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Abstract: Studies suggest that, unlike the situation in temperate lakes, high biomasses of
omnivorous fish are maintained in subtropical and tropical lakes when they shift from a turbid
phytoplankton-dominated state to a clear water macrophyte-dominated state, and the predation
pressure on large-bodied zooplankton therefore remains high. Whether this reflects a higher degree
of herbivory in warm lakes than in temperate lakes is debatable. We combined food web studies
using stable isotopes with gut content analyses of the most dominant fish species to elucidate
similarities and differences in food web structure between a clear water macrophyte-dominated
basin (MDB) and a turbid phytoplankton-dominated basin (PDB) of Huizhou West Lake, a shallow
tropical Chinese lake. The δ13C–δ15N biplot of fish and invertebrates revealed community-wide
differences in isotope-based metrics of the food webs between MDB and PDB. The range of consumer
δ15N (NR) was lower in MDB than in PDB, indicating shorter food web length in MDB. The mean
nearest neighbor distance (MNND) and standard deviation around MNND (SDNND) were higher
in MDB than in PDB, showing a markedly low fish trophic overlap and a more uneven packing
of species in niches in MDB than in PDB. The range of fish δ13C (CR) of consumers was more
extensive in MDB than in PDB, indicating a wider feeding range for fish in MDB. Mixing model
results showed that macrophytes and associated periphyton constituted a large fraction of basal
production sources for the fish in MDB, while particulate organic matter (POM) contributed a large
fraction in PDB. In MDB, the diet of the dominant fish species, crucian carp (Carassius carassius),
consisted mainly of vegetal matter (macrophytes and periphyton) and zooplankton, while detritus
was the most important food item in PDB. Our results suggest that carbon from macrophytes with
associated periphyton may constitute an important food resource for omnivorous fish, and this may
strongly affect the feeding niche and the strength of the top-down trophic cascade between fish and
zooplankton in the restored, macrophyte-dominated basin of the lake. This dual effect (consumption
of macrophytes and zooplankton) may reduce the chances of maintaining the clear water state at
the prevailing nutrient levels in the lake, and regular removal of large crucian carp may therefore be
needed to maintain a healthy ecosystem state.
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1. Introduction

Fish removal and reestablishment of the native submerged macrophyte community have been
used as tools to restore temperate phytoplankton-dominated shallow lakes to a vegetated clear water
state [1–3]. A rich submerged macrophyte community is desirable since submerged macrophytes play
a key role in the ecological structuring and functioning of the lakes [4–7]. Submerged macrophytes
provide a refuge to zooplankton and thereby potentially reduce the predation pressure on zooplankton,
resulting in a higher zooplankton biomass and higher grazing on phytoplankton [8–10]. Also niche
diversification and food chain length are typically higher in macrophyte-dominated temperate lakes as
more basal food resources are available and the biomass and size of piscivorous fish are larger [6,11,12].
Therefore, removal of especially zooplanktivorous fish has been used to create a trophic cascade
mediating increasing grazing by large-bodied zooplankton (e.g., Daphnia spp.) on phytoplankton and
higher water clarity, and, thus, the eventual return of submerged macrophytes.

Whereas the effect of lake restoration by fish manipulation is well studied in temperate lakes,
few comprehensive full-scale studies its effect in warm lakes are available. Trophic dynamics differ
substantially between temperate and warm lakes [13,14]. The high temperatures and high primary
production throughout the year in the warm lakes may break the ‘digestive constraint’ known from
the temperate zone, creating a change in the composition of the fish diet. Reduced consumption
of vegetable food [15] leads to dominance of omnivores and a high degree of herbivory in warm
lakes [16]. Besides feeding on periphyton, some omnivorous fish such as tilapia (Oreochromis niloticus)
and crucian carp also include macrophytes in their diet [17–19], not least at elevated temperatures [16],
and can attain high biomasses when macrophytes are plentiful [20]. High abundance of fish in
warm macrophyte-dominated lakes, perhaps facilitated by a high degree of omnivory, yields a high
predation pressure on both zooplankton and macrophytes, possibly preventing the establishment
of a stable macrophyte state in eutrophic lakes following restoration [21]. Contradicting this view,
however, in subtropical Lake Taihu, China, a recent study has revealed that phytoplankton was
the most important primary source of organic matter for the consumers despite that macrophytes
constituted a considerable proportion of the food intake of several invertebrates and fish [22].

When in the turbid phytoplankton-dominated state, the trophic dynamics of temperate and
tropical lakes are relatively similar. The share of potential piscivores is low, while the biomasses of
zooplanktivorous and benthivorous fish are high [9,20,23–25]. Small cladocerans and cyclopoids
dominate the zooplankton community [9,26,27], leading to weak grazer control of phytoplankton by
zooplankton [28–30]. In the turbid state, habitat heterogeneity is low [31,32], and most of the energy in
the benthic food web derives directly or indirectly (via sedimentation of phytoplankton and benthic
pathways) from pelagic production [12,33,34]. The number of trophic species, trophic links, and the length
of food chain decline with eutrophication [12,35]. However, when the lakes are clear, the fish community
structure differs significantly. The relative contribution of piscivores to the fish community is higher
in clear temperate lakes than in clear tropical lakes [20,31,36]. Moreover, zooplankton (cladocerans
and copepods) abundance and biomass are low in the warm lakes [37], whereas in temperate lakes
the biomass of zooplankton relative to phytoplankton is low only in nutrient rich shallow lakes in
a turbid state [9,38]. The reason for the dominance of omnivorous fish in warm lakes may potentially
reflect a higher degree of herbivory [16], but experimental evidence of this is still scarce.

In the present study, we sought to elucidate the change in food web structure occurring in a basin
of a Chinese tropical eutrophic lake having undergone restoration leading to a macrophyte-dominated
state (MDB) in contrast to another basin in the lake dominated by phytoplankton (PDB). We hypothesized
that omnivorous fish would exhibit a high degree of herbivory in the MDB, explaining the observed
high biomass of omnivores [20]. We also hypothesized that a high degree of omnivory would
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increase the strength of the top-down trophic cascade between fish and zooplankton in the MDB,
explaining the finding of a low cladoceran biomass after restoration (Figures A1 and A2 in the Appendix A,
and [37]). To test this hypothesis, we compared the food webs in MDB and PDB during 2010–2011 using
a 13C and 15N stable isotope approach supplemented with fish gut content analyses.

