Aquatic Invasions (2021) Volume 16, Issue 2: 329–348
CORRECTED PROOF

Research Article

Potential impact of population increases of non-native tilapia on fish catch
and plankton structure: a case study of Tangxi Reservoir in southern China
Liang Peng1,2, Xianguang Xue1, Jian Liao1, Jian Zhao3, Quehui Tang1, Qiuqi Lin1, Qun Zhang1 and Bo-Ping Han1,2,*
1 Department

of Ecology, Jinan University, Guangzhou 510632, China
Research Center of Tropical and Subtropical Aquatic Ecological Engineering, Ministry of Education, Guangzhou 510632, China
3 Guangdong Hydrology Bureau Shantou Hydrology Sub-bureau, Shantou 515041, China
*Corresponding author
2 Engineering

E-mails: tbphan@jnu.edu.cn , tbphan@126.com

Citation: Peng L, Xue X, Liao J, Zhao J,
Tang Q, Lin Q, Zhang Q, Han B-P (2021)
Potential impact of population increases of
non-native tilapia on fish catch and
plankton structure: a case study of Tangxi
Reservoir in southern China. Aquatic
Invasions 16(2): 329–348, https://doi.org/10.
3391/ai.2021.16.2.08

Received: 18 October 2019
Accepted: 21 December 2020
Published: 18 February 2021
Thematic editor: Ian Duggan
Copyright: © Peng et al.
This is an open access article distributed under terms
of the Creative Commons Attribution License
(Attribution 4.0 International - CC BY 4.0).

OPEN ACCESS.

Abstract
Several non-native tilapia species, including Oreochromis mossambicus (Peters, 1852),
O. niloticus (Linnaeus, 1757) and their hybrids or strains, were introduced into
China as major cultured species during the 1950s to 1980s. These are now among
the dominant fish species in many tropical and some subtropical reservoirs.
Eutrophication is assumed to accelerate their population growth. In the present study,
we reported a sharp decline in the catch of stocked bighead carp (Hypophthalmichthys
nobilis (Richardson, 1845)) with an extreme increase of tilapia catch in a large
reservoir in southern China. In 2006, the catch of tilapia was 150 tons, which
exceeded the catch of stocked bighead carp, and reached 500 tons in 2015. Longterm meteorological data over the past two decades did not show any significant
change, especially in minimum air and water temperatures, which can be factors
limiting tilapia growth. In contrast, water quality conditions, including total nitrogen,
total phosphorus (TP), chlorophyll a, chemical oxygen demand, and trophic status,
have significantly increased in the reservoir. The phytoplankton community has been
mainly composed of small and filamentous species, while the total zooplankton
biomass has decreased, with the community now mainly comprised of small rotifers
and copepod species. The high ratio of chlorophyll a:TP indicates a weakening topdown effect of zooplankton on phytoplankton. The annual tilapia catch was significantly
associated with trophic status of the reservoir, but not with meteorological and
hydrological factors. We propose an ecological mechanism for increased population
densities of the non-native tilapia under eutrophication, in which an increase in
tilapia population size has been accompanied by a reduction in their body size,
producing a stronger negative impact on zooplankton and water quality, which
contributes to the turnover between bighead carp and tilapia catch. The proposed
mechanism provides a useful framework for understanding the process and
management of tilapia populations in tropical reservoirs.
Key words: phosphorus, chlorophyll a, eutrophication, bighead carp, phytoplankton,
zooplankton

