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Abstract
Planktonic primary consumers have been shown to strongly influence phytoplankton communities via top-down effects such
as grazing and nutrient recycling. However, it remains unclear how changes in consumer richness may alter the stoichiometric
constrains between producer and consumer assemblages. Here we test whether the stoichiometry of producer–consumer
interactions is affected by the species richness of the consumer community (multispecies consumer assemblage vs single
consumer species). Therefore, we fed a phytoplankton assemblage consisting of two flagellates and two diatom species
reared under a 2 × 2 factorial combination of light and nitrogen supply to three planktonic consumer species in mono- and
polycultures. As expected, phytoplankton biomass and C:nutrient ratios significantly increased with light intensity while
nitrogen limitation resulted in reduced phytoplankton biomass and increasing phytoplankton C:N but lower N:P. Differences
in phytoplankton stoichiometry were partly transferred to the consumer level, i.e., consumer C:N significantly increased
with phytoplankton C:N. Consumer diversity significantly increased consumer biomass, resource use efficiency and nutrient
uptake. In turn, consumer N:P ratios significantly decreased in consumer assemblages under high resource supply due to
unequal changes in nutrient uptake. Consumer diversity further altered phytoplankton biomass, stoichiometry and species
composition via increased consumption. Whether the effects of consumer diversity on phytoplankton and consumer performance were positive or negative strongly depended on the resource supply. In conclusion, the stoichiometric constraints of
trophic interactions in multispecies assemblages cannot be predicted from monoculture traits alone, but consumer diversity
effects are constrained by the resources supplied.

Introduction
Over the last decades, the biogeochemistry of marine ecosystems experienced an increased perturbation by anthropogenic activities. Fossil fuel burning, N2 fixation and the
use of industrial fertilizers have constantly increased the
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global atmospheric input of carbon (C), nitrogen (N) and
phosphorus (P). The loads of additional N, however, are
disproportionally higher than P, resulting in overall increasing N:P ratios of the available resources (Elser et al. 2009;
Vitousek et al. 2010; Peñuelas et al. 2012; Sardans et al.
2012). This is particularly the case in coastal areas where
river runoffs discharge high concentrations of N into the
ecosystem relative to P (Grizzetti et al. 2012; Burson et al.
2016). Such changes in N:P supply ratios can have major
consequences for phytoplankton growth, community structure and elemental composition (Burson et al. 2016). Feeding rates, recycling rates, respiration, growth, and reproduction of consumer organisms, such as marine zooplankton,
in turn are constrained by the balance of essential resources
(C, N, P) in their food (Sterner and Elser 2002; Hessen et al.
2013; Elser et al. 2016).
Multiple studies in aquatic ecology have highlighted
the vulnerability of stoichiometric constraints in trophic
interactions to changes in resource availability, demonstrating that enhanced variability in phytoplankton nutrient
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content due to shifts in resource supply often results in
altered consumers’ growth, grazing rates and body elemental composition (Malzahn et al. 2007; Boersma et al.
2008; Peace et al. 2013; Elser et al. 2016). Changes in consumer performance can in turn influence primary producer
biomass and stoichiometry via multiple feedback mechanisms, such as altered consumption rates, gross growth
efficiency (Frost et al. 2006; Doi et al. 2010), and nutrient
regeneration (Sterner 1990; Elser and Urabe 1999; Knoll
et al. 2009).
The consequences of altered resource stoichiometry on
interactions between different trophic levels are well understood for simple chain-like producer–consumer systems with
single consumer species (Schoo et al. 2010; Malzahn et al.
2010; Malzahn and Boersma 2012; Meunier et al. 2012;
Chen et al. 2017), but the question remains whether the
observed nutritional constraints in trophic interactions differ when multiple species on the consumer and/or producer
level are involved. Previous studies have demonstrated that
experimental manipulations of species diversity at either
consumer or producer level often affects the efficiency by
which organisms capture resources, produce biomass and
recycle essential nutrients, with the main focus on standing
biomass (Hooper et al. 2005; Duffy et al. 2007; O´Connor
et al. 2017). In addition, interactive effects of altered
resource supply ratios and biodiversity have been addressed
in experimental and theoretical studies on biodiversity and
ecosystem functioning (Bruno et al. 2008; Cardinale et al.
2009; Gamfeldt and Hillebrand 2011; Hillebrand et al.
2014), focusing on realized productivity of producer species.
However, the consequences of altered resource stoichiometry for trophic interactions in the presence of multiple
consumer species have rarely, if ever, been explicitly tested.
So far, simultaneous effects of altered stoichiometry and
consumer species richness have been analyzed mainly from
a theoretical point of view (Hall et al. 2004; Loladze et al.
2004; Hall 2009; Elser et al. 2012). Based on multispecies
assemblages, these studies concluded that different stoichiometric demands in consumer species may have strong
implications for the coexistence of multiple consumers even
under homogenous prey supply by occupying different stoichiometric niches.
Multispecies assemblages containing species with different stoichiometric demands may show intermediate stoichiometric signature compared to the specific elemental composition of the component species by averaging effects. Studies
on freshwater zooplankton have shown that daphnid species
differ in their P content and their stoichiometric flexibility
(Hood and Sterner 2014). Consequently, the commonly proposed relative high P demand in daphnids compared to other
consumer species may just represent the average stoichiometric signature of multiple daphnid species with different
stoichiometric requirements.
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Alternatively, the impact of multiple consumer species
may differ from single species by non-averaging diversity effects. If consumer species differ in their nutritional
demands and assimilation efficiencies, more consumer
species may increase the overall extraction and regeneration of nutrients, thereby affecting producer stoichiometry.
In fact, a mesocosm experiment conducted in marine rock
pool communities demonstrated that consumer diversity
can alter nutrient regeneration patterns, thereby decreasing
phytoplankton C:N ratios with increasing consumer species
richness (Hillebrand et al. 2009).
Understanding the mechanisms underlying the relationship between species richness on different trophic levels and
elemental stoichiometry in pelagic food webs is crucial to
predict the potential consequences of anthropogenic-induced
changes in marine biogeochemistry and biodiversity. Here,
we test the idea that planktonic consumer species with different stoichiometric demands may alter the efficiency of
resource use in multispecies assemblages with consequences
for consumer individual biomass, consumer body stoichiometry and feedbacks on phytoplankton biomass and elemental
composition. To test this prediction, we performed a laboratory experiment manipulating resource supply in a 2 × 2
factorial manipulation of N and light. On primary producer
level we used a four-species phytoplankton assemblage consisting of the flagellates Rhodomonas salina and Tetraselmis
sp. as well as the diatom species Chaetoceros danicus and
Skeletonema costatum. Three taxonomically different consumer species with specific stoichiometric demands were
used and included juveniles of the brine shrimp Artemia
salina, copepodites of the marine copepod Acartia tonsa
and the brackish rotifer Brachionus plicatilis. We contrasted
single consumer treatments (consumer monocultures) to
multispecies assemblages (consumer polycultures) and a
grazer-free control. We measured phytoplankton biovolume
and consumer individual biomass as well as the elemental
composition of producers and consumers to test the following rationale:
Before grazing, phytoplankton biomass and elemental
ratios will reflect the resource supply ratios. An increase
in light and N availability is expected to increase phytoplankton biomass while phytoplankton C:N and C:P ratios
are expected to increase with light but N:P and C:N should
decrease with high N supply. The effects of light and N on
phytoplankton biomass and elemental ratios will be transferred to the next trophic level such that consumer individual biomass and resource use efficiency will increase with
relatively low phytoplankton C:N and C:P ratios. Based on
the assumption that homeostatic regulation in metazoan
zooplankton is often not entirely strict, we further expect
that consumer elemental ratios increase with phytoplankton elemental ratios (H1). The effect of phytoplankton stoichiometry on consumer performance (biomass production,

