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Effects of omnivorous tilapia on water turbidity
and primary production dynamics in shallow lakes:
implications for ecosystem management
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Abstract The introduction of omnivorous tilapia

into a variety of aquatic systems worldwide has led to a

number of serious ecological problems. One of the

main issues is an increase in water turbidity, which

affects not only light penetration but also primary

production and the distribution of phytoplankton and

benthic algae in shallow lakes. These changes cause

deterioration of water quality in these lakes. A

12-week mesocosm experiment was set up to test the

hypotheses that omnivorous Nile tilapia (Oreochromis

niloticus) introduced to a shallow water system will

increase turbidity and nutrient levels in the water

column and thereby boost growth of phytoplankton

and depress benthic algae. Relative to the control

treatments, the presence of tilapia led to higher

concentrations of total nitrogen and total phosphorus

in the water column, greater biomass of phytoplankton

as measured by chlorophyll a (Chl a), greater

concentrations of total suspended solids and inorganic

suspended solids, lower light intensity, and lower

biomass of benthic algae at the sediment surface. A

tube-microcosm experiment using 32P radio tracer

indicated that the presence of tilapia accelerated the

release of sediment phosphorus (P) into the water

column. We conclude that these invasive omnivorous

fish not only stimulate growth of phytoplankton in

shallow lakes by increasing nutrients in water column,

but also depress benthic algal growth by promoting

sediment resuspension, leading to increased turbidity

of the water. Thus the removal of tilapia could be a

useful practice for managers of shallow aquatic

ecosystems, promoting benthic primary production

and improving water clarity.

Keywords Fish � Nutrients � Turbidity � Light �
Benthic algae � Phytoplankton

Introduction

The Nile tilapia (Oreochromis niloticus) is a fast-

growing and invasive fish native to Africa, and one of

several related species that have been introduced into
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wild aquatic systems in more than 100 tropical and

subtropical areas, including Australia and parts of

Asia, Europe and the Americas (Lèveque 2002). The

species has a highly omnivorous diet, incorporating

phytoplankton, zooplankton, aquatic insects, sub-

mersed plants, benthic fauna, detritus and bacterial

biofilms, and impacts heavily on the biodiversity,

habitats and water turbidity of invaded waters, leading

to serious ecological problems (Parker et al. 1999).

Our objective is to better understand the impacts of

Nile tilapia on the water quality and nutrient dynamics

in shallow lakes. Water turbidity affects both the

structure and functions of lake ecosystems, not least by

limiting the availability of light at the sediment

surface, and thereby strongly influencing benthic

production. In clear water systems, light penetrates

into deeper layers and benthic algae may account for

more than 90% of primary productivity and contribute

substantially to whole-lake production (Loeb et al.

1983). In eutrophic systems, overabundant phyto-

plankton increase turbidity of the water column.

Phytoplankton blooms reduce light penetration to

deeper water and the sediment surface (Hansson 1992;

Havens et al. 2001), limiting the growth of benthic

algae. For example, in the shallow Danish lakes

studied by Liboriussen and Jeppesen (2003), primary

production was almost completely dominated by

phytoplankton. Based on known bioturbation effects

of tilapia activity, we hypothesize that pelagic primary

production will increase, while benthic primary pro-

duction will decrease in the presence of the species.

Although seemingly counteractive, both trends con-

tribute to water quality deterioration in shallow lake

systems. The problem of eutrophication in such

systems is often attributable to external nutrient

sources such as from municipal water treatment

facilities or agricultural runoff in watersheds (Gulati

and Van Donk 2002), but the potential for introduced

fish species to cause to similar impairments is an

important consideration for lake managers.

The presence of different functional groups of fish

can have a significant influence on water quality

(Schindler and Scheuerell 2002; Zhang et al. 2016).

