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Abstract

Stoichiometric mismatch between phytoplankton and zooplankton has implication for trophic transfer
efficiency. Phosphorus (P) enrichment is expected to lower phytoplankton carbon (C) to P ratio (C:P) and
thereby either alleviate P deficiency or induce excess P for zooplankton. However, the generality of zooplankton
facing excess P and its effect on plankton trophic structure in natural systems are poorly understood. We
analyzed the stoichiometry of seston and zooplankton, and plankton trophic structure in 32 (sub)tropical
Chinese reservoirs. Our results showed that (1) stoichiometric mismatch between seston and zooplankton
involved P or/and nitrogen (N) deficits in low-nutrient reservoirs and P excess in high-nutrient reservoirs; (2) at
given seston C and phytoplankton compositional food quality levels, zooplankton to phytoplankton biomass
ratio (Zoo : Phyto) showed a two-segment piecewise relationship to seston N:P with a maximum at a
breakpoint of 12.6 and strong reductions toward the extremes of seston N : P gradient; (3) increasing stoichio-
metric mismatch between seston and consumers reduced the contribution of cladocerans to zooplankton
biomass and increased the trophic position of copepods; and (4) chlorophyll a (Chl a) to total phosphorus
(TP) ratio (Chl a : TP) increased with decreasing Zoo : Phyto, and at a given Zoo : Phyto, it was higher in reser-
voirs with zooplankton dominated by copepods than in reservoirs with zooplankton dominated by cladocerans.
These findings suggest that nutrient enrichment might improve stoichiometric constraint on plankton trophic
structure in low-nutrient reservoirs, but enhance negative effect of excess P in high-nutrient reservoirs. Thus,
negative impact of excess P on zooplankton may be a mechanism partly contributing to low Zoo : Phyto and

high Chl a : TP in eutrophic reservoirs.

Eutrophication is one of the major aspects of environmen-
tal change in freshwaters with potentially large impact on tro-
phic structure and ecosystem functioning (Alexander
et al. 2017; Moody and Wilkinson 2019). Enrichment of
aquatic ecosystems with nitrogen (N) and phosphorus
(P) inevitably increases primary productivity. However, this
increased primary productivity may not be efficiently trans-
ferred to the highest trophic levels, resulting in an accumula-
tion of phytoplankton biomass (Kemp et al. 2001; Deininger
et al. 2017). Zooplankton forms a central link in food webs,
consuming organisms at lower trophic levels and transferring
carbon up food chains. The capacity of zooplankton to utilize
phytoplankton production is a crucial parameter in the regula-
tion of food chain efficiency. However, the transfer of biomass
across the phytoplankton-zooplankton interface is highly
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variable, and these two trophic levels can become partly
uncoupled with eutrophication (Brett and Goldman 1997; Ger
et al. 2014; Atkinson et al. 2021).

Nutrient enrichment may influence plankton trophic struc-
ture through both top-down and bottom-up processes (Ersoy
et al. 2017). Fish play a key role in the trophic structure of
aquatic ecosystems because they are efficient predators that
can exert strong top-down effect on their prey (Schindler
et al. 2001). Via trophic cascades, changes in fish community
structure potentially have strong effect on the biomass
accumulation of phytoplankton. Generally, with increasing
primary productivity, there is a shift in fish community com-
position from dominance of piscivores to planktivores (Persson
et al. 1991). In piscivore-dominated systems, piscivores reduce
zooplanktivores, leading to the development of large-bodied
zooplankton that effectively control phytoplankton biomass
(Carpenter and Kitchell 1993). Thus, high grazing control may
prevent the accumulation of phytoplankton biomass, allowing
an inverted biomass pyramid to occur in plankton community
(del Giorgio and Gasol 1995; Gasol et al. 1997). In contrast, in
zooplanktivore-dominated systems, high fish predation shifts
the zooplankton community composition from dominance of
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large cladocerans to copepods and thereby reduces zooplankton
grazing pressure below the level at which they can regulate
phytoplankton biomass (Jeppesen et al. 2009). Accordingly,
zooplanktivore-dominated systems are generally characterized
by pyramidal plankton biomass structure. A large survey of tem-
perate lakes showed a consistent pattern of reduced zooplank-
ton to phytoplankton biomass ratio (Zoo :Phyto) with
increased P, which was attributed to top-down effects from fish
(Jeppesen et al. 2003).