Page 3 of 16 163

Marine Biology (2019) 166:163

resource use efficiency, stoichiometry) will significantly
differ between consumer monocultures and polycultures by
either averaging or non-averaging effects (H2).
During the grazing period, biomass and elemental ratios
(C:N, C:P, N:P) of phytoplankton grazed by consumer
polycultures will differ from expectations based on phytoplankton performance in consumer monocultures. Consumer
polycultures will alter the overall efficiency of resource
assimilation and nutrient regeneration, resulting in lower
phytoplankton biomass and shifts in phytoplankton elemental ratios in consumer polycultures compared to expectations
based on consumer monoculture treatments (H3).

Materials and methods
Pre‑experimental conditions
The phytoplankton cultures used in the experiment originated from culture collections at the ICBM and were isolated
and identified according to Kraberg et al. (2010). Prior to the
experiment, stock cultures of the flagellates Rhodomonas
salina and Tetraselmis sp. as well as the diatom species
S. costatum and C. danicus were cultured under constant
temperature (18 °C) and light conditions in f/2 full medium
(Guillard and Ryther 1962) until they reached an optimal
density to inoculate the experimental cultures.
Pre-filtered seawater (0.2 µm) was used to produce the
experimental medium. For the N-enriched medium (N+),
N was added to a final concentration of 1083 μmol N L−1
while the limited medium (N−) had a final concentration of
54 µmol N L−1. All other nutrients (P, Si, Fe) were added
according to the f/2 medium prescription (Guillard and
Ryther 1962).
The consumer species A. tonsa (Copepoda, Calanoida),
A. salina (Branchiopoda, Anostraca), and B. plicatilis
(Monogononta, Ploima) were tested in pre-experiments to
ensure that they graze and grow on the selected phytoplankton species. Although these particular consumer species do
not coexist in natural systems, they were chosen because
they represent important herbivores in their specific environment, cover different consumer classes and show different
stoichiometric demands.
Acartia tonsa eggs, obtained from the ‘Biologische
Anstalt Helgoland’ (Alfred Wegener Institute), were hatched
at 18 °C in 12:12-h dark:light cycle in 0.2-µm-filtered seawater. Nauplii of A. tonsa were collected between 24 and 48 h
after hatching to ensure a similar developmental stage of the
cohort and were daily fed with R. salina until copepodite
stage CIII before they were used for the experiment.
Resting eggs of the brine shrimp A. salina, also obtained
from the ‘Biologische Anstalt Helgoland’ (Alfred Wegener
Institute), were hatched 4 days prior to the experiment under

the same conditions as A. tonsa. Larvae were separated from
unhatched eggs and reared under the same conditions as
A. tonsa. We used juvenile A. salina for the experiment to
keep the size difference between consumer species as small
as possible.
Stock cultures of the rotifer B. plicatilis were obtained
from the Institute for Biology und Environmental Science
(University of Oldenburg) and cultured continuously in
Petri dishes under the same constant light and temperature
conditions as the other species. The cultures were fed and
refreshed once per week by transferring about 50 egg-carrying females into new Petri dishes filled with Rhodomonas
culture. Two weeks prior to the experiments, synchronized
individuals were transferred into 1 L of Rhodomonas culture to reach a sufficient amount of individuals for the
experiment.
Using juvenile stages of A. tonsa and A. salina, and establishing a 4-day grazing phase (shorter than the generation
time of B. plicatilis) in the experiment, reproduction of zooplankton organisms was prevented to avoid biasing results
due to density effects or reproduction investment. Before
the consumer species were finally added to the corresponding experimental treatments, copepods, brine shrimps, and
rotifers were gently rinsed over a 200 µm and 50 µm sieve,
respectively, to ensure similar intraspecific size and to separate the organisms from food particles and feces.
Although the use of such different consumer species
resulted in highly artificial consumer assemblages, it allowed
us to assess the mechanisms behind our main question
whether the stoichiometric interaction between producer
and consumer species differ when multiple instead of single
consumer species are present.

