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A B S T R A C T

Understanding how biological diversity responds to global environmental change is a central question in modern 
ecology. However, our ability to predict how the functional structure of fish communities responds to human 
disturbances remains limited. This study investigated the long-term trends in fish community diversity and 
functional structure in the Tonle Sap Lake system (Mekong Basin, Cambodia), which has the world's largest 
indiscriminate fishery. Using the longest available fish monitoring dataset from the dai (stationary trawl) fishery 
(2003–2022), we applied multivariate analysis on relative abundance data to examine temporal changes in both 
taxonomic (species richness, inverse Simpson index) and functional (fish maximum body length, functional guild, 
life history strategy) community structure. Our results reveal two key findings: (1) a clear and concerning decline 
in fish community diversity and change in community composition over the past two decades, and (2) novel 
evidence of long-term shifts in functional traits, particularly in fish functional guilds and life history strategies. 
Specifically, the fish community shifted from long-to short-distance migrant species, and from floodplain 
spawners to generalist guilds and estuarine/marine visitors. Additionally, large-bodied species with equilibrium 

and periodic strategies have been replaced by smaller-bodied, fast-growing, opportunistic species. These findings 
suggest a temporal shift from K-selected to r-selected communities. New management strategies, including 
reducing fishing pressure, are urgently needed to preserve the ecosystem function and ensure the long-term 

sustainability of Tonle Sap Lake's fishery.

1. Introduction

Understanding how ecological communities respond to environ-
mental and anthropogenic pressures remains a central question in pre-
dicting changes within freshwater ecosystems. Functional ecology 
provides a valuable framework for assessing these dynamics, as it fo-
cuses on species' ecological traits and on how these traits shape 
ecosystem processes (Cadotte et al., 2011; Mouillot et al., 2013; Petchey 
and Gaston, 2006). By linking species’ traits to environmental gradients 
and community responses, functional approaches often provide deeper

insights into the mechanisms underlying biodiversity change and resil-
ience (Lavorel and Garnier, 2002; McGill et al., 2006). These trait-based 
perspectives are particularly useful in investigating how ecosystem 

functioning is affected by compositional changes in communities sub-
jected to environmental disturbance (Mouillot et al., 2013; Soininen 
et al., 2007).

Global biodiversity is facing unprecedented challenges due to the 
accelerating impacts of climate change, habitat degradation, pollution, 
and unsustainable exploitation of natural resources (Díaz et al., 2019; 
IPBES, 2019). These rapid changes undermine the stability and
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resilience of ecosystems, which are critical for sustaining the goods and 
services essential to human well-being (Cardinale et al., 2012). 
Addressing this crisis requires integrated collective efforts to mitigate 
the drivers of change while promoting conservation and sustainable 
management, ensuring that biodiversity can continue to support human 
well-being and global health in a changing world (IPBES, 2019; Rock-
str€ om et al., 2009). In this context, freshwater ecosystems emerge as 
particularly vulnerable yet vital components of global biodiversity 
(Dudgeon, 2019; Oberdorff, 2022). Freshwater fish communities, in 
particular, are among the most important elements because of their 
ecological roles and sensitivity to environmental disruptions (Reid et al., 
2019). As such, they provide a useful perspective for analysing the wider 
effects of biodiversity loss and for developing long-term management 
strategies. Moreover, investigating fish diversity, functional traits, and 
community dynamics provides holistic insights into how aquatic sys-
tems respond to pressures such as pollution, habitat fragmentation, 
climate change, and overexploitation (Olden et al., 2004; Poff et al., 
2006). Consequently, fish communities usually serve as both indicators 
of ecosystem health and as drivers of ecological processes such as 
nutrient cycling and food web stability (Jackson et al., 2001). Therefore, 
comprehensive assessments of fish communities not only reveal the 
status of biodiversity but also inform sustainable fisheries management 
and conservation strategies that are essential for protecting ecosystem 

services and food security for millions of people, particularly in devel-
oping regions (Allan et al., 2005; Welcomme et al., 2010).