Eutrophication caused changes in nutritional quality of
phytoplankton is another mechanism regulating the shape
of plankton biomass pyramid (Miiller-Navarra et al. 2004;
Dickman et al. 2008). Nutritional mismatch in phytoplankton
supply and zooplankton demand may decrease the transfer
efficiency from phytoplankton to zooplankton, which in turn
reduce the zooplankton’s capacity to suppress phytoplankton
biomass (Miiller-Navarra et al. 2000). In freshwater crustacean
zooplankton, omega-3 highly unsaturated fatty acids (HUFA)
such as eicosapentaenoid acid (EPA) and docosahexaenoic acid
(DHA) are important for somatic growth and reproduction,
but they cannot synthesize de novo EPA and DHA, and mostly
accumulate them from phytoplankton (Twining et al. 2016).
However, phytoplankton show enormous variation in fatty
acid quality based on phylogeny. Eutrophication generally
drives phytoplankton community from dominance of diatoms
rich in essential HUFA to cyanobacteria poor in essential
HUFA (Ahlgren et al. 1992; Watson et al. 1997; Galloway and
Winder 2015). When essential HUFA levels in phytoplankton
decrease to below what zooplankton require in their diets with
eutrophication, there is a potential for an ecologically impor-
tant mismatch between essential HUFA supply and demand.
In a survey of US lakes covering a wide range of trophic state,
Muiiller-Navarra et al. (2000, 2004) found that essential HUFA
were negatively correlated with increased P notably due to an
increased share of cyanobacteria, and attributed the reduced
transfer efficiency to shifts in key HUFA with eutrophication.

In addition, phytoplankton may also show large variation
in elemental composition based on phylogeny and environ-
mental conditions (Quigg et al. 2003; Leonardos and
Geider 2004). Though cyanobacteria and chlorophytes have
elevated C: P and N : P ratios in comparison to diatoms, they
may adjust their cell content of P to ambient nutrient concen-
tration and lower C : P and N : P ratios under N or light limita-
tion or nutrient replete conditions, resulting in potentially
decreased C : P and N : P ratios of phytoplankton community
with eutrophication (Sistla et al. 2015; Schulhof et al. 2019).
In contrast, zooplankton are relatively more homeostatic in
their C: N : P stoichiometry and are supposed to exist on a
stoichiometric knife-edge (Plath and Boersma 2001; Boersma
and Elser 2006). P-supplementation study by Zhou et al.
(2018) showed that P-limitation of phytoplankton negatively
affected zooplankton not only via reduced biochemical aspect
of food quality, but also through reduced P availability. Simi-
larly, Elser et al. (2001) showed that P enrichment of seston
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from P limited lakes did not affect food abundance or concen-
trations and composition of essential fatty acids but dramati-
cally lowered seston C : P and significantly stimulated Daphnia
growth. In contrast, laboratory growth experiments showed
that several species of Daphnia, copepods and rotifers may face
excess P and reduce their performance under low food C:P
conditions (Laspoumaderes et al. 2015; Elser et al. 2016; Zhou
and Declerck 2019). Thus, flexible phytoplankton stoichiome-
try may induce mismatch between zooplankton’s require-
ments and phytoplankton’s nutrient contents, and thereby
reduce the efficiency of carbon transfer through food chains
(Sterner and Elser 2002). Different zooplankton taxa have dif-
ferent optimal biomass N : P ratios. Calanoids have higher N :
P than cladocerans and cyclopoids and are supposed to be par-
ticularly sensitive to low N : P food with N in deficit or P in
excess (McCarthy et al. 2006; Laspoumaderes et al. 2015). In
contrast, cladocerans and cyclopoids with relatively high body
P might be more sensitive to low P, high N : P food (Boersma
and Elser 2006). Accordingly, in temperate freshwater systems,
large generalist grazers, Daphnia, generally dominate zoo-
plankton communities when seston C: P and N : P ratios are
low, and calanoids dominate when seston C:P and N:P
ratios are high (Hassett et al. 1997). Moderate P enrichment is
expected to lower phytoplankton C:P and thereby reduce
stoichiometric constraint on zooplankton with high body P,
particularly Daphnia in nutrient-poor lakes (Elser et al. 2001).
In contrast, P enrichment in high-nutrient lakes is likely to
make zooplankton face phytoplankton with excess P (Zhou
and Declerck 2019).

