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INTRODUCTION

The interface between primary producers and their con-
sumers is marked by high variability in the efficiency
of energy and material transfer, which can constrain
the functioning of food webs. This is linked to spatial

Primary consumers in aquatic ecosystems are frequently limited by the quality
of their food, often expressed as phytoplankton elemental and biochemical
composition. However, the effects of these food quality indicators vary across
studies, and we lack an integrated understanding of how elemental (e.g. nitrogen,
phosphorus) and biochemical (e.g. fatty acid, sterol) limitations interactively
influence aquatic food webs. Here, we present the results of a meta-analysis using
>100 experimental studies, confirming that limitation by N, P, fatty acids, and
sterols all have significant negative effects on zooplankton performance. However,
effects varied by grazer response (growth vs. reproduction), specific manipulation,
and across taxa. While P limitation had greater effects on zooplankton growth than
fatty acids overall, P and fatty acid limitation had equal effects on reproduction.
Furthermore, we show that: nutrient co-limitation in zooplankton is strong;
effects of essential fatty acid limitation depend on P availability; indirect effects
induced by P limitation exceed direct effects of mineral P limitation; and effects of
nutrient amendments using laboratory phytoplankton isolates exceed those using
natural field communities. Our meta-analysis reconciles contrasting views about
the role of various food quality indicators, and their interactions, for zooplankton
performance, and provides a mechanistic understanding of trophic transfer in

aquatic environments.

KEYWORDS
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limitation, nutrition, phosphorus limitation, traits, trophic interactions

and temporal variation in both the quantity and qual-
ity of food resources available to herbivores across the
‘phytochemical landscape’ (Hunter, 2016). While clas-
sical models in ecology suggest that density-dependent
bottom-up forces (i.e. food quantity) determine fluxes
of matter and energy to higher trophic levels (Hairston
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et al., 1960; Lindeman, 1942), more recent evidence sug-
gests that food quality significantly modifies this rela-
tionship and that consumer efficiency depends largely
on the quality of producers as well (Arts et al., 2009;
Sterner & Elser, 2002). Specifically, in aquatic systems,
trophic transfer has been linked to a small subset of
nutrients that explain a large proportion of variation
in zooplankton production, including nitrogen (N),
phosphorus (P), essential fatty acids (EFAs) and sterols.
These are all classified as essential nutrients, meaning
that if they are in limiting concentrations in the food,
zooplankton often face impaired growth and reproduc-
tion, even when edible phytoplankton are high in abun-
dance (Brett & Miiller-Navarra, 1997; Miiller-Navarra
et al., 2000; Peltomaa et al., 2017; Sterner et al., 1993;
Sterner & Elser, 2002; Urabe et al., 2002).

Ecological stoichiometry provides a conceptual
framework using N and P requirements of producers
and consumers to explain trophic interactions, with
greater mismatches in algal and consumer C:P ratios, in
particular, causing severe impairment of zooplankton
performance (Sterner & Elser, 2002). Similarly, variation
in the concentration of individual fatty acid (FA) mole-
cules in food was shown to explain zooplankton growth
and reproduction in eutrophic lakes (Miiller-Navarra
et al., 2000). There are clear physiological explanations
for the importance of elemental N, P, individual EFAs
and sterols. In short, N is needed to build proteins, P-
rich RNA is required for growth (Elser et al., 1996),
EFAs regulate membrane fluidity and act as precur-
sors for signalling molecules involved in reproduction
(Parrish, 2009), and sterols are vital for membrane struc-
ture and hormone synthesis (Martin-Creuzburg & von
Elert, 2009). Despite these clear mechanisms, the effects
of manipulating the different indicators of nutritional
value vary widely across studies and environmental con-
texts, and we currently lack an integrative overview of
the overall effects of N, P, EFA and sterol limitation on
zooplankton.

In addition to the individual effects of elemental and
biochemical nutrient limitation, there is evidence that
these dimensions of food quality can interact with one an-
other. For example, it has been suggested that EFA lim-
itation is only important under replete food P conditions,
and vice versa (Gulati & DeMott, 1997). This hypothesis
implies a degree of co-limitation in the broad sense, in
which the effects of adding one nutrient depend on the
availability of another (for a detailed guide to the com-
plexity of co-limitation and serial limitation, see Harpole
et al. (2011) and Sperfeld et al. (2016)). Importantly, re-
cent observations of co-limitation provide increasing
evidence that simple paradigms of single nutrient lim-
itation (following Liebig's law) do not accurately repre-
sent constraints on populations in nature. Whether and
how co-limitation occurs, however, varies even across
controlled experimental studies. Moreover, the likeli-
hood of co-limitation versus single nutrient limitation in

natural systems depends on whether dominance by cer-
tain phytoplankton taxa creates severe constraints for
one particular nutrient type, for example during periods
of cyanobacteria dominance when levels of fatty acids
and sterols can become limiting for zooplankton (Miiller-
Navarra et al., 2000; Peltomaa et al., 2017).

