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Abstract: The relationship between biodiversity and ecosystem functioning is a central issue in
ecology. The insurance hypothesis suggests that biodiversity could improve community productivity
and reduce the temporal variability of main ecosystem processes. In the present study, we used a
plankton community that was investigated from 2011 to 2014 in Lake Nansihu to test this hypothesis
and explore the mechanisms involved. As a result, 138 phytoplankton and 76 zooplankton species
were identified in the lake, and their biomasses showed apparent seasonal variations. The average
temporal stability index of zooplankton taxa was significantly higher than that of phytoplankton.
Complex relationships were observed between the species richness and temporal stability of different
phytoplankton taxa: a unimodal relationship for both Cyanophyta and Bacillariophyta; a strong
concave relationship for Euglenophyta; and no apparent relationship for both Chlorophyta and
total phytoplankton. These relationships were primarily controlled by the portfolio effect; while the
effects of overyielding and species asynchrony were relatively weak. Phytoplankton species richness
had a significant positive influence on the temporal stability indices of protozoa, Rotifera and total
zooplankton, while its influence on Cladocera and copepods was not significant. The dominant
mechanisms were found to be ‘trophic overyielding’ and a weak ‘trophic portfolio effect’; however,
‘trophic species asynchrony’ played a minor role. These results demonstrated that the effects of
diversity on community stability can be complex in natural ecosystems. In addition, the diversity
of phytoplankton not only influenced its own temporal stability, but also affected the stability of
zooplankton through trophic interactions.

Keywords: phytoplankton; zooplankton; biomass; temporal stability; species richness; overyielding;
portfolio effect; species asynchrony

1. Introduction

A high level of biodiversity loss is occurring due to global climate change and human activities [1].
The rapid loss of biodiversity has generated great concerns about the influence of diversity on main
ecosystem processes, such as productivity and stability [1–4]. Aquatic ecosystems are unique, and
the stabilization of their main organisms, phytoplankton and zooplankton, has been found to be
influenced by variations in producer diversity [5,6]. Thus, studies on the diversity-stability relationship
in plankton communities are essential to developing appropriate conservation strategies in aquatic
ecosystems [7,8].

Ecosystem stability is multidimensional and contains a wide range of components, such as
variability, resistance, resilience, persistence and robustness [1,9–11]. These aspects of stability may
respond differently to variations in diversity caused by extinction or invasion [9–11]. Among all of these

Water 2016, 8, 454; doi:10.3390/w8100454 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/journal/water


Water 2016, 8, 454 2 of 16

measures of stability, temporal stability is an important one and has drawn much attention [12–15].
The potential underlying mechanisms of the diversity-stability relationship include overyielding,
the portfolio effect and species asynchrony [12,16–21]. Yachi and Loreau [22] found that species
richness could stabilize ecosystem productivity by increasing the temporal mean and decreasing
the temporal variance of productivity in a fluctuating environment. Most previous studies have
suggested a positive relationship between diversity and stability at the community level (the insurance
hypothesis), although a few reports have shown opposing results [10,12,23]. Tilman and Downing [24]
described that plant diversity had a positive influence on stability (measured as resistance to drought)
in a long-term study of grasslands. However, Dodd et al. [25] observed no relationship between species
richness and the temporal stability of community biomass in a plant community. Previous studies
based on artificial plankton communities in the laboratory have shown positive diversity-stability
relationships [26]. Corcoran and Boeing [27] found that phytoplankton temporal stability increased
with increasing diversity. McGrady-Steed et al. [28] suggested that aquatic microbial communities with
higher diversity were more stable (measured as predictability). There were also experimental studies
showing neutral or even negative relationships between phytoplankton diversity and stability [16,29].
Gonzalez and Descamps-Julien [16] observed no relationship between species richness and biomass
stability in an artificial algae community. Moreover, field investigations conducted over the past
few years have shown conflicting diversity-stability relationships in plankton communities [5,6].
Ptacnik et al. [5] reported that there was a negative relationship between phytoplankton species
richness and community turnover. Conversely, Filstrup et al. [6] found a positive relationship between
phytoplankton diversity and community turnover. Shurin et al. [30] suggested that compositional
stability in zooplankton communities showed strong relationships with diversity, varying from positive
within a biogeographical region to negative across a latitudinal gradient. According to the above
analyses, the relationship between plankton diversity and community stability is complex, and a
consistent conclusion has not been derived.