2. Methods

2.1. Study Site

Huizhou West Lake (23◦06′24′′–23◦04′43′′ N, 114◦22′46′′–114◦24′01′′ E) is a shallow, tropical,
eutrophic lake located in Huizhou, Guangdong Province, China (Figure 1). The lake has a surface
area of 160 ha and a mean depth of 1.5 m. Embankments divide the lake into several basins that
are connected via bridge-covered waterways. The lake was dominated by submerged macrophytes
before the 1960s. Following the initiation of fish aquaculture in the lake during the 1970s and
increased wastewater input, the lake became eutrophic and submerged macrophytes have been
absent since the 1980s [39]. In an attempt to restore the lake, biomanipulation was conducted in
one of the basins (MDB, lake area 12 ha) in Huizhou West Lake by adjusting the fish population
(removal of plankti-benthivorous fish and stocking of piscivores) and by transplantation of submerged
macrophytes in 2007 (Figure 1). After isolating MDB from the rest of the lake, the water depth was
reduced to ca. 60 cm and ca. 3432 kg·ha−1 fish, including tilapia, silver carp (Hypophthalmcihthys molitix),
common carp (Cyprinus carpio), and mud carp (Cirrhina molitorella), were removed during 2007 and
2008. Submerged macrophytes, mainly Vallisneria natans, Hydrilla verticilla, and Myriophyllum spicatum,
were transplanted into the basin and piscivorous fish, including snakehead fish (Channa argus)
and mandarin fish (Siniperca chuatsi), were subsequently stocked at a density of 1500 fish per
hectare. Before restoration, the two basins were equally turbid and water clarity was low [36,37].
Upon restoration, MDB has been characterized by clear water, low chlorophyll a, and occurrence
of submerged macrophytes, mainly Vallisneria natans, which covered the majority of the basin area
(>80%) during the study period [20]. Conversely, PDB (area coverage 57 ha) was turbid with high
concentrations of chlorophyll a and suspended matter, and the primary producer community was
dominated by phytoplankton (Table 1 and [36,40]).
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Figure 1. Location of sampling sites in Huizhou West Lake, which is divided into basins by
embankments. MDB (dark gray) = restored, macrophyte-dominated basin and PDB (light gray)
= unrestored, phytoplankton-dominated basin. Gray denotes other unrestored but not studied basins
in Huizhou West Lake.
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Table 1. Characteristics (mean, range, and p-values of Kruskal–Wallis tests) of the restored basin of
Huizhou West Lake, MDB, which is clear, has low chlorophyll a and a submerged macrophyte cover
of >80%, and an unrestored basin, PDB, which is phytoplankton dominated and has high levels of
chlorophyll a and suspended matter. Data are from Gao et al. [20].

Parameters MDB PDB p-Values

Area (ha) 12 57
Secchi depth (cm) 117(97–137) 34(25–45) <0.01

Total nitrogen (mg·L−1) 0.79(0.49–1.30) 1.45(0.53–1.94) <0.05
Total phosphorus (mg·L−1) 0.024(0.017–0.031) 0.110(0.092–0.123) <0.01

Total suspended solids (mg·L−1) 3.6(2.2–5.6) 34.9(24.5–49.8) <0.01
Chlorophyll a (mg·L−1) 0.012(0.005–0.033) 0.040(0.034–0.055) <0.01

Submerged macrophytes (g·DW·m−2) 255(213–346) 0
Fish catch per unit effort (CPUE) (g·net−1·2 h−1)

Planktivores 0 1489(426–3164)
Omnivores 1893(588–4310) 2014(1336–2920) n.s.
Piscivores 185(82–288) 104(46–237) n.s.
Herbivores 88(0–439) 0
Total fish 2151(1009–4571) 3608(1872–5014) n.s.

2.2. Sample Collection

Sampling was conducted in MDB and PDB bimonthly in odd-numbered months from April 2010
to March 2011.

Transparency was measured using a Secchi disc. Water samples for chemical and phytoplankton
analyses were collected 0.5 m below the water surface at three stations in each basin and pooled.
Approximately 2.5 L of water was stored in a cooling box and transported to the lab where it
was analyzed according to Chinese standard methods applied in lake eutrophication surveys [41];
basically, these correspond with US standards [42]. The chlorophyll a concentration was determined
spectrophotometrically after filtering a subsample of 20 mL through cellulose acetate filters and
extraction of the filtered material into 90% acetone. TP and TN concentrations in the lake water
samples were determined spectrophotometrically after digestion with persulphate. Total suspended
solids (TSS) was measured by filtering 1 liter of lake water through pre-weighted and pre-combusted
GF/C filters (Whatman, nominal pore size 1.2 µm), which were subsequently dried at 105 ◦C for
24 h. Submerged macrophytes were collected from 12 randomly selected locations in each basin
using a quantitative iron clamp with an area of 0.06 m2. The collected submerged macrophytes were
subsequently sorted, dried at 105 ◦C for 24 h, and weighed to determine biomass.

Fish were caught using 20 m long and 1.2 m high gill nets with four mesh sizes (10, 15, 25,
and 40 mm from knot to knot). During each sampling event, one net was set in each basin from the
shore to the middle and left for two hours. Fish were classified to species according to Pan et al. [43].
We dissected tissue from 6 to 18 selected individuals of each species (or all fish if <6 were caught),
covering the different size classes caught at each sampling event. Dorsal muscle tissue was removed
for stable isotope analysis (SIA). Muscle samples were dried at 60 ◦C for 48 h and ground to a fine
powder using mortar and pestle.

Sediment organic matter (SOM) was sampled with a modified Peterson grab (0.0625 m2) at
three sampling sites in each basin on each sampling occasion. The samples were dried at 60 ◦C for 48 h
and ground to a fine powder using mortar and pestle. Sediments for SIA of carbon were acid washed,
rinsed, and ground prior to analysis.