In addition to co-limitation, elemental and bio-
chemical nutrient levels in the food often directly co-
vary with one another, as well as with other aspects
of food quality and the environment. For example, P
limitation can simultaneously alter the C:P ratio, fatty
acid composition and sterol content of phytoplankton
(Ahlgren et al., 1998; Bi & Sommer, 2020; Klein Breteler
et al., 2005; Miiller-Navarra, 1995). One proposed mech-
anism for the linkage between P and fatty acids is that
severe P limitation reduces the production of membrane
phospholipids, which is where the bulk of algal EFAs
are located, and instead upregulates non-essential lipid
synthesis (Ahlgren et al., 1998). At the same time, P lim-
itation can also affect algal cell size, digestibility, colony
size and toxicity (Brandenburg et al., 2020; Liirling &
Van Donk, 1997; van Donk et al., 1997), thus intrinsi-
cally linking these distinct dimensions of food quality.
This implies a direct dependence between different com-
ponents of nutritional quality in the case of, for example,
a causative link between P limitation and EFA content
or P limitation and digestibility. Thus far, however, it
remains unclear how important strict stoichiometric P
limitation is relative to the indirect effects that result
from P constraints in natural systems. Moreover, N
limitation may also influence the composition of EFAs,
though the direction of this effect varies across studies
(e.g. Ahlgren & Hyenstrand, 2003; Trommer et al., 2019;
Wang et al., 2019). Other factors potentially influencing
the effects of limitation by different nutrients include the
taxonomic identity and diversity of study organisms, the
traits they express (especially those related to digestibil-
ity), whether laboratory isolates or natural phytoplank-
ton communities were used, and the environmental
conditions (e.g. temperature, irradiation) used.

The overarching goal of our synthesis is to recon-
cile literature on various food quality indicators, and
thereby provide an integrative understanding of the in-
teractive effects of elemental and biochemical nutrient
limitation on zooplankton performance. To achieve
this, we conducted a meta-analysis which quantified the
general effects of variation in phytoplankton elemental
and biochemical nutrient content on zooplankton grazer
performance. We searched the literature for studies that
manipulated food quality either directly (e.g. via nutrient
supplementation) or indirectly (e.g. across species or nat-
ural seston type) while also controlling for confounding
effects like food quantity. Using this database, we tested
the following hypotheses:

HI: Phytoplankton N:C, P:C, EFA content and sterol
content—as measures for nutritional quality—all
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individually exert a significant influence on zoo-
plankton performance in terms of growth and re-
production (Hla), but the effect sizes vary by the
zooplankton response type (e.g. growth vs. repro-
duction) and across broad nutrient types (H1b).

H2: Zooplankton experience co-limitation by mul-
tiple nutrient types, as evidenced by greater ef-
fect sizes of co-addition than individual nutrient
addition.

H3: Other eco-physiological manifestations of food
quality (e.g. digestibility) and variation in the envi-
ronmental and experimental context across studies
significantly influence the magnitude of both ele-
mental and biochemical nutrient limitation.

This database of heterogeneous studies allowed us
to achieve several goals which can only be done with a
meta-analysis, and not through the individual studies
previously performed on this topic. For the first time, we
(1) directly test the relative effects of N, P, EFA and ste-
rol limitation, and show that their effects are strikingly
similar in magnitude, (ii) analyse the causes of heteroge-
neity across studies and (iii) analyse the uncertainty in
our knowledge of each aspect of nutrient limitation or
co-limitation.