Zooplanktivorous fish are considered to promote

phytoplankton in shallow water through their preda-

tion on herbivorous zooplankton (especially Daphnia

spp.). A reduction in Daphnia numbers releases

phytoplankton from top-down control, leading to

increased turbidity (Carpenter et al. 1985; Scheffer

et al. 1993). In addition, such fish contribute consid-

erably to the resuspension of bottom sediments

through their foraging activity (Persson 1997). The

presence of piscivorous fish is thought to be important

in regulating numbers of zooplanktivorous fish,

releasing zooplankton from predation and allowing

them in turn to control pelagic seston, including

phytoplankton (Carpenter et al. 1985; Scheffer et al.

1993) and thereby promote clear water conditions.

Benthivorous fish such as common carp are particu-

larly proficient at resuspending particulate material as

they forage in bottom sediments and defecate undi-

gested food items (Lammens 1991; Zhang et al. 2016).

Some benthivorous fish penetrate up to 12 cm into the

bottom substrate while foraging (Panek 1987), dis-

turbing not only surface sediment layers but also the

deeper underlying material. The abundance of fine

particles resuspended by such fish can severely

increase the muddy brown turbidity of lake water

(Havens 1991). Thus, the presence of different func-

tional groups of fish in both benthic and pelagic

habitats can have a significant influence on water

quality (Schindler and Scheuerell 2002; Zhang et al.

2016; Yi et al. 2016).

Within extensive literature documenting the effects

of fish on ecosystem processes (Havens 1991; Milstein

et al. 2006), few studies have simultaneously inves-

tigated the effect of omnivorous fish on water turbidity

and primary production dynamics in shallow lakes. In

the present mesocosm experiment, we evaluated the

effect of Nile tilapia on water turbidity and the

dynamics of phytoplankton and benthic algal produc-

tion in a shallow lake. A further tube microcosm

experiment using 32P-PO4 as a tracer sought to

evaluate the effect of the tilapia on sediment P release.

The results obtained help resolve the role of tilapia in

influencing water turbidity and the primary production

dynamics of phytoplankton and benthic algae.

Materials and methods

Effects of tilapia on water turbidity, phytoplankton

and benthic algae in mesocosms

Eight mesocosms were established according to Zhang

et al. (2014). Each comprised a circular, somewhat

conical, plastic tank (upper diameter = 54 cm, bottom

diameter = 40 cm, height = 60 cm). Each mesocosm
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contained a bed of natural sediment and water above.

Sediment obtained from Ming Lake, a eutrophic

shallow water body in Guangzhou City, China, was

air dried, powdered and sieved through a stainless

0.5 mm mesh to remove coarse grains, debris and

clumps. The homogenized sediment [total nitro-

gen (TN) = 1.13 mg g-1; total phosphorus (TP) =

0.56 mg g-1] added to each mesocosm formed a layer

*10 cm thick, after which the tank was filled with

filtered (mesh size 0.064 mm) lakewater (100L, TN =

1.67 mg L-1, TP = 0.04 mg L-1), then exposed

to natural sunlight and ambient temperatures for

2 weeks.

After the acclimatization period, TN in the meso-

cosms had declined slightly to 1.58 mg L-1 and TP

had increased to 0.06 mg L-1, mostly because of

release from the sediment. A petri dish (diameter

5 cm) filled entirely with homogenized sediment was

inserted into the bed of each mesocosm such that the

sediment surfaces inside and outside the petri dish

were level, to allow benthic algal colonization and

determination of algal biomass. Tilapias (Ore-

ochromis niloticus) were collected from Ming Lake.

The fish were maintained in 100-L tanks for two weeks

prior to their introduction to the mesocosms in Jinan

University, Guangzhou. One tilapia (11.8 ± 0.2 cm,

weighing 28.6 ± 0.8 g per individual fish) was added

to each of the four mesocosms for tilapia treatments.