Benthic macroinvertebrates were collected from the sediment samples after sieving through
a 150 µm mesh sieve. However, in the MDB, phytophilous invertebrates were collected with a 64 µm
mesh-sized net set at the bottom. All macroinvertebrate samples were sorted and classified and
transferred to clean water in the laboratory to allow them to empty their guts. The snails and mussels
were sampled with a modified Peterson grab in the middle of the basin and on the shore-side stones in
MDB. In PDB, snails were collected on the shore-side stones as gastropods were absent in the middle
of the basin. Only the foot tissue of mussels and snails was dissected for SIA. All samples were dried
at 60 ◦C for 48 h and ground to a fine powder using mortar and pestle.
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To analyze the stable isotope composition of POM, 2 L lake water was passed through
pre-combusted GF/F filters, which were subsequently freeze dried. For stable isotope analyses,
macrophyte samples were sorted into species, rinsed with distilled water, and dried at 60 ◦C for 48 h.
Periphyton was collected from macrophytes with a wire or nylon brush in a plastic container filled
with distilled water. All visible non-periphyton particles were removed manually and the periphyton
samples were then filtered through a 100 µm mesh sieve, followed by filtration onto precombusted
GF/F filters, which were subsequently dried at 60 ◦C for 48 h. Next, the dried samples of macrophytes
and periphyton were ground with mortar and pestle for stable isotope analyses. Upon return to the lab,
zooplankton were transferred to beakers with demineralized water to allow them to empty their
guts. Here, they were left for two hours and subsequently sorted into genera, picked up by hand,
and transferred to recombusted tin cups, which were subsequently freeze dried. Stable isotope data
of POM, macrophytes, and zooplankton were derived from de Kluijver et al. [40], who conducted
a parallel study in nearest neighbor even-numbered months in the two basins.

All stable isotope samples were stored in a desiccator containing dried allochroic silica gel
before analysis.

2.3. Stable Isotope Analyses

The stable isotope samples were analyzed using an EA elemental analyzer coupled to a Hydra
20/20 isotope ratio mass spectrometer at Jinan University. Stable isotope ratios are expressed in
the delta (δ) notation, defined as parts per thousand deviations from a certified standard; δ13C or
δ15N = ([Rsample/Rstandard]) − 1) × 1000; and R is the ratios 13C/12C and 15N/14N. The standards for
δ13C and δ15N were a secondary standard of known relation to the international standard of Vienna
Pee Dee Belemnite (VPDB) and atmospheric nitrogen, respectively. The standard error of the mean for
replicates of the same tissue was 0.1h for δ13C and 0.1h for δ15N.

2.4. Gut Content Analyses of Crucian Carp

The guts from 6 to 18 selected individuals of the most abundant species (crucian carp) (Table A1 in
the Appendix A) covering the different size classes were preserved in 10% formalin in September and
November 2010. A small part (3 cm) of the anterior of the gut was excised and excess water removed on
blotting paper. The zooplankton in the gut divided into cladocerans, copepods, and rotifers according
to Wang [44], Chiang and Du [45], and Sheng [46] were counted using a Nikon inverted microscope
(ECLIPSE TS100, Nikon, Tokyo, Japan) at 40× magnification and converted to wet weights using
length-weight relationships from Huang [47]. The frequency of occurrence of macrophytes, algae,
and invertebrates in the gut were recorded. Total wet weight of the gut content was determined by
weighing after removing moisture using blotting paper.

2.5. Data Analysis of the Food Web

Layman’s community-wide metrics of trophic diversity were derived from stable isotope data to
describe trophic structure [48,49]. The approach was applied to the entire communities of different
species or functional groups [12,48]. Although this approach ignores sample sizes and statistical
comparisons [50], it incorporates each individual sampled and thus includes information about every
part of the isotopic niche space occupied [51]. In brief, six metrics were derived from the spacing of
species within the δ13C–δ15N bi-plot space—the δ13C range (1-CR), increasing CR would be expected
in food webs containing multiple basal carbon sources with varying δ13C values, providing for
niche diversification at the base of a food web; the δ15N range (2-NR), a larger range in δ15N
reflecting more trophic levels; total area (3-TA) of a convex polygon encompassing all species
within a community, representing the total extent of trophic diversity; mean distance to centroid
(4-CD), reflecting the average degree of trophic diversity; mean nearest neighbor distance (5-MNND),
reflecting trophic redundancy; and the standard deviation of nearest neighbor distance (6-SDNND),
representing the distribution of trophic niches (lower MNND and SDNND imply a more even
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distribution of species, suggesting increased trophic redundancy). Since TA, CR, and NR were
notably influenced by extreme values [50,51], CD and MNND are better indicators of the overall
trophic diversity and niche diversification within the food web [48,49]. The metrics were calculated
using the layman metrics package of SIAR (Stable Isotope Analysis) in R (Package siar version 4.2).

2.6. Estimation of Diet Composition

To estimate contributions of basal production sources to consumers, we performed mixing analysis
with MixSIR version 1.04 with uninformative priors, the model specifies Dirichlet (=1) for priors on
all source contributions [52–54]. All possible combinations of source contributions are a priori equally
likely. This Bayesian model uses stable isotope data to estimate feasible ranges of source contributions,
taking into account variation in consumer and primary producer stable isotope signatures and trophic
fractionation of isotopic ratios [52]. For δ13C, a diet tissue fractionation factor of 1.0h ± 0.4h was
used, and for δ15N 3.4h ± 1.0h was used [55]. Bayesian analysis of stable isotope mixing models uses
sampling-importance-resampling (SIR). The SIR algorithm is well suited for models having relatively few
parameters with well-defined intervals. Because all of the parameters in the model represent proportional
contributions of each source, the models will generally have few parameters. As the proportions must all
sum to 1, parameter values have cross dependencies that can result in multi-modal posterior distributions,
which may compromise basic Markov Chain Monte Carlo (MCMC) sampling techniques. Given these
constraints, a SIR algorithm is an effective method for re-sampling proportional parameter space in order
to develop accurate posterior distributions. The model used at least 1,000,000 iterations to ensure proper
functioning [52]. In MDB, potential basal production sources included POM, macrophytes, periphyton,
and SOM, while POM, periphyton, and SOM were the potential basal production sources in PDB.
For these sites, in situ means and standard deviations of potential basal production sources were used
as input to the MixSIR model. MixSIR was used to determine likelihood distributions and for plotting
histograms of the posterior proportional contributions of each basal source to the mixture (production
reliance on basal food sources of fish species). In all instances, the maximum importance ratio was below
0.001, suggesting that the models were effective in estimating the true posterior density [52]. Results for
MixSIR are presented as the median.