METHODS
Data collection and screening

Studies were obtained from a Web of Science (www.
webofscience.com) search (last accessed February 11,
2021) using the search term: ‘((stoichiometry or C:N or
C:P or “food quality” or “nutritional quality” or “nu-
tritional geometry” or “fatty acid*’ or “biochemical
compos*” or “Fsterol*”) AND (phytoplankton) AND
(zooplankton or herbivor® or consum* or grazer or “ filter-
feed*”) AND (growth or product® or defense or grazing
or feeding))’. We also examined the references of previ-
ous reviews involving zooplankton food quality (Brett
& Miller-Navarra, 1997; Frost et al., 2005; Gulati &
DeMott, 1997; Hessen et al., 2013; Martin-Creuzburg &
von Elert, 2009; Parrish, 2009; Sterner & Schulz, 1998;
Twining et al., 2016; Winder et al., 2017) to amend the
original search. This yielded a total of 1372 articles
which we screened, resulting in a total of 122 articles
which met all general criteria for inclusion, 112 of which
could ultimately be included in the meta-analysis. For
full documentation of the systematic literature review,
see Appendix A/Figure SI which presents a flow chart of
the screening process following PRISMA (preferred re-
porting items for systematic reviews and meta-analyses)

guidelines (O'Dea et al., 2021) and Appendix D, which
briefly describes all included studies. We included stud-
ies that met all the following core criteria: (1) they quan-
tified variation in phytoplankton food quality and/or
performed a nutrient supplementation experiment, (2)
they quantified zooplankton growth, reproduction, or
survival in response to phytoplankton food quality vari-
ation, (3) they controlled for confounding effects of food
quantity by maintaining constant or saturating food
concentrations across all food quality treatments within
each study.

We also limited the scope of our synthesis to include
only published studies with phytoplankton as a compo-
nent of the food supply for zooplankton. In other words,
we did not include studies or portions of studies where
only heterotrophic bacteria, benthic algae, terrestrial
organic matter, etc. were the sole food supply, but did
include studies where the full seston community was
used. We focused the scope to phytoplankton because
in such experiments the food quality indicator is often
well controlled and allows better comparison across
treatments, whereas comparing broadly diverging food
sources (e.g. detritus) would introduce substantial con-
founding effects. Similarly, we also did not include stud-
ies with benthic grazers and limited the scope to pelagic
zooplankton. Lastly, we limited the scope of food quality
parameters to include food N:C, P:C, essential fatty acid
content and sterol content (see Table 1 below).

Throughout this paper, we report stoichiometric ratios
in the form of molar ‘nutrient:C’ instead of ‘C:nutrient’
as this is more intuitive (higher nutrient:C ratios reflects
higher food quality) and thereby comparable to effects
of increasing FA and sterol concentrations per unit food
carbon. N:C and P:C ratios were log-transformed for
all analyses, as non-transformed ratios can lead to bi-
ased results (Isles, 2020); FA and sterol content were not
log-transformed as values of zero were common. While
definitions of essential fatty acids vary, we included
fatty acids defined as essential by Kainz et al. (2004), as
well as several >18-carbon fatty acids that can be con-
verted to these EFAs (thus making them ‘conditionally
essential’), in order to broaden our data beyond only
EPA and DHA. Although there is evidence that other
nutrients like iron (Jeyasingh & Pulkkinen, 2019; Lind
& Jeyasingh, 2018) and essential amino acids (Fink
et al., 2011; Koch et al., 2013) influence zooplankton pro-
duction, we did not include these as their effects were
analysed in a different set of studies, which would have
multiplied the efforts needed. Likewise, studies mea-
suring only bulk protein, carbohydrates, or lipids were
excluded as these bulk parameters do not allow to differ-
entiate between the specific essential micronutrients that
limit zooplankton.

In addition to the suite of food quality and zoo-
plankton performance variables, we also collected in-
formation for an array of categorical and numerical
variables to act as covariates, provide further context
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for each study and explain heterogeneity across stud-
ies, to the extent that this information was available.
We included the form of food quality manipulation (di-
rect or indirect, see below), the strength of nutrient ma-
nipulation (difference in pre/post nutrient amendment
concentrations), and the nutrient concentration of phy-
toplankton both pre- and post-manipulation. We con-
sidered taxonomy (from broad to species-level) of algae
and zooplankton, and noted whether phytoplankton
were isolates or natural seston communities. We fur-
ther retrieved information on the general environment

TABLE 1
meta-analysis

Components of food quality investigated in this

Abbreviation Description

N:C Molar N:C ratio

P:C Molar P:C ratio

LIN C18:2w6; linoleic acid

GLA C18:3w6; y-linolenic acid

ALA C18:3w3; a-linolenic acid

SDA C18:4w3; stearidonic acid

ARA C20:406; arachidonic acid

EPA C20:5w3; eicosapentaenoic acid

DHA (C22:6w3; docosahexaenoic acid

®3 Total omega-3 fatty acids

w6 Total omega-6 fatty acids

PUFA Total polyunsaturated fatty acids

EFA Essential fatty acids (LIN, ALA, ARA,
EPA, DHA)

LCEFA Long-chain (220 C) essential fatty acids

(sum of ARA, EPA, DHA)

FA Fatty acids in general, including
essential and non-essential fatty acids

Sterol Total sterols

Note: Bold denotes essential fatty acids following Kainz et al. (2004), while
GLA and SDA are considered important and conditionally essential dietary
components. Units used are molar ratios (N:C, P:C) or mass ratios (pgmg c!
for fatty acids and sterols).