Introduction
Increases in population sizes of non-native fish largely depends on food
composition, habitat, trophic status of the invaded waters, the biological
characteristics of the introduced fish, and the scope of human activities
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(Leprieur et al. 2008; Zengeya et al. 2013; Ovenden et al. 2015). Tilapia are
members of the cichlid family of tropical omnivorous fish that were
introduced into China from Africa, Vietnam, Thailand, and Philippines
(De Silva et al. 2004). They have since become the major aquaculture
species in tropical China and have invaded a variety of natural waters.
Oreochromis niloticus (Linnaeus, 1757), O. mossambicus (Peters, 1852),
Sarotherodon galilaeus, Tilapia zillii, O. aureus (Gu et al. 2016) and their
hybrids are the most common non-native tilapia species in many parts of
the world (Canonico et al. 2005; Casal 2006; Deines et al. 2016; Gu et al.
2018). These farmed species usually have a high individual growth rate
(Grammer et al. 2012). Like other tilapia, they have a high intrinsic rate of
population growth and a wide niche with a feeding habit covering a wide
range of food (Peterson et al. 2006; Russell et al. 2012; Vicente and
Fonseca-Alves 2013). They have formed feral populations in many natural
waters of southern China and are presently distributed extensively in lakes,
reservoirs, rivers and ponds (Chen and Ye 1994; Gu et al. 2015; Tan et al.
2012). Tilapia favor middle and lower layers of mainly shallow waters, such
as the littoral zone (McDonald et al. 2007), and feed on plankton, benthic
organisms and organic debris (Bruton and Boltt 1975; Peterson et al. 2006).
Fishery production of tilapia is therefore mainly determined by the source
and composition of foods in shallow littoral zones (Bruton and Boltt 1975).
Eutrophication of tropical waters can enhance tilapia invasion and population
expansion (Fernando 1991) as it provides more resources for tilapia (Bíró
1997). In reservoirs, the most common nutrients are nitrogen and
phosphorus, derived mainly from high concentrations in upstream rivers,
which result in eutrophication (Yang et al. 2010; Liu et al. 2012). Additionally,
cyanobacterial blooms in reservoirs generally occur in littoral and riverine
zones as a result of wind-induced accumulation, which in turn increases
the amount of organic matter in sediments to provide a source of food for
tilapia (Song et al. 2010).
Although early reviews on the impact of tilapis in Asia showed limited
environmental impact (De Silva et al. 2004), a large tilapia population is
capable of reducing the amount and quality of food and habitat for native
fishes, leading to reductions in species richness and degradation in water
quality (Canonico et al. 2005). For example, the invasion of spotted tilapia
(Tilapia mariae) in Florida (USA) has restricted the spawning area of
Lepomis sunfishes and reduced their growth (Brooks and Jordan 2009).
Tilapia can also indirectly increase the biomass of small phytoplankton
species by feeding on large and medium-sized zooplankton, such as large
cladocerans (Okun et al. 2008; Fetahi et al. 2014). Further, tilapia forage the
sediment for detrital matter (Balirwa 1992; Peterson et al. 2006), and can
reduce zooplankton diapausing egg banks (Maia-Barbosa et al. 2003). In
addition, the fish promote the recycling of nutrients such as nitrogen and
phosphorus by suspending the sediments that favor phytoplankton growth
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and accelerate eutrophication (Starling et al. 2002; Figueredo and Giani
2005; da Silva et al. 2014). Change in plankton community structure with
increasing eutrophication can further affect the ichthyofauna structure that
feed on plankton (Ke et al. 2007; Jayasinghe et al. 2014).
Since the 1960s, the Chinese government has encouraged large-scale
culture of four major Chinese carp species in freshwater lakes and reservoirs
(Tang 1970; Liang et al. 1981). Among them silver carp (Hypophthalmichthys
molitrix (Valenciennes, 1844)) and bighead carp (H. nobilis (Richardson,
1845)) have become the main aquaculture species in reservoirs as they
could be fed on natural prey, i.e. phytoplankton and zooplankton (Liang et al.
1981; Miura 1990; Gu et al. 1996). Bighead carp differs from tilapia in habitat
preference and feeding behavior; it is planktivorous and filter feeding, and
prefers the pelagic zone. In contrast, tilapia are omnivorous fish (Bwanika
et al. 2004; Peterson et al. 2006; Nagayi-Yawe et al. 2006) and prefer
shallow water such as the littoral zone (McDonald et al. 2007; Vanessa and
Éder 2012). Niche separation prevents their direct competition and so it is
assumed that tilapia have little direct impact on bighead carp catch.
Tangxi Reservoir is a large reservoir located on the Tropic of Cancer in
southern China. Bighead carp (H. nobilis) has been the most important
stocked species in the reservoir since the 1970s. About 1.8×107 individuals
of bighead carp fry (9–12 cm) and 2×105 individuals of silver carp fry (6–8 cm)
were released per year into the reservoir since 1990. Starting from the mid1990s, however, eutrophication has become a prominent problem in the
reservoir, and two tilapia species, O. mossambicus and Sarotherodon galilaeus
have expanded their population size and became the mainly harvested
species. Each year all fish have been captured by multiple mesh-sized gill
nets. Usually weights greater than 1.5 kg for silver and bighead carp and 0.2
kg of tilapia are collected, while smaller sized fish are immediately returned
to the reservoir. In the late 1990s, the reservoir became an important source
of drinking water for the local region and the government strengthened
water quality management. Nevertheless, eutrophication of the Tangxi
Reservoir has increased over the past two decades. Examining the yearly
fish catch data, we found that the annual tilapia catch has increased sharply
since 1999, and exceeded the annual bighead carp catch in 2006. In this
study, we analyzed the changes in plankton and fish community structure
under eutrophication in Tangxi Reservoir. The objective of our study was
to understand the reasons for the tilapia population expansion and its
impacts on water quality and bighead carp catch.