Despite growing interest in freshwater biodiversity over recent de-
cades, significant knowledge gaps remain regarding the long-term 

temporal dynamics of taxonomic and functional diversity in fish com-
munities, particularly in large floodplain ecosystems such as the Mekong 
River Basin, which supports over 66 million people (Ziv et al., 2012). 
While long-term monitoring of fish abundance and composition has 
provided valuable insights into the effects of anthropogenic pressures on 
community diversity and structure (Kang and Huang, 2022), relatively 
few studies have examined how functional diversity has changed over 
time, though several studies have documented the impacts of environ-
mental pressures on the body size, trophic position, and migration status 
of the Mekong fishes (Chea et al., 2020, 2021; Chevalier et al., 2023; 
Monta~ na et al., 2020; Nuon et al., 2025; Ou et al., 2017; Zhang et al., 
2021). However, comprehensive functional analyses that explicitly link 
fish community structure to environmental disturbances remain limited. 
This gap is critical, as functional traits are directly linked to ecosystem 

processes and stability. Changes in these traits may indicate ecosystem 

health degradation, even in cases where species diversity appears stable 
(Mouillot et al., 2013; Vill�eger et al., 2008). For instance, functional 
homogenization, where generalist species increasingly dominate the 
system, reduces the ability of the system to withstand or recover from 

further environmental disturbances (Clavel et al., 2011; Olden et al., 
2006). However, empirical evidence of trait-based temporal dynamics is 
quite challenging to obtain, particularly in the Mekong region, where 
functional trait databases are limited (Sabo et al., 2017). Thus, 
addressing this knowledge gap through trait-based community studies is 
essential for understanding how long-term anthropogenic disturbances, 
such as habitat fragmentation by dams, overfishing, and climate change, 
have changed species composition and ecosystem function (Lamberts, 
2008; Orr et al., 2012).

In this context, Tonle Sap Lake, known as one of the world's most 
productive inland fisheries and a hotspot of fish diversity, is now facing 
significant threats from overfishing, hydrological changes due to up-
stream dam development, deforestation, and water pollution (Arias 
et al., 2014; Kummu and Sarkkula, 2008). These multiple stressors have 
profoundly affected flood pulse dynamics, fish community composition, 
fishery yields, and overall ecosystem function (Halls and Burnhill, 2009; 
Ziv et al., 2012). Consequently, biodiversity loss and declining fishery 
productivity underline the urgent need for integrated management 
strategies that balance ecological conservation and socio-economic

development (Bonheur and Lane, 2002; Kang and Huang, 2022). For 
instance, Ngor et al. (2018) revealed that over 78 % of fish species in 
Tonle Sape Lake are experiencing significant declines, with 
larger-bodied species being disproportionately affected. This trend, 
attributed to diverse anthropogenic pressures including overfishing 
(Ngor et al., 2018), suggests a shift toward smaller-bodied, more 
generalist species, raising concerns about the long-term sustainability of 
the ecosystem's function and having implications for sustainable fish-
eries management (Mouillot et al., 2014; Vill�eger et al., 2017).

Life history strategies, particularly r/K selection strategies (Pianka, 
1970), provide a fundamental framework for examining how fish com-
munities respond to environmental stressors. K-selected species are 
generally larger-bodied, longer-lived, and slower to mature, producing 
fewer offspring with greater parental investment. These traits are suit-
able for living in stable, predictable environments but make them more 
vulnerable to disturbance. In contrast, r-selected species are typically 
smaller-bodied, shorter-lived, and fast-reproducing, enabling rapid 
population growth in variable or degraded conditions (Pianka, 1970; 
Winemiller and Rose, 1992). Expanding on this framework, Winemiller 
and Rose (1992) proposed a triangular life history model specific to 
fishes, comprising opportunistic, periodic, and equilibrium strategies. 
Opportunistic species are small, fast-reproducing, and suited to highly 
disturbed habitats; equilibrium species are larger, with delayed maturity 
and stable recruitment in predictable environments; and periodic 
strategists exhibit high fecundity and seasonal reproduction, and are 
adapted to fluctuating systems like floodplains. As anthropogenic pres-
sures such as overfishing, habitat fragmentation, and hydrological 
alteration intensify, communities shift away from K-selected and peri-
odic strategists toward opportunistic species. This transition simplifies 
the life history strategies present, reducing ecological complexity and 
resilience (Mims and Olden, 2013; Winemiller, 2005).

In similar tropical freshwater systems in Amazonia and Africa, fish-
ing pressure can substantially alter ecosystem dynamics by reducing 
populations of large-bodied and predatory species (Castello et al., 2013; 
Welcomme et al., 2006). This often results in shifts in community 
composition, trophic imbalances, and the loss of key ecological func-
tions such as nutrient cycling, ecosystem resilience, and long-term 

fisheries sustainability (Arantes et al., 2019a, 2022; Winemiller et al., 
2016). Indeed, both taxonomic and functional structure provides useful 
information on community dynamics. Taxonomic diversity provides a 
picture of which species occur in a given community (Magurran, 2013). 
Functional diversity, on the other hand, captures the range and distri-
bution of a species’ ecological characteristics, providing information 
about the roles that species play in ecosystems (Mouillot et al., 2013; 
Petchey and Gaston, 2006). Relying solely on taxonomic data may miss 
major ecological shifts, especially when species turnover involves taxa 
with similar functional roles. In contrast, functional metrics can identify 
changes in ecosystem functioning that species counts alone cannot, such 
as the loss of essential ecological traits (Vill�eger et al., 2008). Combining 
these two biodiversity components may provide better knowledge about 
ecosystem change and resilience, allowing for more effective conserva-
tion and ecosystem-based management strategies (Díaz et al., 2007; 
IPBES, 2019).

