morphological and biological traits
is given in Supplementary Material Table S1.

2.3. Data Preparation

In this study, we used the most common 55 fish species recorded in the stationary gillnet data
from 1994/1995 to 1999/2000 before the BLA, and these same 55 species were also extracted from the
stationary gillnet monitoring data after the ALA in the TSL. Similarly, to reduce the effect of sampling
efforts on the gillnet size selectivity and total catch weight between the two periods, (i) we used only
the monthly catch weight by species from gillnet mesh sizes between 2.5 and 7 cm during the BLA, and
between 2 and 6.5 cm during the ALA, (ii) we transformed the time-series monthly catch weight data
between the two periods into relative catch weight for the principal component analysis (PCA), and
(iii) we scaled the monthly catch weight between 0 and 1 for each period separately for the temporal
trend analysis. This allowed for comparisons to be made on fish assemblage composition and structure
as well as for catch trend visualizations between the two study periods.

2.4. Statistical Analyses

First, the zero—one scale (also known as min—-max scaling), a method that scaled the data from
zero (minimum) to one (maximum), was performed for each monthly average fish catch dataset
separately using the formula: (x — minimum(x))/(maximum(x) — minimum(x)), where x represents
the original time-series catch dataset. This normalized method allowed the catch datasets in the two
study periods to get the same-scale catch for trends visualization in these two periods. Later, simple
moving average (SMA), a time-series smoothing method, was applied on the zero—one scale time-series
datasets to demonstrate the temporal trends in the average monthly fish catch weight over the two
study periods. Additionally, Mann-Whitney test was applied to compare the yearly maximum water
level to basically see whether there was a significant change in the maximum flow in the TSE between
the two study periods.

Then, PCA was performed to visualize the difference in distribution patterns of fish assemblage
composition between the BLA and ALA. PCA biplot was performed using the “factorextra” package [57]
and the “FactoMineR” package [58].

Analysis of similarity (ANOSIM) [59] was used to test for significant differences in fish assemblage
composition between the BLA and ALA. ANOSIM is a nonparametric multivariate procedure broadly
analogous to analysis of variance (ANOVA), widely used for testing whether or not groups of sites
are statistically significantly different with respect to their relative similarities in the community
composition [59]. ANOSIM was performed on Bray—Curtis dissimilarities matrix calculated among
samples [60]. The ANOSIM result was assessed according to a p-value (significant difference between
groups) and the statistic-R value, which provides a measure of effect size [59]. A statistic-R value
ranges from —1 to +1 and is based on the rank similarities of samples within versus among a priori
group. A large R-value (close to 1) is indicative of complete separation between groups, while a small
value (close to 0) implies little or no separation, and R-values below zero suggest that dissimilarities
are greater within groups than between groups [61]. We conducted 999 random permutations to assess
statistical significance.

Then, we further applied the similarity percentages (SIMPER) [59] to assess which species most
significantly contributed to the dissimilarity of the assemblage composition between the BLA and ALA.
SIMPER identifies which fish species made the highest contribution to the differences between the
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two groups in a Bray—Curtis dissimilarity matrix [61]. The contribution of each species to Bray—Curtis
measurement was calculated after square root transformation, and then the species were ranked into
two separated groups, percentage and cumulative percentage [61]. SIMPER analysis produces average
contribution from taxa to overall dissimilarity between two groups (i.e., a & b) (average), standard
deviation of contribution (sd), average to sd ratio (ratio), average abundances per group (av.a & av.b),
and ordered cumulative contribution (cum) [59,61]. We conducted 99 random permutations to assess
statistical significance.

Finally, a principal component analysis (PCA) was computed to relate the status of fish species
(i.e., decreasing, increasing or stable) to their morphological and biological traits (see Supplementary
Material Table S1). This analysis allows us to summarize information about how changes were related
to specific groups or fish functional traits.

We selected the 95% confidence interval as a significance criterion for ANOSIM and SIMPER.
Here, ANOSIM, SIMPER, and PCA were performed using the “vegan” package [60]. The SMA was
carried out using the “ggplot2” package [62]. All statistical analyses were performed using R program
v.3.3.3 for Windows statistical software package (http://www.r-project.org) [63].