Materials and methods
Study site
Tangxi Reservoir (N23°55′; E116°51′) is located in the middle reaches of
Huanggang River in the northern part of Raoping County in Guangdong
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Figure 1. Map showing four sampling sites in Tangxi Reservoir: S1 and S2 at the riverine, S3 at the center, and S4 near the dam.

Province, southern China (Figure 1). The reservoir, constructed in 1960, is
large and canyon-shaped with a catchment area of about 667 km2. The
total storage capacity is 381 million m3 and the maximum water depth is 37
m. It has been used primarily for irrigation and flood control, but also for
power generation, fish culture, and tourism. Currently it supplies drinking
water for more than 1 million people in Raoping County and surrounding
areas. The wet season lasts from April to September, and the mean annual
precipitation is 1560 mm. The main inflow rivers are Jiucun River, Shifan
River, and Jianrao River, with a drainage area of 118.9, 116.3 and 99.6 km2,
respectively. In the past three decades, the water quality of the reservoir has
decreased as considerable domestic and livestock wastewater without
effective treatment have been discharged into the reservoir through its
tributaries. This is a result of population growth and industrial and agricultural
development (Liu 2017) as well as increased fertilizer applied to Eucalyptus
planted in entire watershed.

Data sources
Hydrological and meteorological data such as precipitation (mm), total
outflow (m3), minimum air and water temperature (°C), and annual mean
water level (m), were collected from the Shantou Branch of Guangdong
Province Hydrographic Bureau. Fish catch (t) data, mainly including tilapia
and two stocked carp species, were obtained from the Management Office
for Tangxi Reservoir. Two sampling sites, Xitou Inlet (S1) and Xinqiao
Inlet (S2), were located in two main inflow rivers (Huanggang River and
Jianhuan River) at the upper reaches of the reservoir that included riverine
zones. The two other sampling sites were located in the reservoir transition
zone (S3) and the lacustrine zone near the dam (S4). We collected data on
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plankton species and biomass (mg L-1) from our own surveys at S4 (Figure 1).
Sampling and monitoring were conducted in January, March, May, July,
September, and November from 2000 to 2015. We measured water quality
at S1, S2, and S3. Water quality data for site S4 were supplied by the
Shantou Branch of the Guangdong Provincial Hydrographic Bureau.

Collection and identification of plankton
Phytoplankton were collected from samples of 1 L of water obtained at 0.5 m
depth and immediately fixed with 5% formalin and 15 mL of Lugol’s
solution. Each water sample was precipitated in a sedimentation glass and
phytoplankton were counted by the Utermöhl’s technique using an inverted
microscope (Lund et al. 1958; Edler and Elbrächter 2010). More than 400
phytoplankton individuals were counted per sample. Phytoplankton species
were identified according to Hu and Wei (2006) in combination with
descriptions and illustrations from relevant publications in the literature.
Phytoplankton biovolume was estimated following Hillebrand et al. (1999)
and biomass was estimated with an algal cell density of 1 g mL-1.
For zooplankton, water samples were collected at intervals of 1-m depth
using a 5-L water sampler. A total of 50 L of water was filtered through a
38-μm plankton net. Samples were fixed in 4% formalin, then allowed to
stand for 48 hours and concentrated to a definite volume. After shaking, a
10 mL sub-sample was taken for species identification and counting under
a microscope. More than 400 zooplankton individuals were counted per
sample. Crustacean samples were identified by dissection under a dissecting
microscope. Rotifer species were identified according to Koste (1978).
Individual body size of zooplankton was estimated from body length (μm)
and width (μm) measurements according to the appropriate formulae.
Individual weight was calculated assuming a density of 1 g/m3. Biomass of
zooplankton was calculated according to Dumont et al. (1975) and Huang
et al. (1984).