Producer diversity not only has impacts on its own trophic level, but also may have an impact on
consumer communities through trophic interactions [31,32]. It has been reported that in the terrestrial
ecosystems, the grazing impact of the consumer would be reduced at high producer diversity [33–35].
The ‘enemies hypothesis’ and ‘variance in edibility hypothesis’ were the main mechanisms
proposed [33–35]. In aquatic ecosystems, ecologists have found that phytoplankton diversity promotes
zooplankton abundance, and this effect was summarized as ‘trophic overyielding’ [32]. Filstrup et al. [6]
discovered that higher phytoplankton diversity would result in a higher zooplankton resource use
efficiency. Hillebrand and Cardinale [36] found that zooplankton effects tended to decrease as the
diversity of a prey assemblage increases. However, until recently, the influence of phytoplankton
diversity on the stability of zooplankton and the underlying mechanisms remained unclear. In addition,
both phytoplankton and zooplankton are complex in taxonomic composition, and these groups have
their own ecophysiological traits [18,37]. It remains unknown whether the temporal stability of these
plankton taxa responds similarly to variations in diversity.

Lake Nansihu is the largest freshwater lake in North China. It is also an important water delivery
channel and storage lake of the great South-to-North Water Diversion Project in China. There have
been great variations in the plankton community and water quality in Lake Nansihu during the past
few decades. In the early 1980s, the lake was in a healthy state, containing 116 phytoplankton genera
and 249 zooplankton species [38–40]. At that time, Cryptophyta and Bacillariophyta were the dominant
taxa [39]. In the subsequent years, a large amount of external untreated wastewater and agricultural
runoff flowed into the lake [38,39]. In 2002, the lake was in a heavy eutrophic state, containing only
36 phytoplankton species and 28 zooplankton species [40]. These situations were changed in 2002,
when a series of measures was implemented to improve the water quality and ecological conditions of
the lake. As a result, 86 phytoplankton species and 52 zooplankton species were reported in 2007 [40].
The annual average concentrations of total nitrogen (TN) and total phosphorus (TP) decreased to
1.01 mg/L and 0.09 mg/L, respectively, in 2010 [41]. Lake Nansihu is now in a meso-eutrophic
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state, and the main risk to the lake ecosystem is algae blooms [42]. Thus, the lake provides a natural
laboratory for deeply analyzing the diversity-stability relationship in the plankton community and
testing of the insurance hypothesis.

In the present study, phytoplankton and zooplankton communities were investigated and
measured seasonally from 2011 to 2014 in Lake Nansihu. The influence of phytoplankton diversity
(measured as species richness) on the stability (temporal stability, calculated as the coefficient of
variance) of different phytoplankton and zooplankton taxa was analyzed. The purpose of the present
study was to explore the effects of phytoplankton diversity on community stability and characterize
the underlying mechanisms in a natural ecosystem.

2. Materials and Methods

2.1. Study Area

Lake Nansihu (116◦34’ E~117◦21’ E, 34◦27’ N~35◦20’ N) is located in Shandong Province (Figure 1).
This lake comprises four connected lakes: Nanyang, Dushan, Zhaoyang and Weishan lakes. The total
water area of the lake is 1266 km2, with a capacity of 6.37 × 109 m3. Lake Nansihu is categorized as
a shallow, open and plain grassland lake with an average water depth of 1.46 m. The climate of the
area is warm temperate monsoon with an annual average temperature of 13.7 ◦C. The annual average
rainfall ranges between 550 mm and 720 mm, and nearly 60% of the precipitation occurs during the
rainy summer.
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Figure 1. Location of Lake Nansihu and the sample sites in the lake. This figure was generated using
ArcGIS Version 10.0 (ESRI, Redlands, CA, USA).