2.7. Statistics Analysis

To determine differences in mean δ13C and δ15N values (±SD) of food sources, invertebrates,
and fish collected from April 2010 to March 2011 in MDB and PDB, total annual averages were analyzed
for normal distribution using Shapiro tests. The differences between MDB and PDB were statistically
tested with paired student t-tests for normally distributed data or with nonparametric sign tests for
non-normally distributed data if MDB had data with unequal n. As some of the species occurred only
occasionally in MDB or PDB during the study, this statistical analysis could not be conducted for all
species. Seasonal variations in the basins were analyzed by Bonferroni’s Multiple Comparison Test.
The relationships between fish body size and stable carbon and nitrogen signatures of omnivorous fish
were tested by linear regressions. For the statistical analyses, we used SPSS 19.0 for Windows.

3. Results

3.1. Food Web Structure Analysis

Stable isotope ratio biplots showed consumer δ13C to be almost similar to the δ13C of
macrophytes and periphyton in MDB and generally close to the δ13C of POM in PDB (Figure 2).
Furthermore, the δ13C of two rare species (Radix sp. and a leech) in PDB was close to the periphyton
δ13C, both collected on stones near the shore, and both groups were much less depleted than the other
organisms studied (Figure 2b).

The consumers in MDB were generally 13C enriched and 15N depleted compared with the consumers
in PDB (Figure 2). The δ13C–δ15N biplot of fish and invertebrates revealed community-wide differences in
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isotope-based metrics of the food webs between MDB and PDB. CR values of fish and invertebrates were
lower in MDB than in PDB, including two extreme positions of rare benthic invertebrates (from the shore)
(Figure 2). CR values of fish were 3.6 in MDB and 1.8 in PDB, respectively (Table 2), indicating a narrow
feeding niche for fish in PDB (Figure 2). The δ15N values of piscivorous snakehead fish and yellow catfish
(Pelteobagrus fulvidraco) placed them at the top of the food web in MDB, while the two planktivores long
tailed anchovy (Coilia grayii) and icefish (Leucosoma chinensis) were at the top of the food web in PDB.
However, NR was lower in MDB than in PDB (Table 2). The convex hull area occupied in the δ13C–δ15N
niche space revealed TA estimates of 6.8 for MDB and 6.5 for PDB, respectively, suggesting a similar
total extent of trophic diversity for fish in MDB and PDB.
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Figure 2. Dual stable isotope indicators (mean ± SD) of the food web structure in MDB (a) and
PDB (b) during the period April 2010 to March 2011. Error bars represent the standard deviation
of different months. Fish: Hypophthalmichthys molitrix Val., HM; Pseudorasbora parva, PP; Coilia grayii
Richardson, CG; Leucosoma chinensis, LC; Hemiculter leucisculus, HL; Rasborinus lineatus, RL; Rhodeus
sinensis Gunther, RS; Squaliobarbus curriculus, SC; Cirrhinus molitorella, CM; Oreochromis niloticus, ON;
Carassius auratus, CA1; Cyprinus carpio, CC; Hypostomus punctatus, HP; Onychosotoma gerlachi, OG;
Pelteobagrus fulvidraco, PF; Channa argus, CA2; Ctenopharyngodon idellus, CI. Invertebrate: Bellamya spp.,
S1; Angulyagra polyzonata, S2; Radix spp., S3; Pomacea canaliculata, S4; Mussel, Mu; shrimp, Sh; Crab,
Cr; Leech, Le; Dragonfly larva, D1; Damselfly larva, D2; Oligochaetes, Ol; Chironomidae larvae, Ch;
Cladocerans, Z1; Copepods, Z2; Basal resource carbon: Particle organic matter, POM; Sediment organic
matter, SOM; Submerged macrophyte, SM; Periphyton, Pe. Two extreme positions (gray ellipse) of rare
benthic invertebrates were collected from the shore in PDB.
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CD of fish and invertebrates was 2.5 in both MDB and PDB, reflecting similar niche width and
species spacing. However, MNND and SDNND were higher in MDB than in PDB, indicating low
trophic overlap and uneven species packing in the niches in MDB compared with PDB (Table 2).

Table 2. Community-wide metrics of the food webs were calculated based on the distribution of
species in the δ13C–δ15N biplots in MDB and PDB (Figure 2). TA, convex hull area encompassed
by all species, representing the total extent of trophic diversity; NR, δ15N range, reflecting trophic
levels; CR, δ13C range, reflecting niche diversification at the base of the food web; CD, mean distance
to centroid, reflecting the average degree of trophic diversity; MNND, mean nearest neighbor distance,
reflecting trophic redundancy; SDNND, standard deviation around MNND, representing the distribution
of trophic niches [48,49].

Parameters Total (Fish + Invertebrates) Fish

MDB PDB MDB PDB

TA 39.5 41.4 6.8 6.5
CR 7.6 9.5 3.6 1.8
NR 7.1 9.1 3.8 5.5
CD 2.5 2.5 1.4 1.7

MNND 1.0 0.6 0.9 0.4
SDNND 0.8 0.6 0.6 0.3

3.2. δ13C and δ15N Values of Basal Food Resources and Consumers

Overall, the δ13C and δ15N values of basal food resources differed between the two basins
(Figure 3, Table A2 in the Appendix A). δ13C of POM was significantly higher in MDB than in PDB
(p < 0.01, paired t-test), while the δ13C of periphyton and SOM did not differ between the two basins
(Figure 3, Table A2 in the Appendix A). The δ13C of submerged macrophytes in MDB was generally
higher than the δ13C of POM. Similarly, the mean δ13C of consumers was significantly higher in MDB
than in PDB (p < 0.05, paired t-test) (Figure 3, Table A2 in the Appendix A). Conversely, the δ15N of basal
food resources and consumers was always significantly lower in MDB than in PDB (p < 0.01, paired t-test)
(Figure 3; Table A2 in the Appendix A), suggesting low baseline nitrogen isotope ratios in MDB.

Furthermore, the δ13C and δ15N of basal food resources, invertebrates, and fish, except POM
and oligochaetes of PDB, displayed no clear seasonal variation between the two basins (Bonferroni’s
Multiple Comparison Test) (Figures 4 and 5).

Water 2017, 9, 69  8 of 20 

 

CD of fish and invertebrates was 2.5 in both MDB and PDB, reflecting similar niche width and 

species spacing. However, MNND and SDNND were higher  in MDB than  in PDB,  indicating  low 

trophic overlap and uneven species packing in the niches in MDB compared with PDB (Table 2). 