Tilapia species identification
In order to clarify tilapia species identification and potential hybridization,
we collected tilapia using multiple mesh-sized gill nets in May and June
2020 at the three shallow water locations where the tilapia are commonly
caught, and then picked out 36 tilapia individuals covering all possible
species. These were identified based on their morphology as: Sarotherodon
galilaeus, Tilapia zillii and Oreochromis mossambicus. We used the
mitochondrial marker (COI) and two nuclear markers (PTR and SH3PX3)
to sequence the 36 individuals. Tilapia muscle tissue was cut to extract
genomic DNA. We used the COI amplification primers PTR (Liao et al.
2016) and SH3PX3 (Zheng et al. 2019). Sequences alignment was performed
using MEGA version 7.0. COI sequences were imported into the Barcode
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of Life Data System (BOLD, http://www.boldsystems.org/index.php) for
molecular barcode classification. Nuclear PTR and SH3PX3 gene sequences
were imported into the National Center for Biotechnology Information
(NCBI) Basic Local Alignment Search Tool (BLAST; https://blast.ncbi.nlm.
nih.gov/Blast.cgi), and two phylogenetic trees were constructed for hybrid
analysis. The mitochondrial COI gene was used to determine the maternal
tilapia, and nuclear genes PTR or SH3PX3 contained both genetic information
of maternal or paternal tilapia; hybrids can be recognized by comparing
the two phylogenetic trees.

Measurement of water quality
Water quality variables included total nitrogen (TN, μg L-1), total phosphorus
(TP, μg L-1) and chemical oxygen demand (CODMn, μg L-1), which were
measured following the standard national methods (Chinese EPA
http://kjs.mee.gov.cn/hjbhbz/bzwb/shjbh/). Water transparency was measured
using Secchi depth (SD, m). Chlorophyll a (Chla, μg L-1) concentrations
were determined by ultraviolet spectrophotometry (Lorenzen 1967; Lin et
al. 2005).

Data analysis
Trophic state index (TSI) was estimated using the weighted TSI method
based on Chl a (Lin et al. 2003). We performed ANOVA to compare the
difference of annual average TN, TP and Chl a concentration at sites S1, S2
and S3 between 2015 and 2000 (or 2003). Using ANOVA, we also compared
interannual differences in water quality variables at sampling site S4 from
2000 to 2015. We used regression analysis to check the long-term trends of
hydrological and meteorological variables over the past two decades. In
addition, we used a variance partitioning technique to assess the relative
contribution of environmental variables to variation in bighead carp and
tilapia catch (Grömping 2007). Total variance of bighead carp catch was
decomposed into the proportion explained (R2) by the tilapia catch, TSI,
water level and water temperature. A permutation test was conducted to
test the significance explained by each independent variable (Borcard et al.
2018). The variance of tilapia catch was decomposed into TSI, water level
and water temperature. All statistical analyses were performed using
package “Vegan” in the R platform. We conducted variance partitioning
using “varpart” function (https://www.r-project.org).

Results
Tilapia species identification
The 36 COI sequences were matched to three species of tilapia with both
100% similarity in BOLD database, indicating that there were three maternal
parents: Sarotherodon galilaeus (17 individuals), Tilapia zillii (18 individuals)
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and Oreochromis mossambicus (1 individual). PTR and SH3PX3 were
matched to Orechromis nilotcus (100% or 99.71%), Orechromis aureus (98.78%)
and Sarotherodon galilaeus (99.56%), except for a few SH3PX3 sequences
were not matched. Combined analysis of mitochondrial marker and nuclear
markers indicated that all the 36 tilapia were heterozygous individuals, and
were the hybrids of: (i) Sarothrodon galilaeus♀ × Orechromis nilotcus♂ (17),
(ii) Orechromis mossambicus♀ × Orechromis nilotcus♂ (1), and (iii) Tilapia
zillii♀ × Orechromis aureus♂ (18) (see Supplementary material Figure S1
in detail). As each hybrid group had a nearly identical sequence, it is
unlikely that the hybrids were from natural hybridization but rather from
the nearby fish farms.

Long-term change of hydrological and meteorological variables
Hydrobiological and meteorological variables have cycled widely over the
last few decades. Between 1990 and 2015, annual precipitation over Tangxi
Reservoir ranged from 796.7 to 2564.5 mm. The lowest precipitation
occurred in 2011 and the highest in 2006 (Figure 2a). Total outflow ranged
from 3.13 to 12.14 billion m3 (Figure 2b). Minimum water temperature
ranged from 11.5 to 13.0 °C. Annual mean water level changed little from
43.1 to 54.3 m (Figure 2c, d), and the lowest level (43.1 m) was observed in
2009. Minimum air temperature ranged from 1.3 to 5.8 °C (Figure 2e), and
the lowest air temperature was observed in 2010. Regression analysis showed
that the hydrological and meteorological variables did not significantly
change over the past two decades (Table 1, P > 0.05).