Our study investigated how the taxonomic and functional diversity 
of one of the world's largest indiscriminate fisheries, i.e., the Tonle Sap 
Lake fisheries, has changed during the last two decades. We focused 
specifically on the temporal change in the fish community's functional 
structure, i.e., functional guilds and life history strategies, beyond the 
documented declines in body size and trophic level already reported by 
Ngor et al. (2018). We hypothesized that increased anthropogenic 
stressors within Tonle Sap Lake over the last two decades, notably 
fishing pressure, not only reduced taxonomic diversity and altered 
community composition but also drove a shift in functional structure, 
from a K-selected to an r-selected fish community.
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2. Materials and methods

2.1. Fish data

This study relied on the most extensive time-series dataset of fish 
catch records from the Mekong River Commission's standardized 
monitoring program, covering 2003 to 2022, based on data collected 
from the industrial-scale dai (stationary trawl) fishery operating along 
the Tonle Sap system in Cambodia. This seasonal fishery operates 
annually for six months, from October to March, at a fixed location on 
the river approximately 30 km north of Phnom Penh (Fig. 1) (Halls et al., 
2013). The operation coincides with the reversal of water flow from 

Tonle Sap Lake back to the Mekong River at the end of the rainy season 
(MRC, 2005). Each year of operation is referred to as a fishing season. 
For instance, the 2003 fishing season began in October 2003 and ended 
in March 2004, while the 2004 season spanned from October 2004 to 
March 2005. This seasonal structure remained consistent throughout the 
study period from 2003 to 2022, although the duration of individual 
seasons could slightly vary among years. The dai fish catch data were 
obtained through the routine fisheries monitoring program supported 
technically and financially by the Mekong River Commission. Dai are a 
rather indiscriminate type of fishing gear; the gear's mesh size tapers 
from about 15 cm at the mouth to 1 cm at the codend. Sampling pro-
cedures and catch assessments for the dai fishery followed the general 
methodology and formula described in Stamatopoulos (2002). Fish data 
were collected both as total abundance (the number of individuals per 
species) and as catch per unit effort (CPUE) expressed in kilograms per 
unit effort (where a unit = one haul).

Monthly catch estimates were based on CPUE, which included CPUE 
for individual species and data on fishing effort, such as the number of 
daily hauls conducted by a dai unit in each stratum, the lunar period, and 
the dai type during each month of the fishing season. Although some 
reports noted increases in hauling duration during peak fish migration 
periods (Halls et al., 2013), the overall dai fishing effort (number of dai 
units, gear dimensions, fishing season, and fishery location) remained

relatively stable throughout the study period. Further technical speci-
fications of the dai gear are detailed in Loeung et al. (2003), while 
comprehensive descriptions of sample sizes, sampling protocols, data 
collection forms, species composition, fishing effort, catch estimation 
formulas, and the database system for data storage and management are 
available in Halls et al. (2013). The current dai fishery database includes 
records of 140 species collected over the 20-year monitoring period from 

2003 to 2022. A detailed protocol for data collection and CPUE calcu-
lation, based on the methodology described in Halls et al. (2013), is 
provided in Supplementary Material S1 (Fig. S1, Table S1).

2.2. Functional trait data collection

Three functional traits (maximum body length, functional guild, and 
life history strategy) were chosen for their relevance in assessing com-
munity responses to environmental disturbances, particularly those 
driven by anthropogenic impacts. Maximum body length serves as a 
proxy for species trophic level and vulnerability to exploitation. Func-
tional guild reflects feeding habitats and migratory behavior, both of 
which are sensitive to hydrological changes. Life history strategy cap-
tures reproductive trade-offs and indicates community resilience to 
disturbance. Together, these traits are essential for characterizing the 
functional response of fish communities to human-induced environ-
mental change. Information on the three key functional traits was 
compiled from different sources. Maximum body length (maxL) for all 
species was obtained from FishBase (Froese and Pauly, 2025). Func-
tional guild classifications were obtained from the Mekong River Com-
mission, based on the framework established by Welcomme et al. 
(2006), which categorizes Mekong fish species into 10 functional groups 
based on their reproductive strategies and preferred habitat (Supple-
mentary Material S2, Table S2) (MRC, 2021). Following the most recent 
classifications (MRC, 2021; Nuon et al., 2025), the 140 species included 
in our dataset were assigned to 9 functional guilds (Supplementary 
Material S2, Tables S2–S3): G1: rhithron residents (10 species), G2: 
long-distance white fishes (11 species), G3: short-distance white fishes