In (sub)tropical Chinese reservoirs, Zoo : Phyto decreased
with increasing nutrient load due to increased filter-feeding
fish predation and contribution of cyanobacteria to phyto-
plankton biomass (Lin et al. 2020, 2021, 2022). However, the
biomass ratio also varied 10-fold within the same levels of fish
and cyanobacteria biomass, suggesting there may be other
phytoplankton quality parameters contributing to the scatter.
Zooplankton was primarily dominated by cyclopoids which
were omnivores to varying degrees in eutrophic reservoirs (Lin
et al. 2014). Selective-feeding omnivores may overcome nutri-
ent deficiency by predation on other animals when the
nutrient contents of plant material mismatch their require-
ments (van der Lee et al. 2021). However, additional interme-
diate trophic levels may reduce the transfer efficiency of
phytoplankton C to omnivores and the grazing pressure of
omnivores on phytoplankton (Yoshida et al. 2001). As phyto-
plankton are capable of taking up and storing P in large
amount whenever it becomes available (Solovchenko
et al. 2019), it is possible that phytoplankton P content in
some eutrophic reservoirs may be in excess of zooplankton'’s
requirement, thereby favoring the dominance of omnivorous
copepods. To gain a better understanding of stoichiometric
effect of eutrophication on plankton trophic structure in (sub)
tropical Chinese reservoirs, we surveyed the stoichiometry of
seston and zooplankton, the trophic position of copepods and
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plankton trophic structure in 32 reservoirs encompassing
mesotrophic to hypertrophic conditions. We hypothesized
that: (1) phytoplankton stoichiometric quality, together with
compositional quality and fish predation mediate plankton
trophic structure; (2) stoichiometric mismatch between phyto-
plankton and zooplankton may involve a deficit of P or N in
low-nutrient reservoirs and an excess of P in eutrophic reser-
voirs; (3) copepods would shift their trophic position toward
increased consumption of microzooplankton when the stoi-
chiometry of phytoplankton is less comparable to their
requirement than microzooplankton; and (4) increased stoi-
chiometric mismatch would reduce Zoo : Phyto and the con-
tribution of cladocerans to zooplankton biomass and, thereby,
increase the yield of chlorophyll a (Chl a) per total phospho-
rus (TP).

Materials and methods

Study sites

The 32 reservoirs are located in South China (20°21'-24°51'N,
109°58'-116°46'E), and stocked with Hypophthalmichthys nobilis
and Hypophthalmichthys molitrix for fish production and water
quality improvement (Supporting Information Fig. S1). Young-
of-the-year (YOY) filter-feeding fish (200-2000 individuals ha™!,
depending on nutrient concentrations) are released into reser-
voirs after the selective harvesting of fish > 1 kg individual
each year in late dry season. These reservoirs were selected to
cover a wide range in nutrient concentrations, including one
hypertrophic, 19 eutrophic and 12 mesotrophic reservoirs
(Supporting Information Table S1).

Field sampling

Reservoirs were sampled during July to August (flood
season) and November to December (dry season) in 2019. The
temperature profile was taken at 1-m intervals in the central
zone of each reservoir using a multiparameter probe
(YSI6600). Mixing depth was defined at the depth of maximal
temperature gradient in a thermally stratified water column.
Then, integrated water samples for TP, total nitrogen (TN),
total dissolved nitrogen (TDN), phytoplankton, Chl a and
seston stoichiometry analyses were collected from the mixed
layer with a S-liter water sampler (UWITEC, Mondsee, Aus-
tria). We prefiltered water samples for seston analysis with 40-
pum mesh to remove zooplankton and then filtered the
remaining suspended materials onto pre-ashed 0.7-ym GF/F
filters. Water subsamples for phytoplankton community anal-
ysis were preserved with 1% Lugol’s. Zooplankton were col-
lected from the surface to bottom at 1-m intervals with
UWITEC water sampler. These samples were filtered through a
40-ym mesh, and zooplankton was preserved in 4% buffered
formalin. Crustacean samples for stable nitrogen isotope and
stoichiometry analyses were collected by hauling a net of
mesh size 110-um through the whole water column. Adult cal-
anoids, cyclopoids, and cladocerans were picked from each
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sample using a fine pipette. Separated zooplankton were
maintained in filtered reservoir water for 24 h to allow gut
evacuation. Sufficient individuals for each species (200-500
individuals depending on their size) were then collected and
dried at 60°C for nutrient contents and stable isotope analysis.

Laboratory determinations

Water TDN and TN were determined as nitrate by the ultravi-
olet method after potassium persulfate digestion (Gross
et al. 1999). Seston and crustacean P and water TP were mea-
sured after persulfate digestion through molybdate-blue ascorbic
acid colorimetry and absorbance spectroscopy (Menzel and Cor-
win 1965). Seston and crustacean C and N contents were mea-
sured using an elemental analyzer (Vario EL III). We
characterized the stoichiometry of the phytoplankton-crustacean
interaction by calculating the elemental imbalance between
seston and consumers (C:P;=Ln((C:Pseston)/(C: Peonsumer)),
C : Ni=Ln((C: Nseston)/(C : Neonsumer)) and N:Py=Ln((N : Peeston)/
(N': Peonsumer)), positive C: Py and N: P; indicate P deficit; nega-
tive C:P; and N:P; indicate P excess; negative N:P; coupled
with positive C: Py and C: Ny indicate N deficit).