Table 2. Community‐wide metrics of  the  food webs were  calculated based on  the distribution of 

species in the δ13C–δ15N biplots in MDB and PDB (Figure 2). TA, convex hull area encompassed by all 

species, representing the total extent of trophic diversity; NR, δ15N range, reflecting trophic levels; CR, 

δ13C range, reflecting niche diversification at the base of the food web; CD, mean distance to centroid, 

reflecting the average degree of trophic diversity; MNND, mean nearest neighbor distance, reflecting 

trophic redundancy; SDNND, standard deviation around MNND, representing  the distribution of 

trophic niches [48,49]. 

Parameters  Total (Fish + Invertebrates) Fish

  MDB PDB MDB PDB 

TA  39.5  41.4  6.8  6.5 

CR  7.6  9.5  3.6  1.8 

NR  7.1  9.1  3.8  5.5 

CD  2.5  2.5  1.4  1.7 

MNND  1.0  0.6  0.9  0.4 

SDNND  0.8  0.6  0.6  0.3 

3.2. δ13C and δ15N Values of Basal Food Resources and Consumers 

Overall, the δ13C and δ15N values of basal food resources differed between the two basins (Figure 3, 

Table A2 in the Appendix A). δ13C of POM was significantly higher in MDB than in PDB (p < 0.01, 

paired t‐test), while the δ13C of periphyton and SOM did not differ between the two basins (Figure 3, 

Table A2 in the Appendix A). The δ13C of submerged macrophytes in MDB was generally higher than 

the δ13C of POM. Similarly, the mean δ13C of consumers was significantly higher in MDB than in PDB 

(p < 0.05, paired t‐test) (Figure 3, Table A2 in the Appendix A). Conversely, the δ15N of basal food 

resources and consumers was always significantly lower in MDB than in PDB (p < 0.01, paired t‐test) 

(Figure 3; Table A2 in the Appendix A), suggesting low baseline nitrogen isotope ratios in MDB. 

Furthermore, the δ13C and δ15N of basal food resources, invertebrates, and fish, except POM and 

oligochaetes of PDB, displayed no  clear  seasonal variation between  the  two basins  (Bonferroni’s 

Multiple Comparison Test) (Figures 4 and 5). 

 

Figure 3. Mean δ13C and δ15N values (±SD) of food sources, invertebrates, and fish in MDB and PDB 

during the period April 2010 to March 2011. 

Carbon source

-32
-30
-28
-26
-24
-22
-20
-18
-16
-14

 δ
13

C
 (

‰
)

Invertebrate Fish

POM
SOM

Per
iph

yto
n

M
ac

ro
ph

yte
0

5

10

15

20

 δ
15

N
 (

‰
)

Clad
oc

er
an

s

Cop
ep

od
s

Bell
am

ya

Ang
uly

ag
ra

 

Rad
ix

Dam
se

lfly

Olig
oc

ha
et

es

Chir
on

om
ids

Shr
im

p

Bitte
rlin

gs

W
hit

e 
se

m
ikn

ife
-c

ar
p

Tila
pia

Com
m

on
 ca

rp

Cru
cia

n 
ca

rp

Yell
ow

 ca
tfi
sh

MDB PDB

Figure 3. Mean δ13C and δ15N values (±SD) of food sources, invertebrates, and fish in MDB and PDB
during the period April 2010 to March 2011.
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Figure 4. Repeated measures of δ13C (h) in food sources, invertebrates, and fish in MDB and PDB
during the period April 2010 to March 2011. Gray and bold letters show the results of seasonal variation
analysis using Bonferroni’s Multiple Comparison Test in PDB and MDB.
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Figure 5. Repeated measures of δ15N (h) in food sources, invertebrates, and fish in MDB and PDB
during the period April 2010 to March 2011. Gray and bold letters show the results of seasonal variation
analysis using Bonferroni’s Multiple Comparison Test in PDB and MDB.

3.3. Basal Production Sources Fueling the Fish

The mixing model results suggest that macrophytes and associated periphyton contributed a large
fraction of the basal sources to the fish diet in MDB, while POM contributed a large fraction in PDB
(Figure 6).

The median proportional contribution of POM to fish in MDB varied from 3% to 27%,
while the contribution of POM varied from 46% to 79% in PDB (Figure 6). Periphyton contributed
a large fraction of the basal production sources to fish in MDB, varying from 21% to 80%,
while the contribution of submerged macrophytes varied from 3% to 53%. SOM also contributed
carbon sources to fish in MDB, varying from 5% to 33% (Figure 6). Macrophyte and periphyton
contributed 70% of the basal production sources to the most dominant fish (i.e., crucian carp).
Macrophytes and periphyton also constituted a large fraction of the basal production sources to
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the omni-planktivorous white semiknife-carp (Hemiculter leucisculus), Rasborinus lineatus, and bitterling
(Rhodeus sinensis Gunther) (Figure 6).Water 2017, 9, 69  11 of 20 
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MDB and PDB based on MixSIR mixing models.

3.4. Diet of Crucian Carp

The body length of crucian carp was smaller in MDB than in PDB (Table 3). The gut content
analysis revealed that the diet of crucian carp consisted mainly of vegetal matter (macrophytes and
periphyton) and zooplankton (mainly cladocerans) in MDB, but including also snails, chironomids,
and oligochaetes. In PDB, detritus dominated the diet (Table 3). In MDB, cladocerans, and to a lesser
extent copepods and rotifers, contributed to the diet (Figure A3a in the Appendix A), but with a low
percentage by weight (3.4%, range: 0.01%–14%, Figure A3b in the Appendix A) of the gut content.
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Crucian carp had a broad range of δ13C in MDB, with no significant change in δ13C with size
(Figure A4a in the Appendix A). In contrast, in PDB crucian carp had a narrow range of δ13C and
a significant change in δ13C with size (Figure A4c in the Appendix A), indicating a more benthic
orientation with increasing size.

Table 3. Occurrence frequency of diet items in crucian carp guts in MDB and PDB in September and
November 2010 (n = 14). Body length (BL): mean, range (cm).