3. Results

3.1. Temporal Changes in Monthly Catch Weight

The results from our study showed that there was a strong seasonal variation in the monthly
catch weight for the 1995-2000 period, and such a seasonal variation was relatively less pronounced
for the 20122015 period (Figure 2). The trend in monthly catch weight was relatively stable for the
period 1990-2000 and was declining for the period 20122015 (Figure 2). We also found that the
maximum water levels were not significantly different between the two study periods (Mann-Whitney
test, W = 14.5, p-value = 0.753; Supplementary Material Figure S1).

3.2. Temporal Changes in Assemblage Composition and Species” Catch Weight

The PCA biplot performed on fish’s relative catch weights highlighted the dissimilarity in fish
assemblage composition between the two periods: BLA and ALA (Figure 3). The first two axes of
the PCA accounted for 32.40% of the total variance (19.90% and 12.5%, respectively; see also the
Supplementary Material Figure S2). Despite some similarities in the assemblage composition found
between the BLA and ALA, the analysis of similarity (ANOSIM) revealed a significant difference
(global Ranosmv = 0.377, p-value = 0.001).

SIMPER analysis showed the species that contributed to the change between the BLA and ALA
(Table 1). Overall, some species had a stable (N) or increasing trend (+), whereas others had a decreasing
trend (—) between the two periods. Some common species with significantly increasing trends in terms
of relative catch were Gymnostomus spp., Puntioplites proctozystron, Labiobarbus siamensis, Paralaubuca
typus, Mystus spp., Osteochilus vittatus, Notopterus notopterus, Clarias spp., Anabas testudineus, etc.;
whereas, species with decreasing trends included Osteochilus melanopleura, Pangasianodon hypophthalmus,
Cirrhinus microlepis, Belodontichthys truncatus, Chitala ornata, Wallago attu, etc. Species with stable trends
comprised Parambassis wolffii, Parambassis apogonoides, Amblyrhynchichthys micracanthus, Probarbus
jullieni, and Channa lucius, etc. (Table 1).
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Figure 2. (A) Monthly fish catchweight for 1995-2000 before fishing lot abolishment and (B) for the
period 2012-2015 after fishing lot abolishment. Monthly catch weights are scaled between 0 and 1 and
represented by the black solid line, while the red dotted line denotes the monthly average moving
trends using simple moving average for the two study periods.
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Figure 3. A principal component analysis (PCA) biplot showing fish assemblages from before and after
the fishing lot abolishment. The yellow triangles and blue dots symbolize the samples of fish collected
before and after fishing lot abolishment, respectively. The ellipses represent the 95% confidence interval.

Table 1. Similarity percentage (SIMPER) results showing the dynamics of fish species according to a
pairwise comparison between before and after the fishing lot abolishment. Abbreviations are as follows:
av. before = average catch weight before fishing lot abolishment; av. after = average catch weight after

fishing lot abolishment; cumsum = ordered cumulative contribution; “~" = decreasing trend; “+” =
increasing trend; “N” = non-change or stable. Fish species with significant change (p-value <0.05) are
in bold.

Species Code av. before av. after Cumsum  p-Value Change
Gymnostomus spp. Gyspp 11.960 16.280 0.096 0.010 +
Cyclocheilos enoplos Cyeno 13.397 2.791 0.181 0.010 -
Puntioplites proctozystron Pupro 2.951 10.612 0.247 0.010 +
Mystus spp. Myspp 3.575 8.897 0.301 0.010 +
Channa micropeltes Chmic 7.044 0.696 0.351 0.010 -
Trichopodus microlepis Trmic 5.163 4.168 0.398 0.010 -
Osteochilus vittatus Osvit 4.503 7.930 0.445 0.010 +
Hypsibarbus spp. Hyspp 6.358 4.640 0.483 0.010 -
Channa striata Chstr 3.092 3.103 0.516 0.130 N
Labiobarbus leptocheilus Lalep 3.991 0.939 0.547 0.010 -
Hemibagrus spilopterus Hespi 4172 1.743 0.578 0.010 -
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Table 1. Cont.