One individual that died in the course of the exper-

iment was replaced with a new specimen. The four

control mesocosms contained no fish. Nitrogen as

KNO3 and phosphorus as NaH2PO4 were added

weekly at rates of 1.5 mgN L-1 wk-1 and

0.1 mgP L-1 wk-1 to each mesocosm. During the

experiment, any drop in water levels due to evapora-

tion and sampling was compensated by the addition of

rain water (TN = 1.95 mg L-1, TP = 0.02 mg L-1).

The experiment was run fromApril 20 to July 26 2014,

during which time the mesocosms continued to be

exposed to natural sunlight.

Water was sampled (1 L) every two weeks from

each mesocosm for analysis of total suspended solids

(TSS), inorganic suspended solids (ISS), phytoplank-

ton biomass (Chl a), TN and TP. Concentrations of

both nutrients were determined according to APHA

(1998). 200 ml water was filtered by GF/C grade filter

and the Chl a on the filter was determined spectropho-

tometrically after ethanol extraction at room temper-

ature according to the method of Jespersen and

Christoffersen (1987). TSS and ISS were determined

as residual matter from 500 ml retained on GF/C grade

filters. The filters were dried at 105 �C for 24 h to

calculate TSS then incinerated at 550 �C for 2 h for

ISS.

Light intensity at the sediment surface was mea-

sured every two weeks between 9 and 12 am, after

sampling of phytoplankton, using an underwater

irradiance meter (ZDS-10W). The sediment-filled

petri dishes were removed from the mesocosms and

replaced by fresh dishes filled with homogenized

sediment. Benthic algae were collected from the

removed samples by scraping the surface of the

sediment with a razor blade (Barbour et al. 1999) and

their biomass (Chl a) was measured by spectropho-

tometry, as described for phytoplankton. After the

collection of water and benthic algae samples, nutri-

ents were added to each mesocosm.

Effects of fish on sediment P release

Microcosms were established as described in Zhang

et al. (2014). Eight sediment cores incorporating

10 cm sediment and overlying water were collected

fromMing Lake using perspex tubes (40 cm in length,

12.6 cm internal diameter). The core tubes were

sealed at the top and bottom with silicone rubber

stoppers to preserve sediment structure during trans-

portation to the laboratory at Jinan University in

Guangzhou. A 5-L sample of surface lake water was

also collected from Ming Lake. All samples arrived in

the lab within an hour of collection and the top rubber

stoppers were removed immediately to allow gas

exchange with air. Prior to the start of experiment,

water overlying the sediment in each tube (micro-

cosm) was siphoned off and the depth of the core

samples was adjusted to a standard upper 10 cm by

removing sediment below from the bottom of the

tubes. A plastic tube (1.0 cm internal diameter) was

inserted 1.0 cm deep into the centre of the sediment

core. Then it was retracted, with the top of the plastic

tube sealed with a thumb, resulting in the removal of a

sediment plug and the creation of a round hole. 5 lCi
NaH2

32PO4 (Perkin Elmer, Inc. USA) was added to

each hole before the sediment in the plastic tube was

replaced. 2500 mL lake water was added to each of the

eight microcosm tubes. One tilapia (5.1 ± 0.2 cm)

was placed in each of four tubes, while the other four

served as fish-free controls. Thereafter, 1.0 ml water
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was sampled from the center of the water column after

24, 36, 48, 60, 96 and144 h to determine 32P activity

(Zhang et al. 2013). The experiment was run at room

temperature and ambient room light intensity

(15.8 ± 9.4 lmol photons m-2 s-1 in the daytime

and dark at night), with a dark:light cycle of 12:12 h.

To measure 32P activity in the water column, at

each sampling 1.0 ml water was collected frommiddle

of each tube and transferred to a 10 ml scintillation

vial containing 10 ml of scintillation cocktail (5.0 g

2,5-diphenyloxazole ? 0.5 g 1,4-bis (5-phenyloxazol-

2-yl) benzene ? 1000 mL dimethylbenzene ? 400 g

tritonX-100; (Zhang et al. 2013, 2014). 32P activity

was recorded for 1 min and expressed as dpm mL-1

(Hansson 1988) using a liquid scintillation counter

(Beckman Model LS6500, Beckman Coulter, Inc.,

Fullerton, CA). The measured activity was corrected

for loss due to the standard 32P decay provided by

Perkin Elmer, Inc. USA.