Gut Contents MDB (%) BL: 10.8(7–14.4) PDB (%) BL: 18.3(11.8–22.2)

Vallisneria 100 -
Algae 100 -

Cladocerans 100 -
Copepods 28.6 -

Rotifers 57.1 -
Snails 28.6 -

Chironomids and oligochaetes 71.4 71.4
Detritus 100 100

4. Discussion

Based on food web studies in temperate lakes [12], the diversity of resource-based niches and food
web length are expected to increase when lakes shift from a turbid phytoplankton-dominated state to
a macrophyte-dominated state, and this may potentially diminish the strength of the trophic cascade
between fish and invertebrates. Abundant submerged macrophytes provide more basal food resources,
structurally complex habitats, and physical refugia, all factors that reduce the strength of predator–prey
interactions [12,31,32]. However, we found a shorter δ15N range in the macrophyte-dominated basin
than in the phytoplankton-dominated basin and, accordingly, also that macrophytes and associated
periphyton constituted a large fraction of the diet of the omni-benthivorous and omni-planktivorous
fish. This helps to explain the high biomass of omnivorous fish observed in the macrophyte-dominated
basin, which was actually higher than expected from similar studies of temperate lakes [20]. Plenty of
cladocerans were found in the guts of the most dominant fish species (i.e., crucian carp), which may
explain the low cladoceran biomass recorded also after restoration (Figure A1 in the Appendix A;
and [37]).

Unexpectedly, we found lower TAtotal and CRtotal in MDB than in PDB. However, the higher
values recorded in PDB reflected the isotopically heavy periphyton collected on stones near to the shore,
resulting in elevated TAtotal and CRtotal of two rare highly 13C-enriched species (Radix sp. and a leech)
restricted to the near-shore area (highlighted in Figure 2). If these data are omitted, TAtotal and CRtotal
were higher in MDB. The isotope analyses suggest that fish and most of the invertebrate species
confined largely to POM in PDB, indicating low niche diversification at the base of the food web [48,49].
By contrast, TAfish and CRfish were clearly higher in MDB than in PDB, likely reflecting enhanced niche
diversification due to the higher availability of more basal food resources for grazers in MDB [31,32].
Overall, a greater range of basal resources allows for heterogeneous energy flow pathways, which may
be an important factor for stabilizing food webs [49,56,57].

Unlike the pattern observed in temperate lakes [12] and in subtropical Lake Taihu [34], we found
a lower NRfish and NRtotal in MDB than in PDB, even though piscivorous fish, such as snakehead,
were present. In MDB, snakehead and yellow catfish mainly fed on omnivorous fish, such as crucian
carp and tilapia, which again fed mainly on periphyton and/or macrophytes (Table 3, and [19]).
Crucian carp was one of the dominant fish species in MDB and gut content analysis revealed that
macrophytes and/or periphyton and zooplankton, especially cladocerans, were consumed by all size
classes (7 ≤ all < 15 cm). Similarly, both macrophytes and zooplankton were found in the guts of
sharpbelly, crucian carp, topmouth gudgeon, and bitterling in a subtropical lake [21]. In contrast,
the planktivores long tailed anchovy and icefish, preying primarily on copepods, shrimp, and juvenile
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fish [58,59], were at the top of the food web in PDB. Other studies have also shown enhanced feeding
by omnivorous fish on organisms with low trophic positions in warm lakes (e.g., vegetal matter),
leading to shorter food web length than in temperate lakes [14,60,61]. A modelling study indicates
that omnivory at intermediate trophic levels reduces the top-down control by fish in tropical lakes and
simultaneously reduces the chain length between fish and algae [62,63].

The observed higher MNNDfish, MNNDtotal, SDNNDfish, and SDNNDtotal values in MDB were
expected as the submerged macrophytes with associated periphyton increased the availability of
trophic niches [64,65], suggesting decreased trophic overlap. CDtotal was similar in the two basins
(Table 2), but CDfish was lower in MDB and PDB, which is indicative of low fish trophic diversity in
MDB. MDB was significantly less species-rich than PDB [20], and most of the omnivorous/planktivorous
fish, such as crucian carp, common carp, tilapia, and bitterling, had similar diets (feeding on both
macrophytes and invertebrates), which may the low CD value in MDB.

That macrophytes and periphyton constituted important food sources for consumers was not
only evidenced by similar δ13C values, the mixing model results, and the gut content analysis, but also
by the fact that alternative sources such as seston and sediment organic matter had much lower
δ13C values than consumers. The higher δ13C of macroinvertebrates in the macrophyte-dominated
basin concurs with Boll et al. [66] who studied a temperate Danish shallow lake that have shifted
between the turbid and the clear state. The authors suggested that the observed increase in the δ13C
of benthic macroinvertebrates and zooplankton δ13C reflected a change in δ13C in their preferred
food sources as the δ13C of seston also became more positive when the lake shifted from a turbid
phytoplankton-dominated to a clear macrophyte-dominated state. Our results point to the possibility
that carbon from macrophytes and/or associated periphyton supplies consumers more directly
as macrophytes, periphyton, or plant detritus dominated the gut content of fish in MDB (Table 3
and [19]). Several other studies suggest that the macrophyte-derived carbon supply to fish is higher in
(sub)tropical lakes than in temperate lakes [16,34,67–69]. Moreover, a parallel study of zooplankton
and bacterioplankton in the two basins strongly indicates that also zooplankton and bacterioplankton
are mainly fueled by carbon from the benthic macrophyte-periphyton complex in MDB [40].

The low seasonal variations in the stable isotope signatures of food sources and consumers traced
in our study seem to imply little seasonal variation in food selection, which contrasts the results
of studies conducted in temperate and some subtropical systems [22,66,70–72]. The stable warm
conditions in tropical lakes, including year-round occurrence of submerged macrophytes, and fish
spawning may explain these differences. Moreover, the isotope composition of crucian carp showed
little change with size (6–20 cm) in MDB, indicating low ontogenetic dietary shifts between 6 cm and
20 cm as otherwise often seen in size-structured fish populations (see review in Werner & Gilliam [73]).
Size-related shifts in feeding efficiency of crucian carp have been demonstrated, and researches have
shown that juvenile crucian carp (<3 cm) have a preference for zooplankton than adult fish [17,21,74].
In Huizhou West Lake, fish between 4 and 47 cm were caught in surveys using 10–40 mm mesh-sized
nets, while juvenile zooplanktivorous crucian carp escaped capture. Thus, zooplanktivory may have
been even stronger in the lake than implied by the gut analyses.