General experimental setup
The experiment was conducted in laboratory microcosms
(1000-mL Schott flasks) under batch culture conditions and
at a constant temperature of 18 °C. Phytoplankton assemblages containing Rhodomonas salina, Tetraselmis sp. S.
costatum and C. danicus were reared under different light:N
regimes (2 × 2 factorial combination of light and N, see
below) with five consumer treatments (three single consumer
species, a mixture consisting of all three species, and a consumer-free control). Each combination of light, N, and consumer treatment was run in triplicates. To ensure an equal
biovolume at the beginning of the experiment, abundance
(cells mL−1) and biovolume (µm3) of the stock cultures were
determined prior to the experiment (see below). The experimental cultures were inoculated with a final biovolume of
113,600 µm3 mL−1 corresponding to a phytoplankton cell
density of 450 cells mL−1. The N+ and N− phytoplankton
cultures were exposed to high-light (HL, 100 μmol m−2 s−1)
and low-light conditions (LL, 30 μmol m−2 s−1).
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During the experiment, the phytoplankton cultures were
gently aerated to avoid stratification in the bottle. Before
adding the zooplankton species, phytoplankton cultures were
reared for 10 days with a 12:12-h light:dark cycle to allow
biomass buildup and to ensure a sufficient limitation under
N and light deficiency.
After this growing phase, a constant volume of each replicate was sampled and analyzed for biomass and C:N:P content of the algae. Afterwards, the consumer species were
added to the phytoplankton cultures as single species (monocultures) and in multispecies assemblages (polycultures),
respectively. Consumer monocultures were inoculated with
2000 individuals of B. plicatilis, 400 individuals of A. tonsa
and 300 individuals of A. salina. The polycultures were
inoculated in an additive design (Snaydon 1991). Although
these abundances are still high compared to natural conditions, they provided a sufficient number of individuals
needed for the later chemical analyses.
After another 4 days, both consumer and phytoplankton
were sampled and measured for biomass and C:N:P content.
Additional samples were taken to analyze the remaining dissolved N and P contents of the medium.
Although the chosen additive design may confound consumer density and diversity, it can reflect real situations
when species lost from a consumer assemblage are not
numerically compensated for (Cardinale et al. 2003). This
is the case when—like in our experiment—the time frame is
too short for numerical responses to the local extinction of
single species. To account for the higher animal densities in
the consumer polycultures, we compared expectations from
the summed performance of all three consumer monocultures to the observed performance of the consumer polycultures (for details see “Statistical analyses”). This allowed
us to determine whether consumer diversity had an effect
exceeding that expected from enhanced consumer abundance in multispecies assemblages. By keeping consumer
densities as low as possible, we additionally accounted for
potential nonlinear functional responses which would restrict
the conclusions to consumer density effects (Sih et al. 1998).
Based on the outcome of pre-experiments, we additionally
assured that the sampling was conducted during the exponential phase of the functional responses, thereby avoiding
consumer density-dependent effects. A further benefit of the
additive series design is that intra- and interspecific interactions are less likely to be confounded—a problem that can
hinder interpretation of treatment effects in the replacementseries design where the density of each species is inversely
proportional to richness (Snaydon 1991; Jolliffe 2000).

Analytical procedures
At two sampling days (before and after grazing), samples from each replicate were taken for the analyses of
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phytoplankton biovolume (µm3 mL−1) as well as particulate
C, N, and P content. Samples for analysis of cell densities
and species abundance were preserved in Lugol with 1%
final concentration and counted with an inverted microscope.
To convert phytoplankton cell numbers into biovolume,
the specific cell volume was calculated by approximation
to a defined geometric shape (Hillebrand et al. 1999). Final
phytoplankton biovolume was calculated by multiplying single cell volume with corresponding cell counts.
For nutrient samples, a volume of 20–200 mL was filtered on pre-combusted Whatman GF/F filters. The filtered
volume depended on the phytoplankton cell density of the
different treatments. To ensure an equal biovolume in each
replicate after sampling, additional volume was removed if
necessary. Prior to measurements, the C/N and P filters were
dried for at least 48 h at 60 °C and stored there until analysis.
To obtain samples for dissolved nutrients, 20 mL of the filtered phytoplankton suspension were retained in PE bottles
and stored at − 20 °C until analysis.
Consumer biomass was determined as carbon content per
individual (µg C ind.−1). To obtain samples for consumer
C, N and P content, individuals of A. tonsa, A. salina, and
B. plicatilis were first separated from primary producers
and feces by rinsing them over 200-µm and 50-µm meshes.
About 20–30 individuals of each species from each culture were then isolated, filtered on pre-combusted Whatman GF/F filters, and dried at 60 °C for later analysis.
The remaining individuals were preserved with Lugol and
counted afterwards to determine total abundance. The C/N
elemental composition of phytoplankton and consumer species was measured using a CHN analyzer (Thermo, Flash EA
1112). Particulate phosphate was measured photometrically
as orthophosphate by molybdate reaction after sulfuric acid
and heat digestion modified after Grasshoff et al. (1999).