Water quality variables
Concentrations of TN, TP and Chla at sites S1, S2 and S3 were higher in
2015 than in 2000 and 2003 (Figure 3). Concentrations of TN, TP, Chla,
and CODMn at site S4 (i.e., lacustrine zone near the dam) changed from
15.5 to 46.7 μg L-1, 841.7 to 1555.0 μg L-1, 2.38 to 20.5 μg L-1, and 1550 to
2550 μg L-1, respectively, all showing a general increasing trend at the S4
sampling site (Table 1, P < 0.05, Figure 4a–d). Secchi depth varied from 0.9
to 1.7 m, generally showing a decreasing trend at site S4 (Table 1, P < 0.05,
Figure 4e). The trophic state index increased from 39 in 2000 to 53 in 2015
at S4 (Table 1, P < 0.05, Figure 4f). Ratios of Chla:TN and Chla:TP increased
from 0.003 and 0.124 in 2000 to 0.012 and 0.392 in 2015, respectively at S4
(Table 1, P < 0.05, Figure 4g, h). Steep increases in the two ratios were
observed between 2009 and 2012 (Table 1, P < 0.05).

Annual catch of tilapia and bighead carp
From 1991 to 2005, bighead carp dominated the fish catch, with an annual
catch of more than 150 tons. The catch of silver carp was around six tons
each year. The annual catch of tilapia was relatively low over the 15 years,
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Figure 2. Precipitation (a), total outflow (b), water level (c), minimum water temperature (d), and minimum air temperature (e) of
Tangxi Reservoir from 1990 to 2015.

ranging from 5 and 50 tons. The annual bighead carp catch declined
sharply between 1991 and 1999, and then decreased at a slower rate since
1999, and became lower than that of tilapia from 2006. In contrast, the
annual tilapia catch has increased throughout the study period, particularly
after 2004, and reached 500 tons in 2015 (Figure 5). The maximum body
weight of tilapia was 0.4 kg in 1995, 0.35 kg in 2005, and 0.3 kg in 2015.

Composition and change of phytoplankton and zooplankton
The total biomass of phytoplankton in July 2000 was 3.25 mg L-1, comprised
mainly of Cyanophyta, Chlorophyta and Bacillariophyta (Figure 6a).
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Table 1. F test statistics for the regression relationships between water quality variables,
hydrological variables and year.
Regression relationships
Air temperature (AT)~year
Water temperature (WT)~year
Water level (WL)~year
Precipitation ~year
Total outflow (TO)~year
Total nitrogen (TN)~year
Total phosphorus (TP)~year
chemical oxygen demand (COD)~year
Chlorophyll a (Chla)~year
Secchi depth (SD)~year
Trophic state index (TSI)~year
Chla:TN~year
Chla:TP~year

F
0.408
0.003
0.989
2.259
1.348
77.87
60.99
33.45
49.95
14.18
99.2
36.16
25.32

N
26
26
26
26
26
16
16
16
16
16
16
16
16

P
0.529
0.954
0.330
0.146
0.257
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01

Figure 3. Concentrations of total nitrogen (TN) (a), total phosphorus (TP) (b), and chlorophyll a (Chla) (c) at sampling sites S1,
S2, and S3 in 2000, 2003, and 2015. Error bar indicates standard deviation (SD).

Cosmarium connatum and Melosira sp. were the dominant taxa. The total
phytoplankton biomass in December 2000 was 0.87 mg L-1 and was
dominated by Eudorina elegans and Aulacoseira granulata. In December
2014, the total phytoplankton biomass was 3.82 mg L-1, with Chroococcus
sp. and Limnothrix redekei the dominant species. The total phytplankton
biomass in July 2015 was much higher with 12.42 mg L-1, and dominated
by Limnothrix redekei (Table 2).
The total biomass of zooplankton was 4.43 and 0.98 mg L-1 in July and
December 2000, respectively (Figure 6b), and Mesocyclops thermocyclopoides
was the dominant species. In December 2014, the biomass of zooplankton
had decreased to 0.23 mg L-1, with Phyllodiaptomus tunguidus and Bosmina
fatalis the dominant species. In July 2015, the total biomass of zooplankton
was 0.28 mg L-1, dominated by Phyllodiaptomus tunguidus and Moina
micrura (Table 2). There was a significant increase of phytoplankton biomass
both in dry and wet seasons (P < 0.05), while for the zooplankton there was
a significant decrease ( P < 0.05).