Species Code av. before av. after Cumsum  p-Value Change

Notopterus notopterus Nonot 0.913 3.831 0.605 0.010 +
Xenentodon sp. Xensp 0.358 3.284 0.631 0.010 +
Anabas testudineus Antes 1.242 3.563 0.656 0.010 +
Cyclocheilichthys armatus Cyarm 2.410 1.610 0.677 0.010 -
Labeo chrysophekadion Lachr 1.653 2.760 0.696 0.010 +
Labiobarbus siamensis Lasia 0.377 2.429 0.715 0.010 +
Clarias spp. Clspp 0.516 2.233 0.733 0.010 +
Thynnichthys thynnoides Ththy 1.894 1.543 0.749 0.010 -
Osteochilus melanopleura Osmel 2.291 0.974 0.765 0.010 -
Pangasianodon hypophthalmus Pahyp 1.528 1.355 0.780 0.010 -
Paralaubuca typus Patyp 0.842 1.579 0.795 0.030 +
Pristolepis fasciata Prfas 0.780 2.136 0.809 0.010 +
Cirrhinus microlepis Cimic 1.872 0.304 0.823 0.010 -
Parambassis wolffii Pawol 1.523 1.503 0.837 0.320 N
Lycothrissa crocodilus Lycro 1.837 0.000 0.850 0.010 -
Boesemania microlepis Bomic 0.748 0.974 0.860 0.260

Hampala dispar Hadis 1.359 0.188 0.870 0.010 -
Puntius brevis Pubre 1.136 0.243 0.879 0.010 -
Coilia spp. Cospp 0.922 0.383 0.888 0.010 -
Albulichthys albuloides Alalb 0.671 0.504 0.896 0.030 -
Amblyrhynchichthys Ammic 0.482 0.877 0.904 0.130 N
micracanthus

Oxyeleotris marmorata Oxmar 0.043 1.077 0.912 0.010 +
Belodontichthys truncatus Betru 0.966 0.145 0.919 0.010 -
Pangasius larnaudii Palar 0.423 0.803 0.926 0.030 +
Wallago attu Waatt 0.940 0.167 0.934 0.010 -
Parachela siamensis Pasia 0.719 0.217 0.940 0.010 -
Pangasius spp. Paspp 0.381 0.602 0.946 0.700 N
Polynemus aquilonaris Poaqi 0.802 0.032 0.952 0.010 -
Micronema spp. Mispp 0.639 0.105 0.957 0.010 -
Ompok siluroides Omsil 0.634 0.010 0.961 0.010 -
Systomus rubripinnis Syorp 0.368 0.267 0.966 0.100 N
Chitala ornata Chorn 0.516 0.121 0.970 0.010 -
Leptobarbus rubripinna Lehoe 0.279 0.429 0.974 0.140 N
Trichopodus pectoralis Trpec 0.062 0.530 0.978 0.010 +
Pao cambodgiensis Pacam 0.517 0.009 0.982 0.010 -
Kryptopterus cryptopterus Krery 0.462 0.028 0.986 0.010 -
Cosmochilus harmandi Cohar 0.130 0.381 0.989 0.010 +
Yasuhikotakia spp. Yaspp 0.067 0.397 0.992 0.010 +
Probarbus jullieni Prjul 0.273 0.085 0.995 0.130 N
Parambassis apogonoides Paapo 0.100 0.249 0.997 0.590 N
Barbonymus altus Baalt 0.048 0.132 0.998 0.060 N
Gyrinocheilus pennocki Gypen 0.002 0.133 0.999 0.070 N
Achiroides leucorhynchos Acleu 0.066 0.010 1.000 0.010 -
Channa lucius Chluc 0.002 0.002 1.000 0.710 N