(freshwater vs. marine), food quantity (as mg C L™,
environmental covariates (e.g. light, temperature, sa-
linity) and experimental parameters (duration, volume,
type of experimental units). However, the extent to
which these variables were reported in original studies
varied, and our analyses focus on those variables most
often clearly described by study authors. Particulate
Si:C ratios in diatoms were a covariate of interest, as
diatom silicification is highly plastic and significantly
modifies copepod-diatom interactions (Greonning &
Kierboe, 2020; Ryderheim et al., 2022); however, this
information was notably not reported in studies in our
dataset.

The manipulation type can be split into three broad
categories: direct manipulations, indirect manipu-
lations established via nutrient supply, and indirect
manipulations established via other factors including
species composition (Table 2). These three levels rep-
resent a hierarchy regarding the strength of inferences
that can be made to causally and directly link specific
nutrients to zooplankton performance. The distinction
is particularly important for P manipulation due to
known indirect effects of P limitation on phytoplank-
ton food quality. Specifically, P manipulation studies
were classified as ‘direct’ if they added a spike in dis-
solved P supply that was rapidly absorbed by P-limited
algae in order to increase algal P:C directly prior to
feeding to zooplankton (and change nothing else be-
tween treatment and control; see, for example, Plath
and Boersma (2001) for a description of this method).
Studies were classified as ‘indirect (via nutrient sup-
ply)’ if they manipulated nutrient supply over the scale
of days to weeks in order to create high and low P:C
treatments, as they represent a combination of direct
P effects as well as the many indirect physiological ef-
fects which can manifest in P-limited algae. Note that
fatty acids and sterols only fall within the classifica-
tions as ‘direct’ (e.g. direct addition via FA emulsions
or liposomes containing FAs) or ‘indirect (other)’ (e.g.
gradients in FA due to different species composition or
environmental factors).

TABLE 2 Categories of nutrient manipulations used in the meta-analysis

Model used in
Nutrient manipulation Ilustrative studies using each
category Description method Hedges'g Zr
Direct Only the nutrient of interest is manipulated; all else Plath and Boersma (2001); Zhou x x

held constant

Indirect (via nutrient
supply)

food quality factors

Indirect (other)

(most commonly, species composition)

Nutrient supply is manipulated; however, the
manipulation may simultaneously alter other

Factor other than nutrient supply is manipulated

et al. (2018) ‘LP+P’ treatment
compared to ‘LP’

Sterner et al. (1993); Zhou X X
et al. (2018) ‘HP’ treatment
compared to ‘LP’

Miiller-Navarra et al. (2000); x
Mandal et al. (2018)
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When applicable, we also categorised algae as having
important food quality characteristics beyond nutrient
content when these were indicated by study authors.
These morpho-physiological traits include digestion re-
sistance due to gelatinous sheaths and/or thick cell walls,
large size of individual cells, or filamentous colony for-
mation, all of which are expected to impede the ability
of zooplankton to incorporate algal nutrients. There is a
distinction in predicted effects between constitutive (ex-
pressed in both high- and low-nutrient conditions) and
induced (only expressed with limited nutrients) diges-
tion resistance (DeMott & Van Donk, 2013). Therefore,
we differentiated these and classified each case as ei-
ther constitutive or induced digestion resistance based
on descriptions by the authors. All data were extracted
from either figures (using WebPlotDigitizer V4.5,
Rohatgi, 2021), tables, text or original raw data provided
by authors (when required data were not available in full
texts).

Effect size calculations

We used two distinct effects sizes, with each allowing
us to incorporate data from studies with different ex-
perimental designs. For the treatment versus control
style studies, where effects of food quality within a
study were explicitly separated from other confound-
ing factors, we calculated Hedges' g (a bias-corrected
measure of the standardised mean difference). For
studies in which food quality was manipulated indi-
rectly via changes in species composition or the en-
vironment (thus introducing potential confounding
factors), we only calculated effect sizes as correlations
between each food quality indicator and each metric of
zooplankton response.