5. Conclusions

Our results show that the carbon in consumers mainly derived from POM in
the phytoplankton-dominated basin and from macrophytes with associated periphyton in
the macrophyte-dominated basin. Despite the low phytoplankton biomass in MDB, omnivorous
fish may, therefore, maintain a high biomass [20] fueled by macrophyte and/or periphyton carbon.
Their ability to feed also on invertebrates allows them to maintain a high predation pressure on
zooplankton, explaining the low zooplankton density recorded in the macrophyte-dominated lake
basin of Huizhou West Lake and likely in other tropical lakes as well, despite a low biomass of true
zooplanktivorous fish. This dual effect (consumption of macrophytes and zooplankton) may reduce
the chances of maintaining the clear water state at the prevailing nutrient levels in the lake, and regular
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removal of large crucian carp and also tilapia [19] may therefore be needed to maintain or establish
a healthy ecosystem state.
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Appendix A

Table A1. Fish community composition in MDB and PDB during April 2010–March 2011. W (%) and
N (%) are annual mean percentage weight (g) and number of each species of the total catch, F (%) is
the percentage frequency of occurrence of each species in all samplings (i.e., whether the species was
present or not).

Trophic Groups Species MDB PDB

N (%) W (%) F (%) N (%) W (%) F (%)

Planktivores Hypophthalmichthys molitrix Val. 1.8 33.5 83.3
Pseudorasbora parva 1.1 0.3 66.7

Coilia grayii Richardson 74.9 6.8 100.0
Leucosoma chinensis 2.0 0.6 83.3

Omnivore-planktivores Danioninae 0.0 0.0 0.0 0 0 0
Hemiculter leucisculus 0.4 0.1 16.7 3.4 8.2 100.0

Rasborinus lineatus 10.8 5.0 50.0 0 0 0
Rhodeus sinensis gunther 1.8 0.1 33.3 0.1 <0.1 16.7

Omnivore-benthivores Squaliobarbus curriculus 0.0 0.0 0.0 0.2 2.0 33.3
Cirrhinus molitorella 0.1 1.4 16.7 0.2 5.3 16.7
Oreochromis niloticus 0.2 1.1 16.7 2.2 5.9 83.3

Carassius auratus 80.6 61.5 100.0 2.8 19.6 100.0
Cyprinus carpio 1.8 18.7 83.3 0.5 4.8 50

Hypostomus punctatus 0.7 4.2 50
Onychosotoma gerlachi 9.3 5.6 33.3

Piscivores Pelteobagrus fulvidraco 0.6 1.8 33.3 0.5 2.6 83.3
Channa argus 3.4 6.8 100.0 0 0 0

Ictalurus punctatus 0.0 0.0 0.0 0 0 0
Herbivores Ctenopharyngodon idellus 0.2 3.4 16.7 0 0 0

Table A2. Total annual average (tot. av.) carbon isotope ratios ±SD (δ13C) and nitrogen isotope ratios
±SD (δ15N) of analyzed basal carbon resources and consumers in a restored, macrophyte-dominated
basin (MDB) and an unrestored, phytoplankton-dominated basin (PDB) of Huizhou West Lake.
n = number of measurements over the year; p = significance level of differences between MDB and
PDB as shown by paired t-tests or sign tests (* p < 0.05, ** p < 0.01). NS means non-signficant.

Parameters n Tot. av. δ13C
in MDB

Tot. av. δ13C
in PDB

p Tot. av. δ15N
in MDB

Tot. av. δ15N
in PDB

p

POM 7,7 −24.1 ± 1.5 −27.9 ± 1.1 **
Macrophytes 7,- −17.8 ± 1.8 - 5.5 ± 1.2 -
Periphyton 7,3 −19.2 ± 1.7 −17.3 ± 1.1 NS 6.3 ± 2.2 13.7 ± 2.6 **

http://www.mars-project.eu
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Table A2. Cont.

Parameters n Tot. av. δ13C
in MDB

Tot. av. δ13C
in PDB

p Tot. av. δ15N
in MDB

Tot. av. δ15N
in PDB

p

Phytoplankton 7,7 −28.8 ± 5.3 −30.6 ± 5.4 NS
Copepods 7,5 −24.1 ± 2.0 −26.6 ± 1.3 * 8.3 ± 1.4 14.9 ± 2.3 **

Cladocerans 1,4 −24.0 −28.4 ± 1.0 - 5.2 10.2 ± 1.5 -
Total zooplankton 7,7 −23.7 ± 2.0 −27.1 ± 1.3 * 8.2 ± 1.5 13.7 ± 2.5 **

Bellamya spp. 6,6 −18.3 ± 1.0 −25.3 + 0.5 ** 7.7 ± 0.7 13.7 ± 0.4 **
Angulyagra polyzonata 3,6 −21.0 ± 1.1 −25.7 ± 0.1 ** 7.7 ± 0.3 14.1 ± 0.5 **

Radix sp. 2,2 −16.5 ± 1.3 −18.9 ± 1.5 NS 5.7 ± 0.4 13.7 ± 2.1 **
Pomacea canaliculata -,2 −25.7 ± 0.9 - 11.9 ± 0.6 -

Anodonta spp. 2,- −22.6 ± 1.0 - 8.2 ± 0.4 -
Shrimps 4,4 −18.8 ± 1.2 −23.7 ± 0.6 ** 11.1 ± 0.5 17.0 ± 0.9 **

Dragonfly larvae 2,- −20.4 ± 1.4 - 8.9 ± 0.4 -
Damselfly larvae 4,2 −19.7 ± 1.5 −27.3 ± 0.1 ** 8.8 ± 0.4 13.8 ± 1.2 **

Crabs -,4 −23.4 ± 0.9 - 13.3 ± 1.7 -
Leeches -,1 −19.0 - 14.1 -

Oligochaeta 6,6 −22.0 ± 0.7 −27.2 ± 0.7 ** 7.6 ± 0.6 14.8 ± 0.6 **
Chironomidae larvae 6,6 −22.2 ± 1.5 −27.0 ± 0.5 ** 7.7 ± 0.8 14.4 ± 1.0 **

Hypophthalmichthys molitrix -,3 −24.5 ± 0.4 - 16.1 ± 0.6 -
Pseudorasbora parva -,4 −24.9 ± 0.2 - 17.5 ± 0.3 -