Chl a was determined spectrophotometrically after extrac-
tion in acetone. Phytoplankton was counted using an Utermohl
chamber and inverted microscope and volumes estimated from
geometrical shapes. Phytoplankton compositional food quality
was calculated using an index based on the taxonomic quality
of each phytoplankton taxon and its relative biomass after
Dickman et al. (2008). Diatoms and cryptophytes were consid-
ered high-quality food and assigned a score of 2, cyanobacteria
poor quality food (0), and chlorophytes and all other groups as
medium quality food (1.24). All phytoplankton taxa with axial
linear dimension > 30 ym were considered poor quality food
and assigned a score of 0.

Crustacean ¢'°N was analyzed using a Pyro Cube EA
coupled with an Isoprime 100 continuous flow isotope ratio
mass spectrometer. The average analytical error was normally
within 0.2%o0. We used dominant filter-feeding cladoceran in
each reservoir as a baseline and assumed their trophic position
to be 2. The trophic position of adult copepods in each reser-
voir was calculated using the formula in Post (2002): trophic
position = [(3"*Neopepod — 6" Netadoceran)/3-4] + 2, where 3.4 is
the assumed per trophic level increase in ¢'°N. Zooplankton
was counted and measured under a microscope. For rotifers,
individual body volume was estimated from geometric shapes,
and biomass for each species was obtained by assuming a spe-
cific gravity of 1. Crustacean biomass was estimated from
length-weight relationship based on length measurements of
30 individuals of each species (Zhang and Huang 1991).

Statistical analyses

A paired t-test was conducted to test the differences in
seston and crustacean stoichiometry, TP and TN between two
seasons. Prior to paired t-test, Shapiro-Wilk tests were used to
confirm the normality of the data. We used linear mixed
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effects to test the effects of season and taxonomic group on
crustacean stoichiometry. Mixed effects analyses were per-
formed with the ImerTest package (Kuznetsova et al. 2020).
Individual reservoirs were specified as random variable and,
non-significant variables were removed from the fixed model
component via the backward elimination procedure of the
“step” function. Posh hoc comparisons between multifactorial
combinations of the fixed model part were performed with
the “Is_means” function. We performed reduced major axis
regression to explore relationship between TP and TN with
the Imodel2-package (Legendre 2018). To examine nutrient
effects on phytoplankton biomass and compositional quality,
we used multiple linear regression model with the model
selection procedure using corrected Akaike’s information
criteria (AICc). The Im function was used to perform multiple
regression analysis. For seston stoichiometry, we selected
nutrients, phytoplankton composition and season as indepen-
dent variables, and for Chl a : TP ratio, we selected Zoo : Phyto
ratio and dominant zooplankton group (categorical variable)
as independent variables. Each model assumed a Gaussian dis-
tribution. A model with the lowest AICc value and models
with AICc not greater than 2 from the lowest AICc were
selected as the best models (Burnham and Anderson 2004).
AICc values were computed using the “aictab” function in the
AlCcmodavg package (Mazerolle 2020). Although some of
the explanatory variables in the best models may be poten-
tially related to each other, the variance inflation factors were
< 1.5, indicating that collinearities among explanatory vari-
ables were not strong. We performed two-segment piecewise
linear regression to relate seston stoichiometry to the trophic
position of copepods, Zoo : Phyto and the relative biomass of
three crustacean groups with the segmented package
(Muggeo 2023). For the relative biomass of three crustacean
groups and the trophic position of copepods, we fit the piece-
wise model with respect to N : Pj, and selected phytoplankton
compositional quality as additional covariate. For Zoo : Phyto,
the piecewise model was fit with respect to seston N: P, and
seston C and phytoplankton compositional quality were
selected as additional covariates. For all linear regressions, we
ensured the normality and homoscedasticity of model resid-
uals by plotting quantile-quantile plots and model residuals
vs. fitted values plots. The relative biomass of phytoplankton
and zooplankton were logit-transformed, and other variables
were logio-transformed prior to analysis if necessary. All the
statistical analyses were performed in R.

Results

Elemental stoichiometry

TP was significantly higher in the flood season than the dry
season (paired t-test, p = 0.01), while TN showed no seasonal
difference (paired t-test, p = 0.80). Log,0TN and log;oTP were
positively correlated, with scaling exponent <1 in both sea-
sons (N against P, all p<0.05; Supporting Information
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Fig. S2a). Thus, TN :TP tended to decrease overall with
increased TP in both seasons (all p < 0.05; Supporting Informa-
tion Fig. S2b), indicative of more extensive P than N enrich-
ment in these reservoirs.