2.2. Sampling and Measurements

A total of 12 sample sites was uniformly set in the four connected lakes of Lake Nansihu (Figure 1).
Sites 3–5 were located in Lake Nanyang; Sites 6–8 were located in Lake Dushan; Sites 1, 2 and 9 were
located in Lake Zhaoyang; and Sites 10–12 were located in Lake Weishan. These sites were located away
from areas under construction or containing aquaculture. Phytoplankton and zooplankton samples
were collected in early April, July, September and late November from 2011 to 2014 to represent
the situations in different seasons. Each of the sites was measured 16 times, and the measurements
were uniformly distributed in the four seasons. The main environmental factors were investigated in
July 2012, early April, September and late November 2013. All measurements and samplings were
conducted between 8:00 A.M. and 10:00 A.M. along the same route.

Water temperature, dissolved oxygen and pH were measured in situ using YSI Professional
Plus (YSI Incorporated, Yellow Springs, OH, USA) at the 12 sites. Water transparency in the lake
was measured using a Secchi disk. Water quality samples were collected using a Tygon tube water
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sampler at 0.30 m under the water surface. The samples were stored in acid-cleaned glass bottles at
4 ◦C and filtered through a 0.45-µm acetate filter for subsequent analyses. The concentration of TN
was measured using the potassium persulfate oxidation-UV spectrophotometry method, and TP was
determined using the Mo-Sb anti-spectrophotometry method [43].

Phytoplankton samples (1 L) were collected from 1 m under the water surface at each sample site
and subsequently preserved in acidified Lugol’s solution for 24 h and condensed to 30 mL. A 0.1-mL
aliquot of the condensed sample was added to a phytoplankton counting box to identify and quantify
the cells of each species [44]. The biomass of phytoplankton species was calculated by the cell volume
of each species [45].

Zooplankton samples (1 L) were collected 1 m under the water surface and preserved with
formaldehyde (4%) for 24 h. The samples were condensed to 50 mL prior to analyses. A 0.1-mL
aliquot of the condensed sample was used to count the individuals of protozoa, and a 1-mL sample
was used to count the numbers of Rotifera, Cladocera and copepods under the microscope [46].
The zooplankton biomass was estimated from the biovolume after comparing the body shape with
approximate geometric shapes [46].

2.3. Stability Index and Statistical Analyses

The temporal stability indices (TSI) of different phytoplankton and zooplankton taxa were
measured as the coefficient of variation (the variance in a time series of biomass related to the mean
value), which is widely used in ecology [12,14,15]. The index was calculated using the following
equation [12,14,15].

TSI =
µ

σ
=

∑ Bio√
∑ Var + ∑ Cov

(1)

In this equation, TSI is the temporal stability index of different taxa; µ is the average total
biomass of each of the taxa; and σ is the standard deviation of the total biomass. The standard
deviation of the total biomass included the summed variance of each species (Var) and summed
covariance of two species (Cov). The TSI was calculated using the data collected from 2011 to 2014;
therefore, the phytoplankton species richness at each site was measured as the number of all species
appearing during the research time. Therefore, the temporal stability of community biomass comprised
three components: average total biomass, summed variance and summed covariance. The relationships
between phytoplankton species richness and the three components were also analyzed to explore the
three potential mechanisms driving the diversity-stability relationship: overyielding, the portfolio
effect and species asynchrony [12,16–21]. Previously, the three mechanisms were primarily applied
within the trophic level. Here, we used these mechanisms to explore the relationships within and
across trophic levels (phytoplankton diversity and zooplankton stability). If phytoplankton species
richness had a positive influence on the average total biomass of zooplankton, we named this effect
‘trophic overyielding’ [32]. When phytoplankton species richness negatively influenced the summed
variance and covariance of zooplankton taxa, we named these effects ‘trophic portfolio effect’ and
‘trophic species asynchrony’, respectively.

The differences of environmental factors among sites were analyzed using a linear mixed effect
model (LME) with a maximum-likelihood estimator (function ‘lme’ with ‘method = ML’ within
the ‘nlme’ package in R 3.2.3). Season identity was included in the model as a random factor to
correct the differences introduced by seasons. Post hoc comparisons were applied using the Tukey
HSD test if there were significant differences among sites (function ‘glht’ within the ‘multcomp’
package). The differences of the stability indices of the main plankton taxa (Cyanophyta, Chlorophyta,
Bacillariophyta, Euglenophyta, protozoa, Rotifera, Cladocera and copepods) were analyzed using
one-way ANOVA. Prior to analysis, the Kolmogorov–Smirnov method was used to test whether the
data were normally distributed and the Bartlett test was performed to assess the homogeneity of the
variance of the data. Post hoc comparisons were applied using the Tukey HSD test at a significance
level of 0.05. The influence of phytoplankton species richness on the stability of phytoplankton and
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zooplankton taxa was analyzed using linear regression analysis and polynomial fitting. The regression
model with the minimum Akaike information criterion (AIC) value was selected as the best fitting.