Statistical analyses

The effects of tilapia presence on nutrient concentra-

tions, phytoplankton and benthic algal biomass, TSS,

ISS, light intensity and the 32P activity of water were

determined using repeated measures analyses of

variance (RM-ANOVAs), with time as the repeated

factor. If a significant difference was found, a Least

Significant Difference (LSD) test was used to detect

which treatments differed. One-way ANOVA was

performed to detect differences among treatments on

each sampling occasion. If a significant difference

emerged, LSD test was used to detect the differing

treatments. All statistical analyses were conducted

using SPSS 16.0 software. Data are presented as

mean ± SD.

Results

Nutrients of TN and TP, and phytoplankton

in mesocosms

Values for both nutrients of TN and TP and Chl a of

phytoplankton (Fig. 1) were higher in mesocosms

with tilapia than in the controls (RM-ANOVAs,

treatment effect, p\ 0.05). In addition, TP and Chl

a of phytoplankton varied significantly over time

(RM-ANOVAs, time effect, p\ 0.05), while TN did

not (p[ 0.05), though significant differences were

detected between 14 and 28 d and between 14 and

42 d for TN (p\ 0.05). Values for both nutrients of

TN and TP and Chl a of phytoplankton were higher in

the tilapia treatments than in the controls on every

sampling occasion, except for a lower TN on day 14

(one-way ANOVA, treatment effect, p\ 0.05).

TSS, ISS and light intensity in mesocosms

TSS and ISS (Fig. 2) were higher in the tilapia

treatments than in the controls (RM-ANOVAs, treat-

ment effect, p\ 0.05). Overall, the values changed

significantly with time (RM-ANOVAs, time effect,

p\ 0.05). These values were also higher in the tilapia

treatments than in the controls on every sampling

occasion except for TSS at 56 d (one-way ANOVA,

treatment effect, p\ 0.05).

In contrast, light intensity at the sediment surface in

mesocosms was lower in the tilapia treatments than

in the controls (RM-ANOVAs, treatment effect,

p\ 0.05) and changed significantly with time due to

adverse weather (RM-ANOVAs, time effect,

p\ 0.05). In the tilapia treatments, the light intensity

recorded in each sampling event decreased throughout

the experiment relative to that in the controls (one-way

ANOVA, treatment effect, p\ 0.05; Fig. 2).

Benthic algae in mesocosms

The Chl a levels recorded in benthic algae samples

were lower in the tilapia treatments than in the controls

(RM-ANOVAs, treatment effect, p\ 0.05). Chl a val-

ues also varied significantly with time (RM-ANOVAs,

time effect, p\ 0.05), being lower on day 28, day 42

and day 84 in the tilapia treatments than in the controls

(one-wayANOVA, treatment effect, p\ 0.05; Fig. 3).

Effects of tilapia on sediment P release

32P activities in the water were elevated in the tilapia

treatments compared with the controls (RM-ANO-

VAs, treatment effect, p\ 0.05), and increased sig-

nificantly over time (RM-ANOVAs, time effect,

p\ 0.05). Analyses of the effects of tilapia at each

sampling event revealed that the 32P increased in the

water from tilapia treatments relative to the controls at

36 h and 60 h (one-way ANOVA, treatment effect,

p\ 0.05; Fig. 4).
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Discussion

Our data suggest that stocking of water bodies with

tilapia can result in a measurable increase in phyto-

plankton Chl a and a concomitant deterioration in

water clarity. Furthermore, our study reveals that

biomass of benthic algae decreases in the presence of

tilapia, as a consequence of grazing and of light

limitation due to increased turbidity of water. Thus,

tilapia populations contribute to marked decreases of

water clarity and water quality in general.