Seston C was positively related to TP (p < 0.001; Fig. 1a),
and C:P spanned nearly one order of magnitude with 75%
observations above Redfield ratio. Seston C:P was signifi-
cantly higher in the dry season than the flood season (paired
t-test, p = 0.009). Multiple regression revealed TP as the key
determinant of C: P (p <0.001; Fig. 1b; Supporting Informa-
tion Table S3), while the relative biomass of cyanobacteria
only had a weak positive relationship to the ratio (p = 0.07).
Seston C : N exceeded Redfield ratio for 75% observations, and
was significantly higher in the dry season than the flood sea-
son (paired t-test, p < 0.001). Multiple regression revealed that
TN as the key determinant of C:N (p<0.001; Fig. 1c;
Supporting Information Table S3), and there also was a weak
negative contribution from the relative biomass of diatoms
(p = 0.048; Fig. 1d). The intercept was higher in the dry sea-
son than the flood season (p < 0.001). Seston N : P varied over
a broad range and was significantly higher in the flood season
than the dry season (Paired t-test, p < 0.001). There were 55%
observations below Redfield ratio, and multiple regression rev-
ealed that it was negatively related to TP and the relative bio-
mass of diatoms with a much higher intercept in the flood
season than the dry season (all p < 0.001; Fig. le,f, Supporting
Information Table S3).

The mixed effects model indicated that cyclopoids tended
to have higher C:P than cladocerans but lower value than
calanoids (all p<0.001; Fig. 2a; Supporting Information
Table S2). Calanoids had higher C : P in the flood season than
the dry season (paired t-test, p < 0.001), while cyclopoids and
cladocerans showed no significant seasonal difference in C: P
(paired t-test, both p>0.1). C:P; for calanoids, cyclopoids,
and cladocerans varied between —1.1 to 0.5, —0.7 to 1.2, and
—0.3 to 1.3, respectively (Fig. 3), and decreased with increased
TP (all p < 0.001). C : P; was generally negative for calanoids in
reservoirs with TP >20 ug L™!, and negative for cyclopoids
and cladocerans in reservoirs with TP > 40 ug L™'. For C: N,
three crustacean groups all had higher values in the dry season
than the flood season (paired t-test, all p <0.001), and both
calanoids and cyclopoids had lower C:N than cladocerans
(all p < 0.001; Fig. 2b; Supporting Information Table S2). C : N;
for calanoids, cyclopoids, and cladocerans varied between
—0.05 to 1.5, —0.12 to 1.4 and —0.1 to 1.3, respectively
(Fig. 3), and decreased with increased TN (all p < 0.001). For
three crustacean groups, C:N; was 20 for the majority of
observations and was only slightly lower than zero when the
values were negative. For N : P, it was higher in copepods than
cladocerans, and lower in cyclopoids than calanoids (all
p <0.001; Fig. 2¢; Supporting Information Table S2). N : P; for
calanoids (—1.4 to 0.4) was negative for 45 of the 48 observa-
tions, and decreased with increased TP (p < 0.001). Similarly,
N : P; for cyclopoids (—1.5 to 1.0) and cladocerans (—0.6 to 1.2)
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decreased with increased TP (both p < 0.001; Fig. 3) and were
generally negative in reservoirs with TP > 40 ug L'

Plankton and trophic structure

Multiple regression revealed that phytoplankton biomass
was related positively to TN and negatively to TDN:TP
(Fig. 4a,c; Supporting Information Table S3). Phytoplankton
were dominated by either diatoms or cyanobacteria or
chlorophytes. Diatoms contributed 0.1-98.2% to phytoplank-
ton biomass, and was related negatively to TN and positively
to TDN : TP (all p < 0.001; Supporting Information Table S3;
Fig. S3a,d). In contrast, the proportion of cyanobacteria was
related positively to TN and negatively to TDN:TP (all
p <0.001; Supporting Information Table S3; Fig. S3b,e), while
the relative biomass of chlorophytes was related neither to TN
nor to TDN : TP (all p > 0.1; Supporting Information Fig. S3c,
f). Thus, phytoplankton compositional food quality varied
from O to 2, and was related negatively to TN and positively to
TDN : TP in a multiple linear regression analysis (all p < 0.001;
Fig. 4b,d; Supporting Information Table S3).

Zooplankton biomass increased with increased TP
(p <0.001), and was primarily contributed by small cladoc-
erans (e.g., Bosmina fatalis and Diaphanosoma orghidani) or
copepods (e.g., Phyllodiaptomus tunguidus and Mesocyclops the-
rmocyclopoids). Cladocerans contributed 3-86% to zooplank-
ton biomass, and its relative biomass was positively related to
phytoplankton compositional food quality and showed a two-
segment linear relationship with N : Py (all p < 0.001; Fig. 5a,d;
Supporting Information Table S3). The breakpoint was situ-
ated at an imbalance value of —0.15 (& 0.08 SE) which did not
differ significantly from zero. At a given compositional food
quality level, the relative biomass showed a maximum at the
breakpoint and strong reductions toward the extremes of the
imbalance gradient. Unlike cladocerans, the relative biomass
of calanoids and cyclopoids were related neither to N : P; nor
to phytoplankton compositional food quality (all p>0.1;
Fig. 5). The trophic position of calanoids and cyclopoids var-
ied from 2.05 to 3.33 and 2.01 to 3.59, respectively, and both
increased with decreased phytoplankton compositional food
quality and showed a two-segment linear relationship with
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N : P; (all p<0.001; Fig. 6; Supporting Information Table S3).
Their breakpoints were situated at imbalance values of —0.01
(£ 0.07) and 0.07 (£ 0.07), both of which did not differ signif-
icantly from zero. Meanwhile, at a given compositional food
quality level, their trophic position showed a minimum at the
breakpoint and strong increases toward the extremes of
the imbalance gradient.