3. Results

3.1. Variations of the Environmental Factors

The annual average values of water temperature ranged from 21.2 ◦C to 22.7 ◦C, but there
were no significant differences among the 12 sites (LME: F(11, 33) = 0.269, p = 0.987). The dissolved
oxygen concentration in the lake was at a high level, and the mean values of the 12 sites varied
between 6.74 mg/L and 11.0 mg/L. There were no significant differences among the 12 sites (LME:
F(11, 33) = 1.092, p = 0.397). Most of the sites in the lake were shown to be weak alkaline with a
variation of pH from 7.48 to 7.94. There were no significant differences among all of these sites (LME:
F(11, 33) = 0.545, p = 0.857). The lake had a low value of water transparency, and the mean value was
lower than 1 m (ranging from 0.38 m to 0.90 m) at all 12 sites. There were no significant differences
among the mean water transparency of the 12 sites (LME: F(11, 33) = 1.758, p = 0.103). The mean
concentration of TN ranged between 0.72 mg/L and 1.98 mg/L at different sites, but there were no
significant differences among the 12 sites (LME: F(11, 33) = 1.241, p = 0.301). The average TP values
ranged from 0.09 mg/L to 0.36 mg/L at the 12 sample sites (Figure 2a), but there were no significant
differences among all of the sites (LME: F(11, 33) = 1.358, p = 0.238). The maximum concentrations of TN
and TP were observed at Site 8, and their mean values were 2.29 mg/L and 0.24 mg/L, respectively
(Figure 2). Based on the values of the main environmental factors, we concluded that there were no
significant differences among the 12 sites.
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3.2. Variations of Plankton Community

A total of 138 phytoplankton species belonging to 78 genera and eight phyla was identified in Lake
Nansihu from 2011 to 2014. Chlorophyta was the dominant taxon, with 60 species identified, accounting
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for 43.5% of the total phytoplankton species. In addition, the phytoplankton community included
33 Bacillariophyta species, 20 Cyanophyta species and 14 Euglenophyta species. The maximum
phytoplankton species richness was 113, which was identified at Site 9. There were 76 zooplankton
species in the lake, including 17 protozoa species, 36 Rotifera species, 12 Cladocera species and
11 copepods species. During each individual year, phytoplankton and zooplankton species richness
reached their maximum values in summer and their minimum values in winter.

The phytoplankton biomass showed apparent seasonal variations, as shown in Figure 3a.
In spring, the average phytoplankton biomass from 2011 to 2014 was 1.24 mg/L. The mean biomasses
of the phytoplankton in summer, autumn and winter were 4.91 mg/L, 2.12 mg/L and 0.50 mg/L,
respectively. Chlorophyta was the dominant taxon in the lake, with a mean biomass of 0.94 mg/L,
accounting for 43.0% of the total phytoplankton biomass. Bacillariophyta and Euglenophyta had nearly
the same biomass, with mean values of 0.45 mg/L and 0.43 mg/L, respectively. The mean biomass of
Cyanophyta was 0.20 mg/L, which accounted for 8.92% of the total phytoplankton biomass.
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In spring, the average zooplankton biomass from 2011 to 2014 was 1.84 mg/L. The mean biomasses
of the zooplankton in summer, autumn and winter were 2.00 mg/L, 1.28 mg/L and 0.95 mg/L,
respectively. In spring, autumn and winter, zooplankton biomass was dominated by Cladocera, while
in summer, both Cladocera and copepods were the dominant taxa (Figure 3b). The mean biomasses of
protozoa, Rotifera, Cladocera and copepods were 0.16 mg/L, 0.08 mg/L, 0.48 mg/L and 0.28 mg/L,
respectively. The mean biomass of Cladocera accounted for 47.8% of the total zooplankton biomass.