3.3. Relationship of Fish Species’ Status with Their Traits

The PCA biplot (Figure 4) demonstrated the association of species’ status, i.e., increasing, stable, or
decreasing trends with fish morphological and biological traits. Overall, the first two axes of the PCA
explained 64.81% of the total variance (37.89% and 26.92%, respectively; see also the Supplementary
Material Figure S3). As can be seen from the biplot, species with increasing trends (blue solid points)
were positively associated with species preferring a benthopelagic habitat, i.e., species living and
feeding on the bottom to near the surface in the water column, and negatively correlated with the
trophic level (PCA axis 1). This group of species often represents small-bodied, low tropic level,
opportunistic feeders. These species included Gymnostomus spp. (Gyspp), Labiobarbus siamensis
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(Lasia), Puntioplites proctozystron (Pupro), and Osteochilus vittatus (Osvit). Moreover, increasing trends
appeared to be linked to species with short-distance migrations, e.g., floodplain residents (such as
Clarias spp. (Clspp), Anabas testudineus (Antes)), and species that do lateral migrations between
floodplains and rivers or local tributaries such as Mystus spp. (Myspp), Notopterus notopterus (Nonot),
and Pristolepis fasciata (Prfas) (PCA axis 1, 2). In contrast, declining trends (red solid points) were more
associated with medium- and large-bodied, long-distance migratory species, i.e., species that inhabit
river channels for the main part of the year, migrate into the flooded plains during flooding seasons
for rearing and feeding, and return to the main river channel in the early dry season for dry season
refuge and spawning. These species included Cyclocheilos enoplos (Cyeno), Cirrhinus microlepis (Cimic),
Pangasianodon hypophthalmus (Pahyp), and Belodontichthys truncatus (Betru). Furthermore, species with
decreasing trends tended to be connected with predatory species such as Channa micropeltes (Chmic),
Wallago attu (Waatt), Chitala ornata (Chorn), and Lycothrissa crocodilus (Lycro). Finally, species with
stable trends (green solid points) were spread-out in the PCA two-dimensional space (Figure 4).
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Figure 4. PCA biplot showing the association between the status of fish species (increase, decrease,
or stable) in relative catchweight before (1995-2000) and after (2012-2015) fishing lot abolishment
and their morphological and biological traits. The blue, red, and green dots symbolize species with
increasing, decreasing, and stable trends, respectively. The size of the dot represents the level of
change (proportion) of fish species caught between the two periods. Abbreviations include: T.Length =
maximum total length; T.level = trophic level; W.colum = water column; Migrat = migration guilds.
The full names of fish species are given in Table 1.
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4. Discussion

We found that the monthly mean catch weight trends varied seasonally, with a stable catch trend
observed during the BLA and a decreasing catch trend discerned during the ALA (Figure 2). As
expected, the result supported seasonal variation (albeit being weaker for the ALA period) in catch
weight for both study periods with different catch trends. Surprisingly, however, contrary to what we
expected in our first hypothesis, we found decreasing trends in the fish catch weight of multi-species
fisheries in the TSL during the ALA although all commercial, large-scale fishing lots were abolished
in 2012. In addition, we also found significant changes in the fish assemblage composition between
the BLA and ALA, and these changes are linked to fish morphological and biological traits. These
results support our second and third hypotheses that there was a significant shift in the assemblage
composition, with relatively fewer long-distance migratory, large-bodied, and/or predatory fishes and
more short-distance migratory and/or floodplain, small-bodied species (Figures 3 and 4, and Table 1).

The stronger seasonal variation of the monthly catches observed during the BLA was indeed a
characteristic of tropical flood-pulse fishery when overall environmental conditions were still naturally
stable, and that is generally expected for the tropical inland (unregulated) flood-pulse fisheries where
the life cycle of many fishes, e.g., seasonal migrations between critical habitats, is fine-tuned with the
regular seasonal change of the system’s environment conditions, e.g., hydrologic cycle. Our results
are indeed in line with previous studies indicating annual fish peak migrations in the lower Mekong
system occurring during the transition period of rising and falling water levels [8,56,64]. Specifically, in
the lower Mekong River below the geological fault line at the Khone Falls close to the Laos-Cambodia
border, riverine fishes migrate downstream from the upper Cambodian Mekong to the rearing habitats
of the Tonle Sap floodplain and the Mekong delta in around May—August and, in the TSR, months
with the highest peak fish abundance predictably take place in December and January during falling
water levels when many migratory species return from the Tonle Sap floodplains to the Mekong
River [6,7,15,36,65]. In contrast, the relatively weaker seasonal variation in the fish catch weight found
during the ALA period could reflect disturbed fish assemblages that likely respond to changes in the
fisheries management regime and environmental conditions in the TSE.