Factors affecting bighead carp and tilapia catch
The variance of bighead carp catch was decomposed into those explained by
tilapia + environmental variables (TSI + water level (WL) + water temperature
(WT)) (Figure 7a). Much of the variance, 73.71%, was explained by tilapia
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Figure 4. Annual variations in water quality variables at sampling site S4 from 2000 to 2015. TP: Total phosphorus, Chla:
Chlorophyll a, TN: Total nitrogen, COD: Chemical oxygen demand, SD: Secchi depth, TSI: Trophic state index. Error bar
indicates standard deviation (SD).

Figure 5. Long-term change in annual catch of all tilapia species and bighead carp from 1991 to 2015.

and TSI (P < 0.05), and 10.91% was explained by tilapia alone (P < 0.05).
The variance of annual tilapia catch was decomposed into TSI + WT + WL
(Figure 7b). The TSI explained 86.87% of the variance and WL 3.74% (P <
0.05). Water temperature explained < 1% total variance of tilapia yield.
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Figure 6. Phytoplankton biomass (a) and zooplankton biomass (b) in the pelagic zone near the dam (sampling site S4) in 2000,
2014 and 2015.
Table 2. Dominant species of phytoplankton and zooplankton in Tangxi Reservoir in 2000,
2014 and 2015.
Date
7/2000
12/2000
12/2014
7/2015

Phytoplankton
Cosmarium connatum
Aulacoseira sp.
Eudorina elegans
Aulacoseira granulate
Limnothrix redekei
Chroococcus sp.
Limnothrix redekei

Zooplankton
Mesocyclops thermocyclopoides
Mesocyclops thermocyclopoides
Phyllodiaptomus tunguidus
Bosmina fatalis
Phyllodiaptomus tunguidus
Moina micrura

Figure 7. Decomposition of the bighead carp catch variance into tilapia catch and environmental variables (a) and of the tilapia
catch variance into environmental variables (b). Til: Tilapia, TSI: Trophic state index, WL: Water level, WT: Water temperature.
* indicates P < 0.05.