Fig. 1. Tonle Sap Lake and geographical location of dai (stationary trawl) fishery monitoring sites (grey circles). Dark grey areas show land (Cambodian provinces) 
and blue lines indicate floodplain boundaries.
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(40 species), G4: floodplain spawners or grey fishes (24 species), G5: 
generalist fishes (15 species), G6: black fishes (14 species), G7: estuarine 
residents (18 species), G8: anadromous fishes (1 species), and G10: 
marine visitors (7 species). The single species in the anadromous func-
tional guild (G8), Pangasius krempfi, was excluded from subsequent an-
alyses due to its low representation, which could bias the functional 
group comparisons. Additionally, no species in our dataset belonged to 
the catadromous functional guild (G9).

Life history strategies were gathered from Chea et al. (2020), who 
described the temporal change in fish community structure within Tonle 
Sap Lake. These strategies follow the life history continuum proposed by 
Winemiller and Rose (1992), which classifies species into three cate-
gories: opportunistic, periodic, and equilibrium, based on their fecun-
dity, juvenile survivorship, and reproductive age (Winemiller, 2005; 
Winemiller and Rose, 1992). Life history strategy data were available for 
74 species (53 %); the remaining 66 species were excluded from the 
analyses involving this classification. These 74 species collectively 
accounted for more than 89 % of the total catch abundance over the 
20-year period, thus allowing us to capture the dominant ecological 
trends within the fish community. Similar approaches have been 
employed in other tropical freshwater systems, where trait data 
completeness at the species level is often constrained (e.g., Mims and 
Olden, 2013; Arantes et al., 2019b). Therefore, the life-history strategy 
data presented here reflect the functional structure of the most ecolog-
ically and numerically important species in the Tonle Sap system. 
Among the 74 species retained, 16 exhibited an equilibrium strategy, 12 
were classified as opportunistic, and 46 followed a periodic strategy. 
Detailed descriptions of functional guilds and life history strategies are 
provided in Supplementary Material S2 (Table S2).

2.3. Statistical analyses

To examine long-term trends in fish community diversity, the num-
ber of individuals per species was first converted to relative abundance. 
Community-level biodiversity indices, including species richness, the
inverse Simpson's index (1D = 1

∑ R
i=1

( 
n i (n i − 1)
N(N− 1)

) ) (where D is the Simpson's

index, R is the number of species, n i is the number of individuals in 
species i, and N is the total number of species in the sample), and relative 
abundance, were then computed using the "base" and "vegan" packages 
in R (Oksanen et al., 2025; R Core Team, 2024). Long-term (inter-an-
nual) trends in diversity metrics were assessed using linear models with 
year (2003–2022) as the explanatory variable, while intra-seasonal 
(monthly) variation was analyzed using Kruskal-Wallis tests with 
month (October–March) capturing temporal changes within a fishing 
season.

To assess temporal shifts in fish community composition (relative 
abundance) over the 20-year monitoring period, we applied a principal 
component analysis (PCA) to the relative abundance data. The table was 
structured with species in columns and years in rows. The relative 
abundance data were Hellinger-transformed prior to PCA to reduce the 
influence of dominant species and improve suitability for ordination. 
PCA summarizes multivariate community data into interpretable axes, 
in our case resulting in loadings of each species’ relative abundance onto 
the principal components. This allowed us to identify key species driving 
among-year patterns in abundance and provided a consistent and 
informative framework for investigating long-term changes in the 
taxonomic composition and functional traits of the Tonle Sap fish 
community. The temporal trajectory of the fish community was 
captured in the first principal component (PC1), which was subse-
quently used as an explanatory variable representing temporal com-
munity change. PCA computations and visualizations were performed 
using the "ade4″, "vegan", and "factoextra" packages in R (Dray and 
Dufour, 2007; Kassambara and Mundt, 2020; Oksanen et al., 2025; R 
Core Team, 2024).