We also found that trends in the monthly catch weight of multi-species fisheries declined during
the ALA. While we do not have fishery-independent data to confirm our datasets, our results are
consistent with recent studies that indicate significant declines in fish catchability following the fisheries
reforms [28] and in the biological diversity (i.e., evenness index) and catch weight of many fish species
utilizing the Tonle Sap floodplains particularly the large-bodied, slower growing, riverine fishes that
tend to feed high in the trophic position [7,66]. Moreover, the declines in catches are primarily explained
by intensive fishing pressure and unsustainable fishing practices, which employ a variety of fishing
gears to exploit fish across seasons, habitats, species, and sizes [7,49,66,67]. After fishing lots were
removed, the system was opened to the public and local communities with insufficient institutional
arrangements, e.g., effective law enforcement [17,18,29,31], which likely by default triggered the
situation of a “tragedy of the commons” for the TSL natural resources including fisheries [68]. In
other words, fishing lot abolishment created an open-access situation, where fishers harvested as much
as possible, on the “first come, first served principle” without considering the collective negative
effects on fish stocks, resulting in fishing down the food web or a recent indiscriminate fishing
effect [7,49]. A similar situation has been described for many inland lakes around the world, leading
to what has been termed “the tragedy of the inland lakes” [69]. Moreover, the declines are in part
explained by the floodplain habitat alteration because substantial changes in land cover were observed
recently during the ALA period, (e.g., decrease in scrubland, grassland, and flooded forest cover but
increase in agricultural land), and flooded forest areas were shifted to woody savannah, grassland,
and permanent wetland [31,70-72]. By contrast, land cover did not change significantly during the
BLA period [71], suggesting that fishing lot removal was likely a major factor influencing land cover
change in the TSE. We also found increases in catch weight of some small-bodied species such as
Gymmnostomus spp., Labiobarbus siamensis, Osteochilus vittatus, Anabas testudineus, and Mystus spp. during
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the ALA. Such patterns could be because of the decline in the large-bodied or predatory fishes, which
may lead to the reduction in predation and higher probability of survival for prey or small-bodied
species. Subsequently, this causes top—down effects on the food web and fish community structure
where large-bodied, higher trophic level fishes are replaced by small-bodied, lower trophic level
fishes [50,73-76]. Moreover, these small-bodied fish species are less likely impacted by intensive
fishing pressure as they mature and reproduce quickly, tend to be opportunist feeders or generalists,
and possess general habitat preferences as well as contain functionally redundant traits that ensure
recovery after disturbances [7,35,54,56].

Furthermore, contrasting to the non-government, civil society, and government organization’s
expectation, the intensive fishing pressure found during the ALA was the result of an increase in
the number of fishers and widespread use of highly effective fishing methods and illegal fishing
practices such as the use of different techniques of electrofishing, mosquito netting with fences, trawlers,
motorized push nets, and dry-pumping that have been observed to become widespread both in space
(i.e., open access and conservation areas) and time (i.e., close and open fishing seasons) particularly
following the two waves of fisheries policy reforms. For instance, indiscriminate fishing with the
introduction of destructive fishing methods was observed to be commonplace particularly during
the transition period following the first fisheries policy reform in 2001, when more than half of the
former private fishing lot areas were transferred to be co-managed by local communities [18,34]. The
situation became more severe when all fisheries inspectors at all levels were also withdrawn from field
duty stations as part of this first reform policy [18]. Fish and other resources in the TSL during the
period, once regulated through private patrols by fishing lot operators (who regulated rights to fishing
grounds, gear type and gear dimension, fishing season, stocking indigenous wild breeding fishes for
the next fishing season as well as protection of flooded forest), soon became unregulated and were
effectively opened for all [18,34,77]. Fishers, both ordinary and opportunistic, poured into the fishing
business, and fish stocks in the TSL were indiscriminately and heavily exploited, for a relatively short
time period, with very little or no room for replenishment [18,34,77]. A similar situation also took
place for flooded forests and shrubland (i.e., rearing, breeding, and feeding shelters for fish) that were
previously protected as part of fishing lot management; after the reforms, flooded forests were cut
and cleared for various purposes, especially to expand agricultural land including dry-season rice
farming [34,77].