Discussion
Eutrophication and tilapia catch
Eutrophication of Tangxi Reservoir has increased over the past two
decades. During that period, the annual tilapia catch increased and the
catch of bighead carp has decreased. The tilapia catch has exceeded that of
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bighead carp since 2006. No pure tilapia species were detected, with all
tilapia individuals in our study reservoir being hybrids; each hybrid had
extreme low genetic diversity, indicating non-natural hybridization, but
that this has occurred in culture.
Climate change (i.e., warming) and eutrophication are generally considered
to be major contributors to tilapia establishment and subsequent population
expansion (Fernando 1991; Jun et al. 2012; Lowe et al. 2012). Tilapia are
distributed mainly in tropical and some subtropical regions (Canonico et
al. 2005; Daga et al. 2016; Deines et al. 2016), and low temperature presents
a physiologically limiting factor affecting their distributional range (Li et al.
2002; Schofield et al. 2011). The survival temperature for O. niloticus was
reported to be about 10.6 °C (Atwood et al. 2003). In the past 26 years, the
minimum water temperature in our reservoir was always above 11.5 °C.
Therefore, tilapia can maintain their populations over winter. Variance
decomposition of the annual catch further indicates that change in water
temperature did not explain significant variation in tilapia catch.
Eutrophication invariably changes the structure of phytoplankton
communities in aquatic ecosystems, and this change could further affect
zooplankton and fish community structure through bottom-up effects
(Bíró 1997; Smith and Schindler 2009). Phytoplankton and detritus are the
main dietary items for some species of tilapia, such as Oreochromis niloticus
and Orechromis aureus, which are efficient consumers of cyanobacteria
(Semyalo et al. 2011; Moriarty and Moriarty 1973). Tilapia could assimilate
up to 70–80% of ingested carbon from Microcystis spp. (Moriarty and
Moriarty 1973). High nutrient loading from the input rivers would not
only favor the biomass and proportion of cyanobacteria, but could also
increase levels of organic matter in reservoirs (Wang and Wang 2009;
O’Neil et al. 2012). This implies that eutrophication would enhance the
growth and reproduction of tilapia (Fernando 1991). As an omnivorous
fish (Gu et al. 1997; Peterson et al. 2006; Tesfahun and Temesgen 2018),
tilapia not only feed on nanoplankton and suspended particulate matter
(Northcott and Beveridge 1988; Sanderson et al. 1996), but also feed on
benthic animals and plants, and on debris at the water bottom using its
upper and lower pharyngeal and maxillary teeth (Bruton and Boltt 1975;
Moor et al. 1986), thereby exhibiting a strong feeding flexibility.
Tangxi Reservoir was oligotrophic and mesotrophic prior to 2004.
During this period, Bacillariophyta and Chlorophyta (e.g., Melosira, Cyclotella
and Arthrodesmus) dominated the phytoplankton community, which had
low abundance and biomass. Zooplankton had a high total biomass,
particularly the cladoceran species Bosminopsis deitersi and Bosmina
longirostris (Lin 1987; Zhao et al. 2002). Zooplankton provided about 150
tons of food for bighead carp, which supported a high catch of the stocked
species, whereas tilapia catch was lower than 10 tons due to a lack of food
resources. The reservoir became eutrophic after 2005. In 2012, Cyanophyta
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and Bacillariophyta (e.g., Jaaginema angustissimum, M. flos-aquae, and
Synedra acus) dominated the phytoplankton community. Cyanophyta were
observed to be dominant in 2015 (over 90% of total abundance), accounting
for over 35% of total biomass; meanwhile, the composition of zooplankton
shifted to small species such as rotifers and small cladocerans (e.g., Keratella
tecta and Bosmina spp.). Jones et al. (2011) found that the Chla:TP ratio in
a Missouri reservoir increased with increasing trophic state when the nutrient
concentration was < 125 μg TP L-1. The Chla:TP ratio was significantly
reduced in the presence of large and medium-sized filter-feeding zooplankton
(Daphnia) (Sarnelle 1992; Mazumder 1994a, b, c). Change in plankton
community structure can alter fish community structure, and thus affect
non-native fish species (Bíró 1997). The Chla:TP ratio in Tangxi Reservoir
increased from 0.12 in 2000 to 0.39 in 2015, indicating that the distribution
of nitrogen and phosphorus between phytoplankton and zooplankton has
changed significantly through the reduced top-down effects of zooplankton.
The zooplankton grazing effect on phytoplankton has been observed to
decrease with increased fish biomass resulting from stocking of bighead
carp in eutrophic reservoirs (Lin et al. 2020). Furthermore, the altered
plankton community structure reduced the food quality for fish and
consequently the energy conversion efficiency from plankton to fish. Inflow
rivers provide a main input of nitrogen and phosphorus for reservoirs that
result in high COD in the riverine zone. The COD in the Tangxi reservoir’s
littoral zone increased from 2 mg L-1 in 2000 to 3.5 mg L-1 in 2012 (Zhao et
al. 2002). However, blooming cyanobacteria usually aggregate in the
littoral zone driven by the wind. Debris is accumulated after cyanobacterial
cell death and is then deposited as organic matter (Simon et al. 2002; Tang
et al. 2010). Sediment in the littoral zone is easily re-suspended by wind
and currents, thus providing a food source for tilapia.
In China, most lakes and reservoirs have been stocked with four major
Chinese carp species since the 1970s, in particular with silver and bighead
carp (Jia et al. 2013). Usually, the stocking rate of the two species ranges
from 1 to 10 g m-3 and is dependent on plankton resources (Chen and He
2014). For algal control, the stocking rate would be up to 50 g m-3 (Xie and
Liu 2001), of which silver carp account for major component as these filter
and digest phytoplankton more efficiently (Li et al. 2013). The two species
could not reproduce in most reservoirs as they are blocked form large
rivers. In contrast to silver and bighead carp, tilapia can naturally
reproduce in subtropical and tropical reservoirs (Costa-Pierce 2003;
McDonald et al. 2007; Ovenden et al. 2015; Bradbeer et al. 2019), including
the eutrophic Tangxi Reservoir. These factors have promoted a
continuously increasing tilapia catch (Figure 8). After exceeding the
bighead carp catch with 150 tons in 2006, tilapia reached a high annual
catch of 500 tons in 2015 and took over the absolute dominance in the
large reservoir.
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Figure 8. Conceptual model of the shift in ecological structure and processes with tilapia invasion
and water quality change from oligotrophic (a) to eutrophic (b). A: phytoplankton; B: zooplankton;
C: dormant egg; D: bighead carp; E: tilapia adult; F: tilapia egg; G: tilapia larvae.