The zooplankton to phytoplankton biomass ratio (Zoo :
Phyto) decreased from 0.261 to 0.005 with increased seston C
and decreased phytoplankton compositional food quality, and
showed a two-segment linear relationship with seston N:P
(all p <0.001; Fig. 7a—c; Supporting Information Table S3). At
given seston C and compositional food quality levels, Zoo :
Phyto showed a maximum at a breakpoint of 12.6 (+ 1.6) and
strong reductions toward the extremes of the seston N : P gra-
dient. The chlorophyll a to TP ratio (Chl a : TP) ranged from
0.09 to 1.53, and was negatively related to Zoo : Phyto with a
much higher intercept in reservoirs with zooplankton domi-
nated by copepods than reservoirs with zooplankton
dominated by cladocerans (all p <0.001; Fig. 7d; Supporting
Information Table S3).

Discussion

Effects of seston stoichiometric quality on zooplankton

We found that seston C : N, C: P, and N : P ratios decreased
greatly along a eutrophication gradient in (sub)tropical Chinese
reservoirs, which is a common finding of many studies in the
field of ecological stoichiometry (Hessen et al. 2003; Hes-
sen 2006). For three crustacean groups, their body stoichiome-
try changed at a much smaller scale than seston along a
eutrophication gradient. Thus, stoichiometric mismatch
between seston and three crustacean groups changed with
eutrophication. Following from the Liebig minimum principle,
positive C : Ny and C : Py associated with negative N : P; for cal-
anoids suggested that they might face N-deficit phytoplankton
in low-nutrient reservoirs. For cyclopoids and cladocerans,
positive C: P; and C: N; associated with either positive or
negative N : P; indicated that they may face phytoplankton
with either P or N in deficit in low-nutrient reservoirs.
Daphnia have the highest P requirements as well as the lowest
C: P among the crustacean zooplankton, and may face excess
P when food C:P is <120 (Hessen 1990; Elser et al. 2016).
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between seston and their body tissue (d-f).

Non-Daphnia zooplankton may be less able to cope with excess
P due to limited internal sinks to accommodate extra P (Elser
et al. 2003), and growth experiments by Laspoumaderes et al.
(2015) and Zhou et al. (2018) showed that C : P thresholds for
copepod Parabroteas sarsi and rotifer Brachionus calyciflorus
facing excess P were > 120. Thus, negative C: P; and N : P;
coupled with seston C:P <100 suggested that three
crustacean groups might face phytoplankton with excess
P in reservoirs with TP >40ugl™'. As seston C:N and
C : P ratios tended to decrease with eutrophication, it seems
likely that moderate nutrient enrichment might improve
the stoichiometric quality of phytoplankton for crustacean
zooplankton in low-nutrient reservoirs, but reduce it in high-
nutrient reservoirs.

Zooplankton were dominated either by small cladocerans
or by copepods irrespectively of TP. This pattern is consistent
with earlier studies by Lin et al. (2014, 2020), which reported
that high filter-feeding fish predation accounted for the
absence/rarity of Daphnia in (sub)tropical Chinese reservoirs.
Meanwhile, we also found that cladocerans only dominated