Fish can directly and indirectly mobilize nutrients

through multiple pathways: by depositing feces,

excreting dissolved nutrients and stimulating the

release of sediment nutrients into the water column

(Diana et al. 1991; Carpenter et al. 1992; Vanni 1996).

Higher 32P values in the microcosms with tilapia

indicate that the swimming and foraging activities of

the fish enhance the transport of P from sediment to the

water above. These pathways are known to stimulate

the production of phytoplankton (Elser and Urabe

1999; Adámek and Maršálek 2013). Our study

demonstrates an overall increase in water of TN and

TP concentrations in the presence of fish, as well as an

increase in the phytoplankton biomass. The result is

acceleration in eutrophication, i.e. through an increase

in phytoplankton concentration.

In addition to increasing the concentration of

phytoplankton, our study also shows that tilapia

increase levels of both ISS and TSS. The increases

are likely due to the resuspension of particles. Since

tilapias forage actively for benthic fauna, detritus and

bacterial biofilms, the effect is particularly apparent.

Increased resuspension leads to high TSS and ISS in

the water column, turning the water muddy brown and

increasing light attenuation. If light penetration is

severely reduced, it may become a limiting factor for

benthic algae, leading to poor growth and decreasing
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abundance (Zhang et al. 2015). Because benthic algae

are an important food source for tilapia, their grazing

will also impact directly on biomass (van Dam et al.

2002). Thus, the loss of benthic algae further promotes

growth conditions for phytoplankton, simultaneously

enhancing nutrient release from the sediment and

reducing competition for these nutrients (Zhang et al.

2013). Furthermore, because benthic algae can release

extracellular material that acts as an adhesive to

stabilize the sediment surface and reduce sediment and

nutrient resuspension, the loss of biomass may reduce

benthic resilience to fish bioturbation (Lubarsky et al.

2010).

In our study, the light intensity at the sediment

surface in mesocosms with fish was lower than in the

controls. The presence of tilapia also led to a decline in

the biomass of benthic algae. We therefore conclude

that tilapia enhance water turbidity both by increasing

nutrient concentrations in water column and by

resuspending particles from the sediment, resulting

in a higher biomass of phytoplankton and higher

concentrations of TSS and ISS, while simultaneously

reducing growth of benthic algae and negatively

affecting water quality. These conditions are reminis-

cent of the eutrophy that invariably prevails in shallow

lakes with similar omnivorous fish.

In contrast to the situation as described above, when

light intensity reaching the sediment surface is

adequate, growth of benthic algae can substantially

decrease the availability and transfer of nutrients from

sediments to phytoplankton in the water column above

(Dodds 2003). Such conditions limit the growth of

phytoplankton (Genkai-Kato et al. 2012) and improve

water clarity. Due to directly sequestering P from

sediment interstitial water, benthic algae can reduce

the availability of sediment nutrients to phytoplankton

(Hansson 1988, 1989). In addition, by oxidizing the

topmost sediment layer (the algal colonization zone)
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via photosynthetic activity, benthic algae promote

conversion of Fe2? ions to Fe3? ions and the

subsequent formation of insoluble compounds with

phosphate ions in sediments. This leads in turn to a

reduction in the release of P to the water column

(Dodds 2003). Also, benthic algae can stabilize

sediment surfaces by releasing extracellular material

that acts as glue, further inhibiting resuspension and

the release of sediment P (Spears et al. 2008; Tolhurst

et al. 2008). Thus, growth of benthic algae can help

maintaining a clear-water state and improve water

clarity (Genkai-Kato et al. 2012; Zhang et al. 2014).

There is some experimental evidence to suggest

that tilapia can help improve water quality by feeding

on phytoplankton (Datta and Jana 1998; Turker et al.