Such intensive pressures on fish stocks have been prolonged following the second wave of fisheries
reform in 2012 when all fishing lots were eliminated from the TSL and throughout Cambodia. Our
results indeed strengthen the findings of many qualitative studies assessing the impacts of the two
fisheries post-reform policies, consistently indicating that, while the reforms provided more access rights
to small-scale fishers, the positive impacts of reforms on fish stocks in the TSL remain elusive. Fishing
pressure, clearance of flooded forests, and industrial crop farming practices are indeed intensifying
particularly in the TSL, threatening the TSL fish diversity and productivity [17,22,23,29,31,72,78].
These challenges were mainly attributed to the lack of effective legal and institutional instruments to
implement the new fisheries policy and poor governance, e.g., lack of inter-sectoral coordination and
cooperation among the government line agencies and other stakeholders at multiple levels, lack of
knowledge on co-management regimes, and other basic means including funds to implement the policy,
limited decentralization of roles and responsibilities from national to sub-national and community
levels, overlapping stakeholders’ roles and responsibilities among the government agencies to manage
the TSL natural resources, pervasive illegal fishing activities, and strong livelihoods dependency of the
local communities on fisheries, etc. [18,31,34,77,79-81]. These pressing challenges are also recognized
in the update Strategic Planning Framework for Fisheries 2015-2024 of the Fisheries Administration of
the Ministry of Agriculture, Forestry, and Fisheries [82].

There are many other human-induced disturbances, including hydropower dams and climate
change, that threaten the basin ecosystems and fish stocks through modifying timing, magnitude, and
frequencies of flow seasonality and predictability [78,83]. Changes in flow have been demonstrated
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to have significant effects on overall fisheries productivity particularly in the lower Mekong system
including the TSL [36,84-87]. Flow alterations caused by anthropogenic activities have degraded fish
biological diversity, modifying the seasonal and inter-annual dynamics of fish assemblages, which is
likely to have adverse effects on fisheries productivity in the lower Mekong system [8,56,88]. Such
significant flow changes were also observed during the ALA period, i.e., the maximum seasonal flows
recorded at Kampong Loung Hydrological Station on the TSL was 9.9, 7.5, 9.0, 7.3, and 5.3 m in 2011,
2012, 2013, 2014, and 2015, respectively [4]. Such flow changes could also be a contributing factor to
the changes in fish catch weight observed during the ALA. For instance, the very low flow in 2015
may affect fish spawning success, fish dispersal ability for rearing and feeding habitats, and food
availability as fewer areas were inundated, and fish also were more prone to being trapped or captured
because they were concentrated in only deeper areas of water bodies. These likely diminished fisheries
productivity at both local (TSL) and regional spatiotemporal scales.

5. Conclusions

While the fisheries policy reforms may have benefited small-scale fishers through more access
rights to larger fishing grounds, the objectives of the fisheries reforms related to maintaining fish
biodiversity and fishery productivity in the TSL have not been realized, since the overall catch trend
from the multi-species assemblage from this region is declining. We report declining trends for
large-bodied, migratory, and/or predatory species with late maturity, while the catch trend of some
small-bodied, faster-growing species that mature earlier are showing proportionally increasing trends.
Such trait-based temporal changes of the stocks in the multi-species fisheries are an indication of
overfishing. This conclusion supports recent research, indicating that governance issues, leading to
intensive fishing pressure and substantial changes in floodplain habitats, are a major threat to the TSL
fish stocks. Other factors such as the conversion of flooded forest into agricultural land, agricultural
intensification, and flow alterations caused by human actions such as dams and climate change are
among the key contributing factors, negatively impacting fish stocks, and are indeed exacerbating the
problems of overfishing [89-92]. Therefore, to realize the fisheries reform objectives, it is imperative to
have a clear, coherent, and implementable legal framework for effectively enforcing fisheries law in both
space and time, improving fisheries planning, cooperation, and coordination as well as defining clear
roles and responsibility among stakeholders at all levels across multiple agencies and sectors [31,92].
This analysis supports the assertion that fishing pressure has increased, not decreased, since fishing
lot abolishment, and as such the key to better fisheries management practices is likely to do with the
development, compliance, and enforcement of rules and regulations that encourage more sustainable
exploitation rates and resource use. For future study, it may be worthwhile to model different drivers
(e.g., fishing effort, flow, land cover, water quality, climatic condition, etc.) that explain the variation in
the fish catches from the TSL. This will provide a better quantification of the drivers responsible for the
changes in fisheries productivity. This information is urgently needed to implement effective fisheries
management and conservation policy in the face of current and foreseeable global change.
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