in reservoirs with high phytoplankton compositional food
quality and low N :P mismatch degree between seston and
their requirement. Moreover, seston stoichiometric quality
explained a higher amount of variance (33.2%) in the relative
biomass of cladocerans than phytoplankton compositional
food quality (23.8%). Cladocerans are generally expected to
have a competitive advantage over copepods in a situation of
high phytoplankton food quality, due to their greater effi-
ciency in food collection and faster metabolic rates than ani-
mals of a similar size (Sommer and Stibor 2002). However, as
they are relatively nonselective filter feeders that tend to
ingest particles in the same ratio as they are encountered, they
may reduce their performance and lose their competitive
advantage when bulk phytoplankton quality is poor (Richman
and Dodson 1983; Plath and Boersma 2001). Thus, in low-
nutrient reservoirs, the relative biomass of cladocerans tended
to decrease with increasing seston C:P, which is consistent
with the findings in Norwegian lakes and Wolf Lake
(Hessen 2006; Prater et al. 2018). In contrast, in high-nutrient
reservoirs with seston C:P <100, cladocerans was likely to
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face phytoplankton with P in excess, and their relative
biomass tended to decrease with decreasing seston C : P.
Similar to cladocerans, copepods would reduce their perfor-
mance on food with either excess P or N or P in deficit
(Bullejos et al. 2014; Laspoumaderes et al. 2015; Mathews
et al. 2018). However, copepods are selective feeders, and can
feed discriminately based on food nutrient status (Butler
et al. 1989), which may confer a competitive advantage to
copepods over cladocerans in conditions of low phytoplank-
ton nutritional quality. Selective feeding experiment by
Meunier et al. (2015) showed that nauplii of Acartia tonsa
characterized by a low body N:P selected for P-rich food,
while older copepodite stages with higher body N : P selected
for nitrogen-rich food. In oligotrophic Patagonian lakes, the
trophic position of Boeckella gracilipes was positively related to
seston C: N (Trochine et al. 2019). Similarly, nitrogen stable
isotope analysis indicated that both calanoids and cyclopoids
were omnivorous to varying degrees in (sub)tropical Chinese
reservoirs. Moreover, their trophic position increased with
decreased phytoplankton compositional food quality and

increased stoichiometric mismatch degree between phyto-
plankton and their requirement, suggesting that they may
shift their trophic position toward carnivory when the stoi-
chiometric and compositional food quality of phytoplankton
were low. Copepods are exposed to a mixture of phytoplank-
ton taxa that may vary in elemental and biochemical compo-
sition in natural systems and on which they may also feed
selectively to cope with nutritional mismatches (Ahlgren
et al. 1992; Quigg et al. 2003; Meunier et al. 2015). However,
our results suggested that copepods might avoid nutritional
mismatches primarily via positive prey selection for animal
material offering the right balances of nutrients. Moreover,
the amount of variation in the trophic position of copepods
explained by phytoplankton stoichiometric quality (36.7-
39.2%) was comparable to the amount explained by composi-
tional food quality (34.5-39.0%). Thus, our results suggested
that phytoplankton stoichiometric quality together with bio-
chemical quality mediated zooplankton community structure
and the trophic position of copepods, and low phytoplankton
nutritional quality may favor copepods over other zooplankton
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in (sub)tropical Chinese reservoirs. However, a further research
is needed to unravel how phytoplankton stoichiometric and
biochemical quality mediate copepod’s feeding selection
between animal material and phytoplankton.

Effects of seston stoichiometric quality on trophic
structure

In (sub)tropical Chinese reservoirs, TP concentration
increased faster than TN and thereby decreased TDN : TP with
eutrophication. The fact that phytoplankton biomass
increased with increased TN and decreased TDN : TP suggested
a prevailing co-limitation by N and P. Thus, phytoplankton
biomass increased rapidly with eutrophication. Though zoo-
plankton biomass also increased with reservoir productivity, it
increased less rapidly than phytoplankton biomass, resulting
in decreased Zoo : Phyto along the eutrophication gradient.
These observations are consistent with patterns documented
in temperate lakes (Jeppesen et al. 2003; Hessen et al. 2006).
The decrease in Zoo : Phyto with increased productivity has
been linked mainly to either an increased planktivorous fish
predation or a reduced phytoplankton quality or both in
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temperate lakes (Jeppesen et al. 2003; Miiller-Navarra
et al. 2004; Hessen et al. 2006). YOY filter-feeding fish were
released into (sub)tropical Chinese reservoirs for fish produc-
tion, and stock fish biomass increased with reservoir produc-
tivity. Thus, filter-feeding fish predation pressure increased
with reservoir productivity, thereby partly accounting for
reduced Zoo : Phyto with increased seston C. However, the
ratio also varied 10-fold within the same level of productivity,
indicating that there were other factors together with fish pre-
dation accounting for the scatter. As algal species differ phylo-
genetically in biochemical composition, an increasing share of
cyanobacteria may decrease biochemical quality of phyto-
plankton, and thereby reduce Zoo :Phyto (Miiller-Navarra
et al. 2004). As expected, phytoplankton compositional food
quality decreased overall with eutrophication, and was posi-
tively related to Zoo :Phyto in (sub)tropical Chinese reser-
voirs. Moreover, phytoplankton was dominated either by
green algae or by cyanobacteria in eutrophic reservoirs, lead-
ing to considerable variation in phytoplankton compositional
food quality within the same level of TP, thereby partly
accounting for the scatter in Zoo : Phyto. Meanwhile, at given
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seston C and phytoplankton compositional food quality
levels, Zoo : Phyto showed a maximum at intermediate seston
N : P and strong reductions toward the extremes of the seston
N:P gradient. Moreover, seston stoichiometric quality
explained a higher amount of variation (14.7%) in Zoo : Phyto
than phytoplankton compositional food quality (10.7%).
Thus, our result suggested that phyoplankton stoichiometric
quality together with biochemical quality and fish predation
mediated the biomass ratio.