Statistical analyses
Before the consumer species were added to the phytoplankton cultures, the effect of light and N supply on phytoplankton C:N:P molar ratios and biomass (µmol C L
 −1) was analyzed by a two-way ANOVA with N and light as independent
factors. To exclude systematic differences in phytoplankton
response, variables between the grazer treatments before the
grazers were actually added; we conducted an additional
one-way ANOVA with species as independent factor for
phytoplankton biomass and elemental ratios before grazing.
We additionally performed planned ANOVA contrasts
on the change in phytoplankton response variables over the
grazing period, expressed as Δ values, between the consumer free control treatments and consumer presence (0 vs.
1). This served as a test of the a priori-defined hypothesis
that grazer presence will alter phytoplankton biomass and
elemental ratios. The use of Δ values additionally allowed
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for compensation of random variation in starting conditions
between replicates before the consumer species were added
to the phytoplankton cultures.
Consumer individual biomass (µg C ind.−1), elemental
molar ratios, resource use efficiency (called RUE hereafter)
and N uptake efficiency (NUE) were analyzed by a threeway ANOVA at the end of the experiment using N, light,
and consumer treatments as independent factors to test for
H1. The effect of light and N on consumer C:P and N:P
was exceptionally tested with a two-way analysis since there
were too many p values missing for a three-way ANOVA.
The calculation of the consumer RUE was adapted from
Ptacnik et al. (2008), where phytoplankton RUE is defined
as the ratio between phytoplankton biomass (as chlorophyll
a and carbon content) and total phosphorus (TP) as the limiting resource. We thus expressed consumer RUE by the
ratio between the consumer species-specific total amount of
carbon L−1 (µmol C L
 −1) and the available phytoplankton
−1
N (µmol N L ) as the limiting resource (µmol Czoo/µmol
Nphyto). Accordingly, the consumer NUE was calculated
as species-specific consumer N L
 −1 (µmol N L
 −1) per unit
−1
phytoplankton N supplied (µmol N L
 ). Consumer RUE
and NUE, respectively, were determined after the grazing
period of 4 days. Significant differences between group levels reported in the results were detected by Tukey’s honest
significant difference test (HSD, p < 0.05).
In case of significant interactions between resource
supply (in terms of light and N) and consumer elemental
composition, we additionally tested for significant speciesspecific differences between the resource supply treatments
using an independent t test for each single species. Furthermore, we used Spearman rank correlation to test whether
phytoplankton elemental ratios were correlated with consumer elemental ratios and biomass (H1).
To test whether consumer species richness influenced the
phytoplankton and consumer response variables in a way
that deviated from expected additive effects (H2 and H3), the
net diversity effect (NDE) was calculated as the difference
between observed values in polycultures and the expected
values based on monoculture performance (Loreau and Hector 2001). Diversity effects on absolute values should sum
up, whereas effects on relative values should average. Thus,
expected yields (consumer biomass) in consumer polycultures correspond to the sum of monoculture performance
(A + B + C). For ratios (C:N, C:P, N:P, RUE, NUE) which
were changed in monocultures to a by species A, b by species B, and c by species C, the combination of A, B, and C is
expected to result in 0.33 × (a + b + c). The sum of monoculture performance was based on randomized attribution of the
replicate parallels. Significant deviation of NDE from 0 indicates that the observed performance in polycultures differed
from additive predictions, which was tested with t tests on
square-root-transformed NDE values. Positive NDE values

indicate an increase of the corresponding response variable
in polycultures relative to the expectation from monocultures, while negative values indicate a relative decrease in
polycultures.

Results
Phytoplankton response to resource supply
before grazing
As expected, elevated light intensity (HL) significantly
increased phytoplankton biovolume and cellular C:nutrient
ratios, while reduced N availability resulted in decreasing
phytoplankton biovolume and lower phytoplankton C:P
and N:P ratios as well as increased C:N ratios, indicating
enhanced phosphate uptake and reduced N uptake under N
depletion (see Appendix Figs. 5, 6; Table 4). The significant interaction term light × N (Appendix Fig. 5; Table 4)
revealed that the effect of N addition on phytoplankton biomass and elemental ratios was more pronounced under HL
conditions (Appendix Figs. 5, 6; Table 4).
The resource use efficiency (RUE) and N uptake efficiency (NUE) were significantly higher under reduced N
supply while light had no significant impact on RUE and
NUE. However, the significant interaction light × N revealed
that the effect of N was restricted to the HL treatments with
RUE and NUE being highest under HL and N− and lowest
under HL N+ (Appendix Fig. 5; Table 4).
Additionally, the relative abundance of phytoplankton
species significantly differed between the factorial combinations of light and N supply (see Appendix Fig. 7).

Consumer performance (H1 and H2)
Overall, consumer individual biomass significantly increased
with elevated light [ANOVA, F(1,47) = 87.492, p < 0.001]
and N supply [ANOVA, F(1,47) = 51.097, p < 0.001], with
synergistic effects of both resources [ANOVA, significant
interaction light × N, F(1,47) = 15.922, p < 0.001]. When
additionally accounting for species identity [ANOVA,
interaction term light × N × species, F(1,47) = 10.927,
p < 0.001], the overall response of consumer biomass was
consistent in its direction but the magnitude was species
specific for the light and N manipulations (Fig. 1a).
Under HL N+ conditions, the significant positive NDE
indicated that consumer biomass was higher in multispecies
assemblages than expected from monoculture performance.
Under LL N− in turn, consumer polycultures decreased consumer biomass compared to monocultures, indicated by the
significantly negative NDE (Fig. 1b; Table 1).
Consumer RUE was significantly higher under N[ANOVA, F(1,47) = 116.19, p < 0.001], and low-light

13

163

Page 6 of 16

Marine Biology (2019) 166:163

Fig. 1  Left panel shows a
consumer biomass, c RUE and e
NUE of the different consumer
species in monocultures (A,
B and C on the x-axis) and
polycultures (MIX A, MIX B
and MIX C) under different factorial combinations of light and
nitrogen availability. Data are
mean values with standard error
(mean ± SE). The right panels
b, d, f show the NDE for the
respective response variables.
Values for the NDE are squareroot transformed. A, Artemia
salina; B, Brachionus plicatilis;
C, Copepod Acartia tonsa;
MIX A, B, C = corresponding
individual consumer species in
polyculture