2003; Lu et al. 2006; Torres et al. 2016), but whether

this would hold under natural lake conditions is

controversial (Menezes et al. 2010). Although tilapia

can affect phytoplankton abundance by grazing, there

are reports that they are unable to filter or graze

efficiently on small phytoplankton (Figueredo and

Giani 2005). In contrast, we know that tilapia can and

do predate heavily on large Daphnia, reducing the

grazing pressure of daphnids on algae to such an extent

that algal numbers are likely to increase even when

they continue to be consumed by tilapia (Vanni 2002).

Tilapia densities in some aquatic ecosystems can be

very high, reaching 390–810 g m-2 (Suresh and Lin

1992). In Huizhou West lake, the density of tilapia is

160 g m-2 (Liu et al. 2014). We used a more realistic

density for shallow lakes of 124.9 ± 3.5 g m2 as a

guide for our study. The tilapias used in the tube-

microcosm experiment were smaller (5.1 ± 0.2 cm)

than those in the mesocosm (11.8 ± 0.2 cm) because

a smaller size is more appropriate for the tracer study.

However, since Nile tilapia have similar feeding

behavior in the size range 5–12 cm, this difference

was not considered a major factor.

Tilapias of this and other species have been widely

introduced around the world and are present in all

continents, except Antarctica, due to their ability to

tolerate a broad range of environmental conditions,

their fast growth, successful reproductive strategies,

and ability to feed omnivorously at different trophic

levels (Zambrano et al. 2006). As the presence or

absence of a single species can dramatically alter the

ecological processes of an ecosystem (Covich et al.

1999), it seems reasonable to assume that colonization

by or removal of tilapia will significantly impact on

the ecological processes and functioning of shallow

lake systems (Casal 2006). Our study shows that

omnivorous fish such as tilapia not only stimulate

growth of phytoplankton, but also promote turbidity of

water by resuspending sediment and reducing benthic

algal biomass. The result was water quality deterio-

ration. From a management point of view, removal of

tilapia from invaded shallow lakes, especially in

tropical and subtropical areas where the species can

reproduce prolifically, may promote benthic primary

production and reduce water turbidity. These changes

in turn will accelerate the establishment of a clear-

water state, thereby improving water clarity and

quality.

The removal approaches can be mechanical, bio-

logical or chemical. Mechanical removal techniques

such as netting, electro fishing and controlled angling

are time-consuming and not considered as a cost-

effective measure. In contrast, biological approaches

such as stocking with piscivorous fish is the most

frequently used ecological method and has proved

successful in small shallow lakes (Jeppesen et al.

2012). Alternatively, a piscicide such as rotenone can

be used to control Nile tilapia populations. However,

such action raises ethical considerations as rotenone

affects all fish species as well as invertebrates, and

legal permission may be difficult to obtain (Jeppesen

et al. 2012). Although controlling Nile tilapia is

thought to be difficult (Leung et al. 2002), there are a

few cases in which removal of tilapia from invaded

ecosystems has been successful (GISD 2012).

Conclusions

Invasive omnivorous fish such as tilapia not only

stimulate growth of phytoplankton in shallow lakes by

increasing nutrients in water column, but also depress

benthic algal growth by promoting sediment resus-

pension leading to increased turbidity of the water,

deteriorating water quality. Removal of tilapia could

be a useful practice for managers of shallow aquatic

ecosystems in tropical and subtropical areas, promot-

ing benthic primary production and improving water

clarity.

Acknowledgements We thank Professor Lars G. Rudstam in

Cornell University for his comments and the comments of editor

and anonymous reviewers substantially improved the paper. The

252 Rev Fish Biol Fisheries (2017) 27:245–254

123



authors are also grateful to Dr. Ken Chan for improving the

English of this manuscript. This study was sponsored by the

National Natural Science Foundation of China (No: 31570456)

and Provincial Natural Science Foundation of Anhui (No.

1608085MD85) and Guangdong (No. 2016A030313103). It was

completed while the senior author was a visiting scientist at

Cornell University, USA.

References
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