Our results aligned with findings from Thomas et al.’s
(2022) meta-analysis using > 100 experimental studies, which
reported that co-limitation among elements, fatty acids and
sterols may be strong in zooplankton. Moreover, enclosure
experiment in a low nutrient lake also showed that shading
alone may increase zooplankton production and thereby
increase Zoo :Phyto by decreasing seston C:P (Urabe
et al. 2002). However, field data relating excess P to zooplank-
ton production and Zoo : Phyto are sparse. Present evidences
for excess P effect on zooplankton are primarily obtained in
well-defined laboratory experiments which focused on the
response of a single consumer to elemental mismatch with
one producer (Laspoumaderes et al. 2015; Elser et al. 2016;
Zhou et al. 2018). Growth experiment by Currier and Elser
(2017) showed that lowering lake seston C : P below 110 by P
enrichment may reduce Daphnia magna growth, supporting
the existence of the “excess P” side of the “stoichiometric
knife edge” under field conditions. However, field study by
Prater et al. (2018) suggested that food quality effects on
daphnid biomass production were likely to act along a contin-
uum controlled by dietary elemental stoichiometry in oligo-
trophic systems and switching to biochemical regulation
under more eutrophic conditions. In natural systems, zoo-
plankton communities not only consist of multiple species
that may differ from each other in their response to nutri-
tional mismatch (Currier and Elser 2017), but also are exposed
to a mixture of food source types that may vary in elemental
and biochemical composition and on which they may feed
selectively. Further field work is necessary to examine the
effects of excess P on zooplankton community and unravel
whether excess P and biochemical limitation may effect zoo-
plankton production and Zoo : Phyto in conjunction or in a
mutually exclusive manner in eutrophic systems.

Meanwhile, impaired zooplankton performance induced by
low phytoplankton nutritional quality may reduce their graz-
ing pressure, which in turn promote the accumulation of phy-
toplankton biomass. Thus, Chl a: TP tended to increase with
decreased Zoo : Phyto. Moreover, cladocerans have faster met-
abolic rates than copepods of a similar size, and zooplankton
compositional shift from a cladoceran assemblage to a cope-
pod assemblage is expected to reduce zooplankton grazing
pressure on phytoplankton (Sommer and Stibor 2002; Persaud
and Dillon 2011). Thus, stoichiometric mismatch might
reduce zooplankton grazing pressure on phytoplankton by
decreasing contribution of cladocerans to zooplankton
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biomass. Meanwhile, copepods shifted their trophic position
toward increased consumption of animal material when the
stoichiometry of phytoplankton became less comparable to
their requirement, leading to a greater proportion of phyto-
plankton C transferring to copepods with additional intermedi-
ate trophic levels, and thereby reducing the trophic transfer
efficiency. Thus, at a given Zoo : Phyto, Chl a : TP tended to be
higher in reservoirs with zooplankton dominated by copepods
than reservoirs with zooplankton dominated by cladocerans.
Moreover, copepod grazing can occur via three food chains with
two to four levels and different grazing pressure on phytoplank-
ton. Two-level chain implies a negative effect on phytoplank-
ton, three-level chain a positive effect, and four-level chain may
have variable results (Yoshida et al. 2001; Sommer and Som-
mer 2006). It is not clear whether the net effect of copepods on
phytoplankton biomass would change with their trophic posi-
tion, thereby partly accounting for the scatter in Chl a: TP in
copepods-dominated systems. A further research is needed to
unravel how phytoplankton stoichiometric quality and cope-
pods omnivory regulate planktonic trophic interactions.

Conclusions

We observed decreases in seston C:P, C:N, and N:P
ratios and zooplankton to phytoplankton biomass ratio,
coupled with an increase in the yield of Chl a per TP along
the eutrophication gradient in (sub)tropical Chinese reser-
voirs. Zooplankton may face phytoplankton with P or/and N
in deficit of their demands in low-nutrient reservoirs and P in
excess in eutrophic to highly eutrophic reservoirs, facilitating
the dominance of copepods which can overcome this nutri-
ent deficiency or excess by predation on microzooplankton.
Therefore, it seems that the greater stoichiometric mismatch
between phytoplankton and zooplankton might induce a
much lower Zoo : Phyto associated with a much higher Chl
a:TP. Eutrophication is generally expected to result in
reduced trophic efficiency and accumulation of phytoplank-
ton biomass via the promotion of toxic or inedible
cyanobacterial blooms or/and the enhancement of
planktivorous fish stocks. Our results suggest that negative
impact of excess P on zooplankton may be another mecha-
nism partly contributing to the low trophic transfer effi-
ciency in eutrophic (sub)tropical Chinese reservoirs.

Data availability statement

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.
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