3.3. Stability Indices of Different Plankton Taxa

The TSI of Cyanophyta was nearly at the same level at the 12 sites (Figure 4a). The lowest stability
index of Cyanophyta was found at Site 8 (Figure 4a). Further observations showed that Site 8 had
an intermediate level of average total biomass and the largest values of both summed variance and
covariance of Cyanophyta. The Chlorophyta stability was higher than that of any other phytoplankton
taxa at all 12 sites, as shown in Figure 4a. At most sites, the TSI of Bacillariophyta was higher than that
of Cyanophyta, but lower than that of Chlorophyta (Figure 4a). The stability index of Euglenophyta
was relatively lower than that of other taxa at most sites, and its maximum value was observed at
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Site 8 (Figure 4a). Site 8 also had an intermediate level of average total biomass and the lowest values
of both summed variance and covariance of Euglenophyta. The TSI of total phytoplankton at each site
was nearly the same as that of Chlorophyta (Figure 4a).
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The largest stability index of protozoa was found at Site 9, as shown in Figure 4b. Site 9 also
had the lowest summed variance and intermediate levels of both average total biomass and summed
covariance of protozoa. The Rotifera stability index markedly varied at different sample sites, as
shown in Figure 4b. The maximum value of the Rotifera stability index was also observed at Site 9.
The lowest summed variance and covariance of Rotifera both appeared at Site 9. However, the average
total biomass of Site 9 was at an intermediate level. The stability indices of Cladocera and copepods
were relatively high compared with that of protozoa (Figure 4b). The copepods’ stability index was
low at Sites 6 and 7, but high at Sites 10, 11 and 12 (Figure 4b). Further comparison showed that Sites 6
and 7 had the lowest average total biomass, while Sites 10, 11 and 12 had relatively lower values of
summed variance.

There were significant differences among the stability indices of the main plankton taxa (one-way
ANOVA: F(7, 88) = 11.98, p < 0.001). The mean TSI values of Rotifera, Cladocera and copepods
were significantly higher than that of all of the phytoplankton taxa (all p < 0.001 by post hoc Tukey
HSD). There was no significant difference among the mean TSI values of Cyanophyta, Chlorophyta,
Bacillariophyta and Euglenophyta (all p > 0.05 by post hoc Tukey HSD). The mean stability of protozoa
was significantly higher than that of all of the phytoplankton taxa (all p < 0.001 by post hoc Tukey HSD),
but lower than that of other zooplankton groups (all p < 0.001 by post hoc Tukey HSD). Therefore,
Rotifera, Cladocera and copepods were the most stable plankton taxa, followed by protozoa, and the
stability of phytoplankton taxa was the lowest.

3.4. Relationship between Phytoplankton Diversity and Stability

The Cyanophyta stability index had a unimodal relationship with species richness, and it reached
the maximum value when Cyanophyta species richness was 13 (Figure 5a). Further analyses showed
that Cyanophyta species richness had a concave relationship with summed variance, but a weak
negative relationship with average total biomass (Figure 6a). However, the summed covariance
of Cyanophyta had a weak concave relationship with species richness. There was no apparent
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relationship between Chlorophyta species richness and stability (R = 0.239, p > 0.05). However,
the three components of Chlorophyta stability all showed concave relationships with species richness
(Figure 6b). There was also a unimodal relationship between Bacillariophyta species richness and
the stability index (Figure 5c). However, the correlation coefficients between the three components of
Bacillariophyta temporal stability and species richness were all not significant (Figure 6c). A concave
relationship was observed between the species richness and stability of Euglenophyta, as shown in
Figure 5d. Euglenophyta stability reached the minimum value when its species richness was nine.
The three components of Euglenophyta temporal stability were not influenced by species richness
(Figure 6d). Both the summed variance and covariance of Euglenophyta were relatively low when the
species richness was high (Figure 6d). The correlation coefficient between total phytoplankton species
richness and stability was not significant (R = 0.285, p > 0.05). The weak negative relationship between
phytoplankton species richness and its summed variance was responsible for this phenomenon
(Figure 6e).
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3.5. Relationship between Phytoplankton Diversity and Zooplankton Stability