Table 1  t test results for the
NDEs on consumer response
variables

Response

Consumer biomass
Consumer RUE
Consumer NUE
Consumer C:N
Consumer C:P
Consumer N:P

HL N+

HL N−

LL N+

LL N−

t value

p

t value

p

t value

p

t value

7.145
26.477
59.543
− 2.119
− 2.975
− 4.266

< 0.05
< 0.01
<0.001
0.168
0.096
0.050

0.002
25.100
15.486
− 1.020
0.026
0.422

0.997
< 0.01
< 0.01
0.414
0.981
0.713

− 3.964
6.078
7.8146
3.782
0.131
− 0.075

0.058 − 4.326
<0.05
21.901
<0.05
21.750
0.063 − 0.025
0.907
0.835
0.946
0.647

p
< 0.05
< 0.05
< 0.01
0.982
0.491
0.584

Significant values of the t test are shown in bold, marginal significant values in italic only. For abbreviations, see Table 1

conditions [ANOVA, F(1,47) = 9.7104, p < 0.01]. However, the significant interaction term light × N revealed
that the effect of N was mainly restricted to high-light conditions [ANOVA, light × N, F(1,47) = 114.94, p < 0.001].
This outcome was still observed when including species
identity [ANOVA, interaction term light × N × species,
F(5,47) = 2.6525, p < 0.05]. Consumer NUE showed the
same response to light and N conditions as observed for
consumer RUE (Fig. 1c, e). Consumer RUE and NUE
significantly increased in consumer polycultures when

13

compared to the expected values based on the monoculture
performance (NDE, Fig. 1d, f; Table 1).
Overall, consumer C:N ratios were significantly higher
when exposed to N-reduced phytoplankton cultures [threeway ANOVA, F(1,46) = 12.748, p < 0.001], while consumer
C:P and N:P were not altered significantly by the influence
of N. Light, in turn, had no significant effect on consumer
C:N, but significantly decreased consumer C:P and N:P
[C:P, two-way ANOVA, F(1,57) = 12.467, p < 0.001; N:P,
two-way ANOVA, F(1,57) = 8.3467, p < 0.01]. Although the
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intensity of the light and N effects on consumer body stoichiometry was species specific (Fig. 2a, c, e), there was no
significant interaction between light, N and species identity.
In addition to the ANOVA, the Spearman rank correlation between consumer C:N and phytoplankton C:N revealed
that consumer C:N significantly increased with phytoplankton C:N (rs = 0.58, N = 46, p < 0.001), while the correlation
between consumer C:P and phytoplankton C:P (rs = 0.22,
N = 45, p = 0.15) as well as consumer N:P and phytoplankton
N:P (rs = 0.069, N = 45, p = 0.65) was non-significant.
Only consumer N:P molar ratios were significantly
affected by consumer polycultures with a negative NDE
under HL N+ indicating that consumer N:P was lower in
polycultures than expected from monoculture performance
(Fig. 2f; Table 1). The other elemental ratios were not altered
when more than one consumer species was present (Fig. 2b,
d; Table 1).

Phytoplankton response after consumer addition
(H3)
The one-factorial ANOVA on the phytoplankton response
variables showed no significant differences between the
consumer treatments before the consumers were added.
However, after the consumer species were added to the
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phytoplankton cultures, we compensated for random initial
differences by measuring the effect of consumer presence
and multispecies assemblages on the change in the phytoplankton response variables over the grazing period rather
than the absolute values at the end of the experiment.
When considering the change in phytoplankton biomass (C µmol L−1) over the grazing period (Δ biomass), a
significantly negative planned contrast (0 vs. 1) under HL
N+ revealed that phytoplankton biomass increased less in
the consumer treatments compared to the consumer-free
control (Fig. 3a; Table 2). When comparing the observed
values of phytoplankton Δ biomass in polycultures with the
expected performance based on the monoculture outcome
(NDE), the significant negative NDEs on phytoplankton Δ
biomass under LL (N+ and N−) conditions revealed that
consumer polycultures reduced phytoplankton biomass more
than expected from monocultures (Fig. 3b; Table 3).
Consumer presence (0 vs. 1) resulted in significantly
lower phytoplankton RUE and NUE during the grazing
period (see Δ values) under HL N+ (Fig. 3c, e; Table 2)
while NUE significantly increased under LL N− when consumers were present (Fig. 3e; Table 2). When comparing the
observed polyculture values with the expected monoculture
performance, significantly negative NDE on phytoplankton
Δ RUE under LL (N+ and N−) indicates that the presence

Fig. 2  Effects of the factorial
combination of light and nitrogen availability on the consumer
elemental ratios (a, c, e) of the
different consumer species in
monocultures and polycultures
(mean ± SE), as well as the
NDE (b, d, f) for the respective
response variables. For abbreviations, see Fig. 3

13

163

Page 8 of 16

Marine Biology (2019) 166:163

Fig. 3  Left panel shows a phytoplankton (algal) biomass (C
µmol L−1), c RUE and e NUE
as the change over the grazing
period (Δ) in response to the
factorial combination of light
and nitrogen availability under
different grazing scenarios
(mean ± SE). Right panel shows
the NDE (net diversity effect)
for b phytoplankton biomass,
d RUE and f NUE. Values for
NDE are square-root transformed. A, Artemia salina;
B, Brachionus plicatilis; C,
Copepod Acartia tonsa; MIX,
consumer polyculture; HL,
high light; LL, low light; N+,
nitrogen enriched; N−, nitrogen
limited

Table 2  ANOVA planned
contrasts (0 vs. 1) for
phytoplankton (algal) response
variables over the grazing
period (Δ values)