To investigate how functional traits responded to temporal shifts in 
community composition, statistical tests were conducted using species' 
relative abundance scores on PC1 as the explanatory variable. For 
qualitative traits (i.e., functional guilds and life history strategies), we 
applied non-parametric Kruskal-Wallis tests, while maximum body 
length (maxL) was analyzed using a linear model. Post-hoc pairwise 
comparisons were conducted using Dunn's test with the 
Holm–Bonferroni adjustment to control the family-wise error rate and to 
identify significant differences among trait groups (Dunn, 1964). Only 
trait groups with sufficient sample size were included in statistical tests; 
specifically, functional guild G8 was excluded from the tests because it 
contained only a single species. All analyses were performed in R version 
4.4.1 (R Core Team, 2024).

3. Results

3.1. Trends in fish community diversity

The 20-year dataset (2003–2022) contained 140 fish species 
belonging to 39 families and 13 orders. Cypriniformes (44 %), Silur-
iformes (24 %), and Perciformes (18 %) represented 86 % of the total 
species, while Beloniformes, Clupeiformes, Synbranchiformes, and Pleu-
ronectiformes accounted for most of the remaining 14 %. Cyprinidae was 
the most species-rich family (37 % of all species), followed by Bagridae, 
Pangasiidae, and Siluridae, which together accounted for 55 % of the 
total species (Supplementary Masterial S2, Fig. S2). Both species richness 
and the relative abundance of the fish community remained stable over 
the 20 years (Supplementary Material S2, Fig. S3). However, there was a 
significant negative trend for the inverse Simpson's diversity index over 
time (R 2 = 0.08, p-value = 0.005, Fig. 2a), indicating a gradual reduction 
in community diversity, likely reflecting increasing dominance by a few 
species and a loss of evenness in the fish community. Furthermore, the 
long-term data indicated that changes in fish community diversity were 
more pronounced within fishing seasons than among years. The reserve 
flow from Tonle Sap Lake to the Mekong River, which typically occurs 
from October to March, had a considerable impact on monthly averages 
of species richness, inverse Simpson's index, and relative abundance 
(Fig. 2b–d). As a result, both the diversity index and species richness 
peaked in November and progressively declined until March, when di-
versity reached its lowest level (Fig. 2b and c). In contrast, relative 
abundance peaked between December and January, then gradually 
declined in parallel with the decrease in diversity (Fig. 2d).

3.2. Temporal trends in fish community composition

Temporal changes in fish community composition were captured 
along the first axis of the PCA (PC1), with the first two axes explaining 
29.7 % of the total variance (Fig. 3a). There was a clear temporal change 
along PC1, with earlier years associated with negative scores and recent 
years with positive scores (Fig. 3b). Over time, the fish community 
composition shifted from being dominated by large-to medium-sized 
catfish such as Belodontichthys truncatus (betr), Wallago attu (waat), Pan-
gasius larnaudii (pala), P. conchophilus (paco), and Pangasianodon hypo-
phthalmus (pahy), large carps like Cyclocheilichthys enoplos (cyen) and 
Hypsibarbus malcolmi (hyma), critically endangered species such as Cat-
locarpio siamensis (casi) and Helicophagus waandersii (hewa), and bagrids 
like Hemibagrus nemurus (hene) and Mystus bocourti (mybo), to being 
replaced by small-bodied species like Henicorhynchus cryptopogon (hecr), 
H. siamensis (hesi), Paralaubuca barroni (paba), Xenentodon cancila (xeca), 
Rasbora borapetensis (rabo), and Yasuhikotakia modesta (yamod). In 
addition, earlier years appeared to have more diverse communities, with 
a greater contribution of numerous migratory species compared to later 
years (Fig. 3a and b; Table S2; Supplementary Material S2). While inter-
annual variability in community composition was high, the apparent 
homogenization over the last decade (2014–2022) reflects the dominance 
of a few species in fish communities (Fig. 3a and b).
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Fig. 2. Long-term trends in fish community diversity in the Tonle Sap system from 2003 to 2022. (a) Yearly change in the inverse Simpson's diversity index 
(R 2 = 0.08, p = 0.005). Seasonal variation within fishing seasons in (b) species richness, (c) inverse Simpson's diversity index, and (d) log-transformed total 
abundance. Violin plots depict the distribution of values for each month. The significance level from a Kruskal–Wallis test is indicated by asterisks (*p < 0.05, 
**p < 0.01, ***p < 0.001).