Impact of tilapia on water quality and bighead carp catch
One direct impact of tilapia population expansion on ecosystems is the
heavy nitrogen and phosphorus excretion, which promotes phytoplankton
growth (Figueredo and Giani 2005; da Silva et al. 2014). Starling et al.
(2002) reported that tilapia with individual wet weights ≥ 40 g excrete 1.12 μg
TP g-1 wet weight h-1 and small tilapia (individual wet weight < 40 g) excrete
1.73 μg TP g-1WW h-1. Over the past two decades, the largest individual
weights of tilapia in Tangxi Reservoir have decreased from 0.40 kg to 0.30 kg
(data not shown). The higher metabolism of small-sized tilapia accelerates
nutrient circulation. Moreover, tilapia are able to feed on large and mediumsized zooplankton (such as cladocerans), thereby weakening zooplankton’s
top-down control on small phytoplankton, and in so doing indirectly
increases phytoplankton biomass (Okun et al. 2008; Fetahi et al. 2014;
Wang et al. 2016). Zooplankton abundance in Tangxi Reservoir decreased
substantially, which was related to grazing by tilapia, and the increased
Chla:TP ratio on average from 0.124 to 0.392. Furthermore, tilapia prefer
the littoral zone (Bruton and Boltt 1975; McDonald et al. 2007) where the
active zooplankton diapausing egg banks are primarily located, especially
of cladocerans (Cáceres 1998). Fish feeding (Maia-Barbosa et al. 2003) and
eutrophication (Brede et al. 2009; Bennion et al. 2015) impair egg banks
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and reduces seasonal recruitment of zooplankton. Xu et al. (2017) found
that the zooplankton egg banks in shallow riverine zones in Liuxihe
Reservoir, a mesotrophic water body also located on the Tropic of Cancer
in China, contains more species and has an important role in zooplankton
population dynamics. Eutrophication increases the anaerobic condition of
sediments, which in turn may reduce hatching rates or even total hatchability
of the diapausing eggs. In addition, tilapia is capable of inducing considerable
disturbance and damage to the egg bank (Maia-Barbosa et al. 2003).
Bighead carp live in the pelagic zone and primarily filter-feed on
zooplankton (Cremer and Smitherman 1980; Ke et al. 2007; Jayasinghe et
al. 2014). Its catch is thus positively correlated with zooplankton biomass
(Miura 1990). Bighead carp prefers to feed on large cladocerans in
enclosure experiments (Cooke et al. 2009; Lin et al. 2013). In the 1980s and
1990s, the zooplankton biomass in Tangxi Reservoir was more than 3.0 mg L-1,
consisting mainly of Keratella cochlearis, Bosmina longirostris, and
Bosminopsis deitersi (Lin 1987; Zhao et al. 2002). The bighead carp catch
was more than 250 tons in that period. In 2000, however, the total
zooplankton biomass in the reservoir decreased to 2.5 mg L-1, and small
rotifer species such as Keratella cochlearis, cladoceran B. longirostris, and
copepod Mesocyclops leuckarti were also dominant (see Supplementary
material Table S1 in detail). Meanwhile, the annual bighead carp catch
declined to 150 tons. Yearly stocking of bighead carp inevitably results in
high feeding pressure on zooplankton in the reservoir. On the other hand,
eutrophication has impacted on the plankton community structure. In
2015, zooplankton in Tangxi Reservoir mainly comprised of Keratella and
small cladocerans (e.g., Bosmina spp.), with a total biomass of 0.25 mg L-1.
Cladoceran biomass decreased from 0.35 mg L-1 in 2000 to just 0.10 mg L-1,
and the annual bighead carp catch decreased to 75 tons. A subsequent
sharp decline in zooplankton biomass corresponded to an increase in
eutrophication. This in turn led to a decline in bighead carp catch caused
by food shortage and reduced food quality.
Variation partitioning analysis revealed that 74% of the bighead carp
catch variation can be explained by TSI and tilapia catch. Therefore, the
eutrophication of Tangxi Reservoir appears to have expanded food resources
for tilapia. That is, the provision of more food, and the changes of plankton
structure, would have been beneficial to the tilapia. The effect has been an
accelerated growth of the tilapia population, and the resultant high
population expansion in density and reduced body size has accelerated the
nutrient cycling. This in turn has promoted phytoplankton growth in the
pelagic water. Conversely, tilapia largely reduced the abundance of Cladocera
in the water column and their diapausing egg hatching from the sediment,
thereby indirectly affecting the phytoplankton community structure and
bighead carp catch. We have summarized a mechanical framework for
population expansion of tilapia and its ecological effects (Figure 8).
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Conclusion
Long-term meteorological and hydrological data and water quality analysis
showed that eutrophication promotes the Tangxi reservoir tilapia population.
In our proposed conceptual model, increase in tilapia population size
accelerates the nutrient cycle and reduces the seed bank and resting egg
hatching of zooplankton, with a further impact on the phytoplankton
community structure and bighead carp catch. This, in turn, leads to further
degradation of the water quality.
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