Phytoplankton species richness was positively correlated with the stability of protozoa (Figure 7).
Phytoplankton species richness had a weak positive relationship (R = 0.405, p > 0.05) with the average
total biomass and a weak negative relationship (R = −0.407, p > 0.05) with the summed variance
of protozoa (Figure 8a). There was also a positive relationship between the stability of Rotifera and
phytoplankton species richness (Figure 7b). The three components of Rotifera temporal stability
were all negatively correlated with phytoplankton species richness (Figure 8b). The influence of
phytoplankton species richness on the temporal stability of both Cladocera and copepods was not
significant (for Cladocera, R = 0.377, p > 0.05; for copepods, R = 0.490, p > 0.05). The summed variance
and covariance of the two taxa were not affected by phytoplankton species richness (Figure 8c,d).
The average total biomass of Cladocera and copepods increased with increasing phytoplankton species
richness (Figure 8). The relationship between phytoplankton species richness and total zooplankton
stability was also positive (R = 0.703, p < 0.05), as shown in Figure 7e. The strong positive relationship
between phytoplankton species richness and the average total biomass of zooplankton (Figure 8e) was
responsible for this phenomenon. In addition, a weak negative relationship between the summed
variance of zooplankton and phytoplankton species richness was observed (R = −0.379, p > 0.05).
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4. Discussion

Based on the field investigations at Lake Nansihu, we analyzed the effects of phytoplankton
diversity on the stability of the plankton community and explored the potential mechanisms involved.
Phytoplankton species richness not only influenced the temporal stability of its own trophic level, but
also affected the stability of zooplankton. The temporal stability of different plankton taxa responded
variously to the range of species richness (Figures 5 and 7); however, in most cases, there was a positive
diversity-stability relationship within and across trophic levels in the natural plankton community.
These results confirmed the insurance hypothesis to some extent that biodiversity reduces the temporal
variability of community biomass [12,22]. The average total biomass, summed variance and covariance
of plankton taxa had different relationships with species richness (Figures 6 and 8). These results also
facilitated the quantification of the roles of overyielding, the portfolio effect and species asynchrony
effects in maintaining the diversity-stability relationships [12,16–21].

There was a unimodal relationship between Cyanophyta species richness and temporal stability
(Figure 5). The average total biomass of Cyanophyta decreased slightly with increasing diversity
(Figure 6), a phenomenon that was in opposition with the overyielding effect. A strong concave
relationship between Cyanophyta species richness and summed variance was found. These results
suggested that Cyanophyta diversity affected the temporal stability mainly through the portfolio effect.
Cyanophyta was much more efficient in resource use and sensitive to the variations of environmental
factors (e.g., temperature and pH value) than other taxa [6,47]. With increasing nutrient concentration,
the phytoplankton community was generally dominated by Cyanophyta, with low diversity, but
high biomass [6]. Thus, the negative relationship between Cyanophyta biomass and diversity in Lake
Nansihu was consistent with its properties [6,47]. The biodiversity effects observed in the present study
were consistent with the findings of most previous studies [24]. However, Filstrup et al. [6] obtained a
negative relationship between phytoplankton evenness and stability (community turnover). In the
study conducted by Filstrup et al. [6], the lakes were in heavy eutrophic states, and the proportions
of Cyanophyta biomass were higher than 75% of the total phytoplankton biomass at most sites.
The phytoplankton community was dominated by a few Cyanophyta genera and lost the ability to
respond to environmental changes, i.e., low community turnover. Therefore, Cyanophyta generally
exhibits low stability in eutrophic lakes, but when its dominance exceeds a threshold point, the stability
will be enhanced.
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The species richness of both Chlorophyta and total phytoplankton had no apparent influence
on their stability indices. The correlation coefficients between their species richness and temporal
stability were not significant (Figure 5). The average total biomass, summed variance and covariance of
Chlorophyta showed a concave relationship with species richness. In most cases (Chlorophyta species
richness <40; Figure 6), greater Chlorophyta diversity was associated with relatively lower values of
both summed variance and covariance. These results showed that Chlorophyta diversity affected the
temporal stability mainly through the portfolio effect and species asynchrony. Total phytoplankton
species richness had almost no influence on the average total biomass (R = 0.016, p > 0.05) and summed
covariance (R = 0.039, p > 0.05). A relatively strong negative relationship between phytoplankton
species richness and summed variance (R =−0.420, p > 0.05) was found. Therefore, total phytoplankton
diversity affected community stability mainly through the portfolio effect. There was also a unimodal
relationship between Bacillariophyta species richness and temporal stability (Figure 5). However,
none of the three components of Bacillariophyta stability showed a relationship with species richness
(Figure 6). Euglenophyta stability had a strong concave relationship with species richness; however,
none of the three components of Euglenophyta temporal stability were influenced by species richness
(Figure 6). Therefore, the underlying mechanisms of the diversity-stability relationships observed
in both Bacillariophyta and Euglenophyta were not apparent. In summary, although the underlying
mechanisms for the diversity-stability relationships of different phytoplankton taxa varied, portfolio
effects appeared to be the most dominant. Previous ecological studies have observed conflicting
results when analyzing the phytoplankton diversity-stability relationship using both experiments
and field investigations. McGrady-Steed et al. [28] found that aquatic microbial communities with
higher diversity were more stable (measured as predictability) in laboratory experiments. However,
some other studies have shown negative or more complex relationships between phytoplankton
diversity and ecosystem stability in artificial plankton communities [16,29]. Ptacnik et al. [5] and
Filstrup et al. [6] also discovered conflicting relationships between phytoplankton diversity and
community turnover rates based on field investigations. Taken together, these results suggest that
the phytoplankton diversity-stability relationship and its underlying mechanisms were complex,
particularly in natural ecosystems.