Fig. 3. Temporal change in fish community composition over 20 years (2003–2022) in the Tonle Sap system. (a) PCA correlation circle showing variation in species 
composition. A detailed description of fish codes is provided in Supplementary Material S2 (Table S2). (b) Temporal pattern of the fish community from 2003 to 
2022. Ellipses indicate 68 % confidence intervals (approximately ±1 standard deviation) around the centroids for each year, with dotted lines showing the 
yearly centroids.
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3.3. Temporal changes in functional traits

Long-term data showed a shift in functional traits of the Tonle Sap 
fish communities. Specifically, the temporal changes in fish commu-
nities were characterized by a decline in the maximum body size of the 
species within the community (R 2 = 0.09, p-value <0.001) (Fig. 4a). 
This means the community, once dominated by large-bodied species, has 
gradually transitioned to one dominated by smaller-sized species. In 
addition to the reduction in body size, temporal patterns revealed a shift 
in both functional guilds and life history strategies (Fig. 4b and c). The 
community was originally characterized by a diversity of migratory and 
specialist species, e.g., G2 (long-distance migrant), G3 (short-distance 
migrant), and G4 (grey fish or floodplain spawner), but these were 
gradually replaced by generalists (G5), rithron residents (G1), estuarine 
species (G7), and marine visitors (G10) (χ 2 = 22.07, p-value = 0.002; 
Fig. 4b). Consequently, life history strategies within the community 
significantly shifted from predominantly equilibrium and periodic 
strategists to a dominance of opportunistic strategists (χ 2 = 12.42, p-
value = 0.001; Fig. 4c).

4. Discussion

The observed decline in the fish diversity index, despite stable spe-
cies richness and relative abundance, provides strong evidence of long-
lasting fishing pressure on the Tonle Sap system over the past two de-
cades. Beyond changes in diversity and composition, the fish community 
has experienced significant shifts in functional traits, where large-
bodied, commercially valuable species have declined, while smaller, 
opportunistic species have increased (Chea et al., 2020; Chevalier et al., 
2023). These changes reduced community evenness and weakened 
ecosystem functioning and resilience, even though overall species 
richness has remained relatively stable (Chhuoy et al., 2023).

Seasonal variation in fish community diversity and abundance was 
also evident, reflecting the flood-pulse dynamics of the Tonle Sap sys-
tem. Diversity and species richness increased following the onset of flow 
reversal in October and peaked in November, while relative abundance 
reached its maximum in December or January. This temporal lag likely 
reflects the delayed response of migratory fishes to hydrological 
changes, particularly among small-bodied cyprinids such as Henico-
rhynchus and Paralaubuca (Chea et al., 2020).

These findings are consistent with the role of flood dynamics in 
driving fish community structure and migration patterns in the Tonle

Sap system (Arias et al., 2013; Chea et al., 2020). Despite increased 
fishing pressure, these seasonal trends suggest that hydrological cues 
continue to play a dominant role in shaping community dynamics. 
However, potential interactions between fishing intensity and flood 
timing may influence migration behavior, peak abundance periods, and 
species composition, highlighting the need for further research into 
these complex ecological interactions.

Over the past two decades, the Tonle Sap system has undergone 
significant environmental and anthropogenic changes. Total catch has 
remained stable (Supplementary Material S2, Fig. S4), even though the 
number of active dai units declined from 66 in 2014 to 44 in 2022 
(Chevalier et al., 2023). This stable catch has been sustained alongside 
an extension of the fishing season to 7 or 8 months (October to April or 
May) in some years, such as the 2021–2022 fishing season, compared to 
the traditional 6-month season (October to March) (MRC, 2019). 
Concurrently, flood dynamics have become more variable in both timing 
and extent, largely due to upstream dam construction and shifting pre-
cipitation patterns (Supplementary Material S2, Fig. S5) (Chen et al., 
2021; Kummu and Sarkkula, 2008; Ziv et al., 2012).

Climate change projections suggest further alterations in flood onset 
and duration, which may disrupt fish migratory cues and reduce habitat 
availability (Morovati et al., 2023). These changes will most probably 
lead to the decline of long-distance migratory species and floodplain 
spawners. Together, these interconnected anthropogenic changes will 
influence fish community structure and productivity, highlighting the 
urgent need for integrated monitoring and adaptive management stra-
tegies (MRC, 2019).

Moreover, our long-term data reveal that fishing pressure has prob-
ably driven a substantial shift in the functional composition of the Tonle 
Sap fish community. Historically dominated by large- and medium-sized 
species, the community is increasingly composed of smaller-bodied taxa. 
Ngor et al. (2018) documented a decline in average fish size and trophic 
level, exemplifying the process of “fishing down the food web”. Our 
findings support this pattern and reveal a shift in functional guild 
composition, with long- and short-distance migratory species (G2 and 
G3) and floodplain spawners (G4) progressively replaced by generalists 
(G5) and estuarine (G7) and marine visitor species (G10) (Chevalier 
et al., 2023).