Response

Algal Δ C
Algal Δ RUE
Algal Δ NUE
Algal Δ C:N
Algal Δ C:P
Algal Δ N:P

HL N+

HL N−

LL N+

LL N−

F

p

F

p

F

p

F

p

16.981
18.233
18.589
0.1136
11.699
14.778

< 0.01
< 0.01
< 0.01
0.7414
< 0.01
< 0.05

1.3575
1.3575
1.6098
0.2287
2.9907
1.8777

0.2649
0.2649
0.2268
0.6404
0.1074
0.1938

0.0057
0.0057
0.9560
2.2773
1.7151
1.108

0.9408
0.9408
0.346
0.1552
0.213
0.3117

0.1575
0.0052
5.0166
17.498
19.743
24.287

0.6979
0.9438
< 0.05
< 0.01
< 0.001
< 0.001

Significant values of the t test are shown in bold. The first row indicates the factorial combination of light
and nitrogen
HL high light, LL low light, N+ nitrogen enriched, N− nitrogen limited
Table 3  t test results for the
NDEs on phytoplankton (algal)
response variables over the
grazing period (Δ values)

Response

Algal Δ C
Algal Δ RUE
Algal Δ NUE
Algal Δ C:N
Algal Δ C:P
Algal Δ N:P

HL N+

HL N−

LL N+

LL N−

t value

p

t value

p

t value

p

t value

p

3.998
0.610
− 0.599
0.374
10.762
6.649

0.057
0.603
0.609
0.743
< 0.01
< 0.05

− 0.928
− 0.608
3.830
− 3.721
3.549
2.944

0.451
0.605
0.061
0.065
0.071
0.098

− 12.814
− 4.222
− 3.651
− 2.848
− 0.935
− 0.573

< 0.01
0.050
0.067
0.104
0.448
0.624

− 14.693
− 6.887
− 3.344
− 4.521
− 0.264
4.102

< 0.01
< 0.05
0.079
< 0.05
0.816
0.054

Significant values of the t test are shown in bold, marginal significant values in italic only. For abbreviations, see Table 1
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of multiple consumer species decreased phytoplankton RUE
over the grazing period (Fig. 3d; Table 3). Although phytoplankton Δ NUE showed the same trend as the Δ RUE, the
NDE for Δ NUE was marginally non-significant (Fig. 3f;
Table 3).
Phytoplankton C:N significantly decreased under LL
N− over the grazing period when consumers were present
but increased in the consumer-free control. This was mainly
based on the relatively strong decrease of phytoplankton C:N
when grazed by B. plicatilis and the MIX culture, while
it stayed constant with A. tonsa but increased in A. salina
cultures. However, due to the relatively strong increase of
phytoplankton C:N in the consumer-free control, Δ C:N was
significantly lower with consumer presence (planned contrast 0 vs. 1, Fig. 4a; Table 2). Phytoplankton C:N further
decreased under LL N− when more than one consumer species was present (Fig. 4b; Table 3), indicated by a significantly negative NDE on phytoplankton Δ C:N.
The planned contrast on phytoplankton Δ C:P and Δ
N:P between consumer treatments and the consumer-free
control (0 vs. 1) showed that both, phytoplankton Δ C:P
and Δ N:P were significantly lower under HL N+ when
consumers were present, irrespective of consumer identity
(Fig. 4c, e; Table 2). This indicates that phytoplankton

C:P and N:P increased less under grazing pressure or even
Table 4  Phytoplankton response to light, nitrogen and the interaction
of both before grazing tested with a two-factorial ANOVA
Response

Factor

df

F

p

Biomass

Light
Nitrogen
Light × nitrogen
Light
Nitrogen
Light × nitrogen
Light
Nitrogen
Light × nitrogen
Light
Nitrogen
Light × nitrogen
Light
Nitrogen
Light × nitrogen
Light
Nitrogen
Light × nitrogen

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

497.67
430.4
434.85
3.1108
67.7372
69.6467
3.6414
47.0745
74.4110
114.78
116.48
50.13
118.42
114.44
184.67
113.23
212.84
276.83

< 0.001
< 0.001
< 0.001
0.087
< 0.001
< 0.001
0.066
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

RUE

NUE

C:N

C:P

N:P

Fig. 4  Phytoplankton (algal)
elemental ratios (a, c, e) as
the change over the grazing
period (delta) in response to the
factorial combination of light
and nitrogen availability under
different grazing scenarios
(mean ± SE). Right panel (b,
d, f) shows the NDE for the
respective elemental ratios. For
abbreviations see Fig. 1
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Fig. 5  Algal biomass (algal C µmol L−1), RUE and NUE in response to the factorial combination of light and nitrogen availability (mean ± SE)
before grazing (left panel) and after grazing (right panel). HL, high light; LL, low light; N+, nitrogen enriched; N−, nitrogen limited

decreased compared to the control, as observed for N:P
in cultures grazed by A. tonsa and A. salina (Fig. 4c, e).
Under LL N−, in turn, significantly higher phytoplankton
Δ C:P and Δ N:P in the presence of consumers reflect a
stronger increase in C:P and N:P compared to the control
treatment (Fig. 4c, e).
When comparing the observed polyculture Δ C:P and
Δ N:P ratios with the expected ratios based on the monoculture performance, a significantly positive NDE revealed
that Δ C:P and Δ N:P were higher in multispecies assemblages under HL N+ (Fig. 4d, f; Table 3). In addition, the
same result was observed for phytoplankton Δ N:P under
LL N−. This indicates that, under certain resource supply
ratios, phytoplankton C:P and N:P increased strongly over

13

the grazing period when more than one consumer species
was present.