We showed that the lowest Cyanophyta stability index and the highest Euglenophyta stability
index were both observed at Site 8 (Figure 4). TN and TP were the main factors influencing the biomass
of Cyanophyta. Site 8 not only had relatively higher concentrations of both TN and TP, but also
had larger standard deviations of TN and TP. As a result, the summed variance and covariance of
Cyanophyta at Site 8 were the highest at all 12 sites. Thus, the Cyanophyta biomass at Site 8 had
the highest standard deviation and lowest stability. However, TN and TP had little influence on the
biomass of Euglenophyta. The minimum values of summed variance and covariance of Euglenophyta
were both observed at Site 8. Therefore, Euglenophyta biomass at Site 8 had the lowest standard
deviation and the highest stability.

The results of the present study showed significant differences among the stability indices of the
main plankton taxa. Rotifera, Cladocera and copepods were the most stable taxa, followed by protozoa,
and the stability of phytoplankton taxa was the lowest. Protozoa prey on phytoplankton species,
whereas both protozoa and phytoplankton are consumed by Rotifera, Cladocera and copepods [48,49].
Thus, the temporal stability of these taxa was consistent with their trophic levels in aquatic ecosystems:
plankton taxa at higher trophic levels would be more stable.

The stability indices of protozoa, Rotifera and total zooplankton were significantly increased
with increasing phytoplankton species richness. Phytoplankton species richness had a weak positive
relationship with the average total biomass and a weak negative relationship with the summed
variance of protozoa (Figure 8a); therefore, phytoplankton diversity influenced the stability of protozoa
mainly through a weak ‘trophic overyielding’ and ‘trophic portfolio effect’. The average total biomass
of Rotifera was not influenced by phytoplankton species richness. However, both the summed variance
and covariance of Rotifera showed a weak negative relationship with phytoplankton species richness.
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These results showed that phytoplankton diversity influenced the stability of Rotifera through a weak
‘trophic portfolio effect’ and ‘trophic species asynchrony’. Phytoplankton species richness had a strong
positive relationship with the average total biomass and a weak negative relationship with the summed
variance of total zooplankton (Figure 8). Therefore, phytoplankton diversity influenced the stability of
total zooplankton through ‘trophic overyielding’ and a weak ‘trophic portfolio effect’. The correlation
coefficients between phytoplankton species richness and the Cladocera or copepods stability index
were not significant. Thus, phytoplankton diversity had positive impacts on the stability of the
zooplankton community, but the effects were strong on the adjacent trophic level of phytoplankton
(protozoa and Rotifera). The average total biomass and summed variance of Cladocera had concave
relationships with phytoplankton species richness. When phytoplankton species richness was <100,
species richness generally had a strong positive influence on the average total biomass of Cladocera.
Therefore, phytoplankton diversity influenced the stability of Cladocera through ‘trophic overyielding’.
The influence of phytoplankton species richness on the three components of copepods’ stability was
nearly the same as that of the total zooplankton; therefore, ‘trophic overyielding’ and a weak ‘trophic
portfolio effect’ were the main mechanisms involved. Although the underlying mechanisms controlling
the influence of phytoplankton diversity on the stability of different zooplankton taxa varied, ‘trophic
overyielding’ and a weak ‘trophic portfolio effect’ were dominant. Striebel et al. [32] and Filstrup et al. [6]
discovered that higher phytoplankton diversity promoted zooplankton abundance, summarized
as ‘trophic overyielding’. We also observed and quantified this phenomenon in the present study.
In addition, the diversity of a predator also influences the producer community. Duffy [50] reported
that the diversity effects of producers were enhanced in the presence of predators. Thus, we concluded
that both phytoplankton and zooplankton diversity would influence each other’s ecosystem processes.