Coilia grayii Richardson -,6 −24.3 ± 0.3 - 19.2 ± 0.8 -
Leucosoma chinensis -,4 −24.2 ± 0.4 - 19.3 ± 0.4 -

Hemiculter leucisculus 2,6 −18.6 ± 0.2 −24.0 ± 0.3 ** 10.9 ± 0.8 13.8 ± 1.0 **
Rasborinus lineatus 3,- −21.6 ± 1.3 - 11.5 ± 0.2 -

Rhodeus sinensis gunther 2, 2 −18.4 ± 2.5 −23.7 ± 0.7 ** 9.9 ± 0.5 14.3 ± 1.6 **
Squaliobarbus curriculus -,2 −25.5 ± 1.0 - 15.3 ± 0.9 -

Cirrhinus molitorella -,2 −24.3 ± 1.0 - 13.9 ± 2.2 -
Oreochromis niloticus 2,5 −18.3 ± 0.8 −24.6 ± 0.8 ** 8.8 ± 0.3 14.1 ± 1.1 **

Carassius auratus 6,6 −19.1 ± 0.9 −24.7 ± 0.1 ** 10.7 ± 0.4 17.6 ± 1.5 **
Cyprinus carpio 5,2 −19.8 ± 1.0 −25.4 ± 0.2 ** 10.0 ± 0.5 16.9 ± 0.1 **

Hypostomus punctatus -,3 −24.8 ± 0.3 16.6 ± 0.5 -
Onychosotoma gerlachi -,1 −24.8 ± 1.0 14.2 ± 1.6 -
Pelteobagrus fulvidraco 2,- −19.0 ± 1.3 −24.6 ± 0.2 ** 12.0 ± 0.4 17.1 ± 1.2 **

Channa argus 6,- −18.0 ± 0.7 12.3 ± 0.9 -
Ctenopharyngodon idellus 1,- −18.5 ± 0.3 8.5 ± 0.1 -

Water 2017, 9, 69  15 of 20 

 

Shrimps  4,4  −18.8 ± 1.2  −23.7 ± 0.6  **  11.1 ± 0.5  17.0 ± 0.9  ** 

Dragonfly larvae  2,‐  −20.4 ± 1.4    ‐  8.9 ± 0.4    ‐ 

Damselfly larvae  4,2  −19.7 ± 1.5  −27.3 ± 0.1  **  8.8 ± 0.4  13.8 ± 1.2  ** 

Crabs  ‐,4    −23.4 ± 0.9  ‐    13.3 ± 1.7  ‐ 

Leeches  ‐,1    −19.0  ‐    14.1  ‐ 

Oligochaeta  6,6  −22.0 ± 0.7  −27.2 ± 0.7  **  7.6 ± 0.6  14.8 ± 0.6  ** 

Chironomidae larvae  6,6  −22.2 ± 1.5  −27.0 ± 0.5  **  7.7 ± 0.8  14.4 ± 1.0  ** 

Hypophthalmichthys molitrix  ‐,3    −24.5 ± 0.4  ‐    16.1 ± 0.6  ‐ 

Pseudorasbora parva  ‐,4    −24.9 ± 0.2  ‐    17.5 ± 0.3  ‐ 

Coilia grayii Richardson  ‐,6    −24.3 ± 0.3  ‐    19.2 ± 0.8  ‐ 

Leucosoma chinensis  ‐,4    −24.2 ± 0.4  ‐    19.3 ± 0.4  ‐ 

Hemiculter leucisculus  2,6  −18.6 ± 0.2  −24.0 ± 0.3  **  10.9 ± 0.8  13.8 ± 1.0  ** 

Rasborinus lineatus  3,‐  −21.6 ± 1.3    ‐  11.5 ± 0.2    ‐ 

Rhodeus sinensis gunther  2, 2  −18.4 ± 2.5  −23.7 ± 0.7  **  9.9 ± 0.5  14.3 ± 1.6  ** 

Squaliobarbus curriculus  ‐,2    −25.5 ± 1.0  ‐    15.3 ± 0.9  ‐ 

Cirrhinus molitorella  ‐,2    −24.3 ± 1.0  ‐    13.9 ± 2.2  ‐ 

Oreochromis niloticus  2,5  −18.3 ± 0.8  −24.6 ± 0.8  **  8.8 ± 0.3  14.1 ± 1.1  ** 

Carassius auratus  6,6  −19.1 ± 0.9  −24.7 ± 0.1  **  10.7 ± 0.4  17.6 ± 1.5  ** 

Cyprinus carpio  5,2  −19.8 ± 1.0  −25.4 ± 0.2  **  10.0 ± 0.5  16.9 ± 0.1  ** 

Hypostomus punctatus  ‐,3    −24.8 ± 0.3      16.6 ± 0.5  ‐ 

Onychosotoma gerlachi  ‐,1    −24.8 ± 1.0      14.2 ± 1.6  ‐ 

Pelteobagrus fulvidraco  2,‐  −19.0 ± 1.3  −24.6 ± 0.2  **  12.0 ± 0.4  17.1 ± 1.2  ** 

Channa argus  6,‐  −18.0 ± 0.7      12.3 ± 0.9    ‐ 

Ctenopharyngodon idellus  1,‐  −18.5 ± 0.3      8.5 ± 0.1    ‐ 

MDB

0 50 100 150 200

Pleuroxus sp.
Bosminopsis deitersi Richard

Alona rectangula Sars
Graptoleberis testudinaria 

Chydorus ovalis 
Diaphanosoma brachyurum

Bosmina longirostris
Moina micrura

Phyllodiaptomus tunguidus
Neodiaptomus schmackeri

Allodiaptomus specillodactylus
Thermocyclops taihokuensis

Mesocyclops thermocyclopoides
Calanoid copepodites

Cyclopoid copepodites
Naupl

0 20 40 60 80 100

PDB

Mean biomass  (μg DW L-1)

0 50 100 150 200

Relative percentage (%)

0 20 40 60 80 100

Biomass 

Percentage

 

Figure A1. Mean biomass and relative percentage of crustacean zooplankton taxa in MDB and PDB 

during the period April 2010–March 2011. 
Figure A1. Mean biomass and relative percentage of crustacean zooplankton taxa in MDB and PDB
during the period April 2010–March 2011.
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