Discussion
Phytoplankton response to resource supply
before grazing
The differences in resource availability and supply ratios
significantly altered phytoplankton biomass and stoichiometry in a range that was substantial to allow testing of
our main hypothesis. The interaction between light and

Marine Biology (2019) 166:163
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Fig. 6  Algal elemental ratios (molar C:N, C:P and N:P) in response to the factorial combination of light and nitrogen availability (mean ± SE)
before grazing (left panel) and after grazing (right panel). For abbreviations, see “Fig. 5 in Appendix”

N supply revealed that low-light conditions mitigate the
effect of N, as observed in a previous study with a similar setup (Plum et al. 2015). The underlying mechanisms
such as enhanced photosynthetic activity and increased
carbon assimilation under high-light conditions as well as
reduced N uptake and luxury consumption of phosphate
under reduced N availability have been comprehensively
discussed in previous investigations (Droop 1973; Elrifi
and Turpin 1985) and corroborate the main predictions of
ecological stoichiometry (Sterner et al. 1997; Elser et al.
2002; Sterner and Elser 2002). Therefore, we focus our
discussion on the effects of single versus multiple consumer species on consumer and producer performance (H2
and H3).

Consumer response to phytoplankton biomass
and stoichiometry (H1)
The observed changes in phytoplankton stoichiometry
strongly correlated with consumer biomass and partially
with consumer stoichiometry, thereby supporting H1. Highest consumer individual biomass was observed under HL
N+ where we also detected elevated phytoplankton C:P
and N:P. Overall, consumer C:N and C:P ratios of all species tend to increase with phytoplankton C:nutrient ratios,
although phytoplankton C:N explained only 37% of the variance in zooplankton C:N and the positive relation between
consumer and phytoplankton C:P ratios was marginally
non-significant. Elevated herbivore C:nutrient ratios in face
of increasing phytoplankton C:nutrient ratios may seem
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Fig. 7  Skeletonema costatum (Ske) was proportionally the most
abundant species in the algal assemblages (except for HL +N) with
up to 70% of the total biovolume. Both, Rhodomonas salina (Rho)
and Tetraselmis sp. (Tet) remained below 20% of total biovolume.
The proportions were more equally distributed at HL and +N which

was mainly based on the dominance of Tetraselmis sp. (up to 50% of
total biovolume) and higher proportions of the subdominant species
Rhodomonas salina (up to 25% of total biovolume). The biovolume
of Chaetoceros danicus (Chae) contributed less than 1% to the total
algal biovolume under all resource conditions

contradictory considering consumers’ ability of homeostatic regulation. However, despite heterotrophic metazoans’ ability to keep their chemical composition in a narrow
range compared to their food, homeostatic regulation is not
always entirely strict. Thus, varying degrees of homeostasis can result in altered body stoichiometry under increased
variability in elemental resource supply ratios (Sterner
and Elser 2002; Persson et al. 2010). In fact, correlations
between consumer and phytoplankton elemental ratios have
been frequently reported in previous studies (Hillebrand and
Cardinale 2004; Van Nieuwerburgh et al. 2004; Malzahn
et al. 2010). Consequently, our results support the main predictions of the ecological stoichiometry concept and corroborate with previous observations and models (Sterner and
Elser 2002; Van de Waal et al. 2018).

Hillebrand and Lehmpfuhl 2011). Although these concepts
primarily referred to biomass production of producers, our
results provide experimental evidence that this concept can
be extended to the consumer level. In other words, the supply of essential as well as substitutable resources such as
prey organisms, and the ratio in which they are supplied
can alter the effect of consumer assemblages on consumer
biomass. In our experiment, consumer biomass significantly
increased in the consumer assemblages compared to monoculture performance under elevated resource supply (HL
N+) but decreased in consumer assemblages under LL −N.
Although we did not further partition the net diversity
effect, we suggest non-transgressive overyielding as the
underlying mechanism for the observed increase in consumer biomass under high resource supply. This assumption is supported by the fact that the biomass of the average consumer assemblage was higher than expected but
did not exceed the most productive consumer monoculture
(Hector et al. 2002). The observed significant increase in
consumer resource use efficiency (RUE) and N uptake efficiency (NUE) with consumer richness further supports this
assumption.
In addition, the phytoplankton assemblages used in our
experiment increased the probability of containing more
edible species, thereby increasing niche dimensionality and
consequently reducing the chance that the herbivore assemblages were limited by the same prey. This increased the
chance for complementarity in resource use among consumers via niche partitioning. However, the potential surplus
in resources provided by phytoplankton assemblages was
utilized more efficiently in consumer polycultures under

Effect of consumer diversity on consumer
performance (H2)
The response of consumer biomass and stoichiometry to
the supply ratios of light and N and the resulting phytoplankton food quality was significantly altered by consumer
polycultures, thereby supporting H2. Previous studies on the
relation between consumer diversity and biomass production were mainly conducted under homogenous resource
supply, demonstrating positive effects of higher consumer
richness on the accumulation of biomass (Duffy 2003, 2005;
Gamfeldt et al. 2005; Moorthi et al. 2008; Filip et al. 2014).
However, it has been shown that the relationship between
biodiversity and realized productivity is influenced by the
supply and balance of resources (Gross and Cardinale 2007;
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high-light conditions only. The non-significant or negative
response in consumer polycultures under the other factorial resource combinations indicated that potential positive
effects such as resource partitioning or facilitation may have
been eliminated by negative effects of interspecific competition (Duffy 2002; Bruno and Cardinale 2008). The lack of a
positive diversity–productivity relationship in assemblages
of functional equivalent consumers has been reported previously (Fox 2004). This effect cannot be excluded in our
study since all consumer species preferentially grazed on
R. salina and Tetraselmis under low resource supply. The
decreased amount of phytoplankton biomass under low-light
conditions potentially further enhanced competition among
herbivores, thereby limiting consumer’s growth via quantitative food limitation. Effects of quantitative limitation would
explain lower or constant biomass production in consumer
assemblages in face of an increase in resource use efficiency.
Besides the relation between diversity and biomass production, variability in supply of essential resources and prey
organisms partly altered the effect of herbivore diversity on
consumer elemental ratios, that is, consumer N:P ratios
decreased in herbivore assemblages under high light and
N enrichment. One potential explanation for the variability
in tissue elemental composition of the consumer species is
the unequal change in consumer resource use and nutrient
uptake. Consumer species assimilated more phosphorus
in relation to N and carbon when grown in mixtures. This
was particularly observed in the copepod cultures. The relative and absolute P content of copepods in the mixed cultures was about two times higher compared to the copepod
monoculture under HL N+. These differences in copepod
N:P between mono- and mix cultures mainly contributed to
the lower N:P ratios in consumer assemblages. While the
effects of richness on elemental ratios have not been tested
on consumer level so far, studies on the phytoplankton diversity–productivity relationship have suggested alteration in
resource use efficiency and nutrient uptake as a mechanism
for changes in elemental ratios (Striebel et al. 2008; Plum
et al. 2015).