In Lake Nansihu, there were 116 phytoplankton genera and 249 zooplankton species in 1983
when the lake was in a healthy state [38–40]. The phytoplankton and zooplankton species richness
decreased to 28 and 36 in 2002 when the lake was heavily polluted [38–40]. Currently, Lake Nansihu is
in a meso-eutrophic state, and 138 phytoplankton species and 76 zooplankton species were identified
in the present study. Therefore, the species richness of the plankton community in the lake was found
to be highly correlated with the fluctuation of environmental conditions, particularly variations in
water quality [51,52]. Jeppesen et al. [51] showed that phytoplankton species richness ranged from 95
when 0.2 < TP < 0.4 mg/L, to 81 when TP > 0.4 mg/L in Danish lakes. Rodrigues et al. [52] found that
the number of phytoplankton was significantly decreased with increasing nutrient levels in the Paraná
subsystem. These analyses suggested that plankton species richness was highly influenced by nutrient
concentrations, and it might be a good indicator of the trophic states in aquatic ecosystems.

Lake Nansihu is now in a meso-eutrophic state, and the main risk to the lake is algae blooms.
The observations of the present study showed that phytoplankton species richness positively influenced
the stability of both phytoplankton and zooplankton in most situations (Figures 5 and 7). These results
suggest that we could maintain the stability and security of aquatic ecosystems by protecting and
conserving the diversity of phytoplankton.

5. Conclusions

In the present study, the diversity-stability relationships of phytoplankton taxa, the effects of
phytoplankton species richness on zooplankton stability, and their potential mechanisms were analyzed
based on field investigations in Lake Nansihu. As per the findings of the present study, the following
can be concluded.

(1) There were 138 phytoplankton and 76 zooplankton species in the lake. Phytoplankton biomass
varied from 0.44 mg/L to 5.46 mg/L, and that of zooplankton ranged between 0.95 mg/L and
2.00 mg/L in different seasons.

(2) There were significant differences among the mean temporal stability of different plankton taxa.
Rotifera, Cladocera and copepods were the most stable taxa, followed by protozoa, and the
stability of the phytoplankton taxa was the lowest.
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(3) There were complex relationships between species richness and temporal stability of different
phytoplankton taxa: a unimodal relationship for Cyanophyta and Bacillariophyta; a strong
concave relationship for Euglenophyta; and no apparent relationship for Chlorophyta and
total phytoplankton. The portfolio effect was the dominant mechanism; while the effects of
overyielding and species asynchrony were relatively weak.

(4) Phytoplankton species richness had a significant positive influence on the temporal stability
indices of protozoa, Rotifera and total zooplankton, while its influence on Cladocera and
copepods was not significant. ‘Trophic overyielding’ and a weak ‘trophic portfolio effect’
were the main mechanisms involved, whereas the effect of ‘trophic species asynchrony’ was
relatively weak.

The results of the present study will be helpful in understanding the influence of phytoplankton
diversity on community stability within and across trophic levels.
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