This last pattern confirms the process of “fishing down the food 
web”, with high trophic level species strongly reduced in abundance and 
increasingly dominated by lower trophic level, fast-reproducing taxa. 
While some mid-trophic species persist, the overall trend is a clear shift

Fig. 4. Temporal change of fish community functional traits in the Tonle Sap system between 2003 and 2022. (a) Change in the maximum body length of fish 
species; (b) shifts in functional traits; and (c) changes in life history strategies. The solid blue line in panel (a) represents the trend in maximum body length fitted 
with a generalized linear model (R 2 = 0.09, p < 0.001). PCA Axis 1 (PC1) scores represent species scores from the first axis of the PCA, summarizing the main 
temporal change in fish community structure. Boxplots in panels (b) and (c) show the variation in PC1 scores, summarizing shifts in functional guilds and life history 
strategies, respectively. Boxes indicate the interquartile range with median PC1 scores, while shading in panel (c) denotes life history strategies: dark 
grey = equilibrium, light grey = periodic, and white = opportunistic. Groups with different letters are significantly different (Kruskal-Wallis, p < 0.05; Dunn's post-
hoc test).
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toward lower trophic levels, suggesting a loss of ecosystem complexity 
and resilience. Similar patterns have been observed in other freshwater 
systems worldwide. For example, in the Amazon Basin, overfishing has 
led to declines in large migratory catfish and a rise in smaller, fast-
reproducing species, altering community structure and ecosystem 

function (Castello et al., 2013).
In the Mekong River, intense fishing pressure has similarly reduced 

populations of large-bodied species, favoring opportunistic fishes that 
can withstand disturbance and exploit altered habitats (Ziv et al., 2012). 
In African lakes such as Lake Victoria, intensive fishing and the intro-
duction of non-native species have shifted communities toward smaller, 
resilient fishes, disrupting food webs and ecosystem services (Hecky 
et al., 2010; Ogutu-Ohwayo, 1990). In our case, the life history strategies 
of the fish community have shifted from predominantly K-selected 
species, characterized by equilibrium and periodic reproductive strate-
gies, to r-selected opportunistic species.

Equilibrium strategists, such as Channa spp., Notopterus notopterus 
(nono), and Anabas testudineus (ante), are top predators that invest 
heavily in producing few, well-protected offspring, thereby playing 
critical roles in maintaining ecosystem stability (Ngor et al., 2018; 
Winemiller and Rose, 1992). Periodic strategists, including Pan-
gasianodon gigas (pagi), Boesemania microlepis (bomi), and Cyclo-
cheilichthys enoplos (cyen), reproduce seasonally with high fecundity and 
contribute substantially to ecosystem productivity and food security 
(Chevalier et al., 2023; Winemiller, 2005). However, these groups are 
increasingly being replaced by opportunistic species such as Parambassis 
spp., Paralaubuca spp., and Rasbora spp., which are small-bodied, 
fast-growing, highly productive, and well adapted to disturbed and 
fluctuating environments (Chevalier et al., 2023; Ngor et al., 2018). 

This shift in functional traits and life history strategies has profound 
ecological implications, including reduced diversity, simplified trophic 
structures, and threats to the long-term sustainability of fisheries and the 
livelihoods of millions of people reliant on the Tonle Sap system 

(Chhuoy et al., 2023; Pauly et al., 1998). Despite these insights, signif-
icant knowledge gaps remain, especially regarding life history strate-
gies, which are still unknown for nearly half the species in the system 

(Baran et al., 2007).
However, our 74 included species accounted for over 89 % of the 

total catch, effectively capturing the dynamics of the most abundant 
species. Focusing on dominant and well-characterized species provides 
fundamental insights into broad-scale functional patterns in highly 
diverse, data-limited tropical ecosystems. Such approaches have been 
widely applied in many tropical, neotropical, and Afrotropical regions, 
where high diversity and limited species trait data lead to a focus on key 
taxa to describe community ecological dynamics (Arantes et al., 2019b; 
Chea et al., 2020; Vill�eger et al., 2010; Walsh et al., 2022). For instance, 
Arantes et al. (2019b) used functional traits of dominant Amazonian 
fishes to detect shifts in community structure linked to hydrological 
alteration and fishing intensity. Similarly, Vill�eger et al. (2010) 
demonstrated how trait-based analyses of tropical lagoon fish assem-
blages could reveal community responses to habitat degradation by 
using a limited trait database.