Response of phytoplankton to consumer diversity
(H3)
Our experiment showed that consumer diversity significantly
altered phytoplankton biomass in a multispecies assemblage,
but the magnitude and direction of the effect significantly
depended on resource supply ratios, thereby corroborating
previous assumptions (Hillebrand and Lehmpfuhl 2011;
O´Connor and Donohue 2013).
While consumer assemblages had no effect on phytoplankton biomass under high-light conditions, consumer
polycultures reduced phytoplankton biomass more than
expected from monoculture performance under depleted
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light availability. The negative effect of higher consumer
richness on phytoplankton biomass accelerated the simple
additive effect of higher consumer density. Increased effect
sizes of consumer assemblages on producer biomass have
been reported previously, suggesting higher resource use in
consumer assemblages due to resource partitioning as the
underlying mechanism (Gamfeldt et al. 2005; Ives et al.
2005; Bruno et al. 2008; Jaschinski et al. 2009).
In addition to the alteration of producer biomass, the
manipulation of consumer species richness affected producer
stoichiometry. Overall, phytoplankton resource use efficiency and nutrient uptake increased over the grazing period
of our experiment. However, consumer diversity tended
to dampen the ability of the phytoplankton community to
accumulate more carbon per unit nutrient (lower RUE) or
to assimilate more nutrients (lower NUE), indicated by the
significant negative NDE on phytoplankton RUE and NUE.
Subsequently, unequal changes in phytoplankton carbon
assimilation and nutrient uptake resulted in lower phytoplankton C:N ratios under LL N− but increased phytoplankton C:P and N:P ratios under HL N+ when more than one
consumer species was present. The observed pattern for
phytoplankton C:N ratios corroborates previous findings
described for periphyton assemblages in rock pool communities (Hillebrand et al. 2009) while a meta-analysis has
demonstrated that indirect grazing effects can alter producer
C:P and N:P ratios (Hillebrand et al. 2008). Phytoplankton C:N ratios in our experiment were either affected by
increased N uptake but constant carbon accumulation under
HL N− or reduced carbon content per unit N under LL N−,
that is, consumer richness increased the relative cellular N
content in phytoplankton assemblages. The reduced phosphorus uptake in comparison to carbon accumulation and
simultaneously increasing N uptake was responsible for the
lower relative phosphorus content and thus enhanced phytoplankton C:P and N:P ratios under high-light conditions.
Although information on excretion is not available, increased
N content in the phytoplankton assemblages indicates that
consumer assemblages may have shown enhanced excretion
of N. Consumer diversity may have increased N regeneration
via complementarity in resource use indicated by the overall increased NUE in consumer polycultures. Furthermore,
the N-limited consumer polycultures showed higher than
expected consumption on phytoplankton biomass compared
to consumer monocultures (negative NDE on phytoplankton biomass). This pattern corresponds to previous studies,
suggesting that decreasing phytoplankton C:N ratios may
have been a consequence of enhanced N excretion and more
efficient biomass removal by more species rich consumer
cultures (Liess and Haglund 2007; Hillebrand et al. 2009).
In conclusion, our observations indicate that acrosslevel diversity effects can alter the transfer of resources
between adjacent trophic levels. Consumer assemblages
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can significantly increase the biomass production of the
species involved, the efficiency in resource use and nutrient uptake but decrease elemental ratios. Changes in
biomass and resource use were mainly driven by niche
complementarity within the consumer level while unequal
changes of resource use and nutrient uptake were mainly
responsible for changes in body stoichiometry. Consumer
diversity significantly altered biomass, resource use and
elemental ratios of the phytoplankton assemblage via topdown effects, i.e., enhanced consumption in consumer
assemblages and potentially increased nutrient regeneration rates. The effects of consumer assemblages strongly
depended on the availability of resources and their supply ratio. Our study implies that the influence of resource
supply rates and ratios is not only limited to the effect of
essential resources on primary producers but also applies
to the consumer level. The influence of resource availability on consumer diversity effects increases the complexity of the relationship between biodiversity and ecosystem functions, making it more challenging to define
the direction of diversity-related changes in the functional
responses within and across trophic levels.
In summary, our study describes for the first time how
interactive effects between phytoplankton assemblages
and changes in consumer diversity may influence the
stoichiometric interactions across adjacent trophic levels
with multiple consumer species present. Understanding
how multi-trophic changes in species richness affect the
energy and resource transfer in pelagic communities is
crucial to understand the impact of biodiversity loss and
nutrient addition on ecosystem functioning. Moreover, the
ongoing alteration of major biogeochemical cycles (Elser
et al. 2009; Doney 2010; Elser and Bennet 2011; Peñuelas et al. 2012; Carnicer et al. 2015) highlights the need
of bridging biodiversity and biogeochemistry research to
understand and predict how human activities are affecting
pelagic food webs from regional to global scale (Mace
et al. 2012; Cardinale et al. 2012; Welti et al. 2017).
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