Nonetheless, it is important to recognize the limitations and as-
sumptions inherent to fishery-dependent data. For example, temporal 
changes in dai fishery design, the number of active units, and the length 
of the fishing season may have influenced the observed patterns. How-
ever, we strongly believe that the shifts in community composition, 
functional traits, and life-history strategies reflect ecological responses 
of the Tonle Sap fish community to long-term fishing pressures rather 
than being due to sampling effects, as analyses based on relative abun-
dances and dominant species usually remain robust to these potential 
biases (Froese et al., 2012; Ngor et al., 2018).

Future scientific surveys would help validate these patterns and 
further strengthen our understanding of the ecological dynamics in this 
highly diverse freshwater ecosystem (Arantes et al., 2019b; Pauly et al., 
1998; Vill�eger et al., 2010). Further research is essential to develop a

comprehensive bio-ecological trait database for Tonle Sap Lake fishes, 
which will be critical for guiding effective conservation and manage-
ment interventions in this globally significant freshwater ecosystem. 

The long-term changes in fish community diversity, composition, 
and functional traits in the Tonle Sap systam clearly reflect the impact of 
the increase in anthropogenic disturbances, including overfishing. These 
pressures have not only altered species dominance but have also shifted 
the community toward smaller-bodied, opportunistic species, disrupting 
the ecological balance and reducing ecosystem resilience. These findings 
underscore the urgent need for targeted management strategies, 
informed by ecological data, to safeguard biodiversity, sustain fisheries, 
and support the livelihoods that depend on this critical freshwater 
system.

Nevertheless, while our findings reveal significant temporal shifts in 
fish community structure and functional composition, the drivers 
behind these changes remain speculative. Although increased fishing 
pressure is a logical explanation, given the growing human population 
and evidence from regional reports, it is still a hypothesis that should be 
confirmed in future studies integrating multi-factorial methodologies. 
Incorporating long-term data in climate change, hydrological alteration, 
habitat degradation, fragmentation, and socioeconomic analyses will 
greatly improve our knowledge of the mechanisms that underlie 
observed community changes in Tonle Sap Lake and the surrounding 
system.

5. Conclusions

Long-term time-series data from the Tonle Sap system provides new 
evidence of the profound impacts that anthropogenic disturbances, 
including indiscriminate fishing, have on the fish community's diversity, 
composition, and functional traits. Over the past two decades, these 
disturbances have emerged as dominant forces reshaping the commu-
nity, not only in terms of species diversity and composition, but more 
critically in terms of the community's functional traits and life-history 
strategies.

Taxonomically, the fish community has undergone a transition from 

being dominated by long- and medium-distance migratory species to 
one increasingly composed of generalist, estuarine, and even marine 
visitor species. This shift reflects a broader ecological response to heavy 
anthropogenic disturbance, where specialist species are gradually being 
replaced by more disturbance-tolerant generalists.

Beyond the functional guilds, the temporal changes in fish commu-
nity was marked by a shift from an equilibrium and periodic strategy 
community, which are typically large-bodied, slow-growing, and 
ecologically significant species, to a dominance of small, fast-growing r-
selected species. These opportunists thrive in disturbed and variable 
environments, but their dominance indicates a simplification of trophic 
structures and reduced ecological stability. This long-term functional 
shift is unprecedented in the Mekong region and constitutes a critical 
warning signal for Tonle Sap basin management.

Our findings highlight the urgent need for integrated, science-based 
management strategies aimed at reducing fishing pressure and restoring 
the ecological integrity of the Tonle Sap ecosystem. Without timely ac-
tion, the resilience of the lake's fisheries, and the livelihoods they sup-
port, will continue to erode under the combined pressures of overfishing 
and environmental change.

To address this challenge, management must prioritize a multi-scale 
approach (e.g., see Tickner et al. (2025) and Oberdorff (2022) for a 
review of potential technical solutions) that includes: (1) maintaining 
the natural dynamic of the fluvial system (e.g., connectivity, sediment 
transport, seasonal river flows), (2) improving wastewater treatment 
technologies and water reuse to reduce pollution from domestic and 
industrial point sources as well as maintaining sustainable water re-
sources, (3) expanding the network of protected areas, and (4) reducing 
fishing pressure by lowering the number and duration of active dai units 
along the Tonle Sap River, alongside organizing spatially explicit
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management measures targeting ecologically critical areas like up-
stream spawning grounds (e.g., Khone Falls, the Tonle Sap flooded 
forest).

Finally, complementing management efforts with high-resolution, 
long-term monitoring of fish diversity and hydrological parameters 
using hydrochemical time series and expanding bioecological research 
on the Tonle Sap–Mekong fish fauna are essential to refine management 
strategies and enable adaptive, evidence-based interventions that bal-
ance fishery yields with conservation, ensuring the long-term sustain-
ability of the Tonle Sap Lake system.
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