Specifically, Hedges' g was calculated using
the function ‘escalc’ in the R package ‘metafor’
(Viechtbauer, 2010) using package version 3.0-2 and R
version 4.0.3 (R Core Team, 2020). We calculated Hedges'
g following Hedges (1983):

_ Hreplete — Hlimited

r 2
x J, where J = (m/2)

SDpo01ed \Vm/2 x F( ’"T—l )

and

SD _ \J (nreplete - 1) X SDreplele2 + (nlimiled - 1) X SDlimited2
pooled —

Nyeplete + Mimited — 2

Here, Hreplete and p g are the mean zooplankton
responses under the most nutrient-replete and most
nutrient-limited treatments in each case study, re-
spegtively, and' SDpooled is the pooled stapdard Qe-
viation (SD) with n as the number of replicates (i.e.
experimental units per treatment) for each effect size

estimate. The term J corrects for bias in the esti-
mate of g at small sample sizes; I" denotes the gamma
function and m denotes the degrees of freedom such
that m = nreplete+n]imited—2. The sampling variance v,
was estimated using the unbiased estimator given in
Equation 9 of Hedges (1983), as this is preferable for
minimising bias when small sample sizes are commonly
used in studies (i.e. using the setting vtype = ‘UB’ in the
metafor ‘escalc’ function (Viechtbauer, 2010)). Effect
sizes were weighted by the inverse of the sampling vari-
ance (i.e. weight = I/v)), such that studies with more
precise estimates received greater weight. Hedges' g
was preferred over log response ratios because nega-
tive or zero values of means were common for certain
response variables, in which case log response ratios
cannot be used.

For studies with a correlational/gradient design,
we calculated effect sizes as correlation coefficients
(Pearson's r) for all combinations of nutrient type and
zooplankton response category. We then converted these
values of r into Fisher's Z-transformed correlation co-
efficients (hereafter Z), a standard effect size used in
meta-analysis to improve distributional properties rela-
tive to r (Koricheva et al., 2013), which allows calculation
of symmetric confidence intervals for effect sizes. The Z-
transformation (Z,) and its associated sampling variance
(er) are as follows, where N is the number data points
used per correlation:

1
N-3

1, (1+r
Zr_2]n<l—r

) andv, =
Of the 122 studies included in our database, 45 could
be placed into both broad design categories; we thus
calculated both Hedges' g and Z, for these. The pool
of studies, therefore, contains all categories of direct
and indirect manipulations for the correlative (Z,) ap-
proach, while the Hedges' g approach includes only
direct and nutrient supply-mediated indirect manipu-
lations from which stronger inferences may be made
(Table 2), allowing these two datasets to provide com-
plementary information. Agreement between these
two distinct effect size methods would add weight
to the generality and rigour of the results (shown in
Figure S5).

We reversed the sign of effect sizes for a subset of zoo-
plankton responses for which a smaller value indicates
greater performance, such that a reduction in, for exam-
ple, age at maturity or mortality rate, would be coded as
a positive effect size. As the estimation of the sampling
variance (er) requires 4 data points, only those datasets
containing a gradient of >4 observations were included
in the meta-analysis of Z-transformed correlation coef-
ficients. For both g and Z , effect sizes of 0 indicate no
effect of increased nutrient availability, while positive
effect sizes indicate an increase in zooplankton perfor-
mance with increasing nutrients, and negative effect sizes
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indicate reduced performance with increasing nutrients.
Since Hedges' g values depend on the mean effect relative
to the standard deviation, values can be interpreted in
units of standard deviations. For example, Cohen (1988)
originally suggested that g values above 0.8 (i.e. an ef-
fect size with magnitude of 0.8 standard deviations) in-
dicate strong effects, while lower values indicate weak
to moderate effects. As many studies in our analysis are
marked by large mean differences between treatments
and low variances, values of g in this meta-analysis gen-
erally exceed the value of 0.8; thus, any Hedges' g values
above 0.8 indicate increasingly strong treatment effects.
Interpretation of the magnitude of Z , on the other hand,
is more similar to interpretation of traditional Pearson
correlations. The only difference is that while Pearson's
r 1s bounded from —1 to 1, the Z transformation means
that very strong correlations equate nonlinearly to
higher absolute values of Z . Therefore, a Z, value over
0.5 can be interpreted as a strong correlation between
a food quality indicator and a zooplankton response in
our meta-analysis.

Statistical models

We used both random and mixed effects models using
the ‘rma.mv’ function in the ‘metafor’ R package in
order to calculate weighted effect sizes, to assess broad
differences among effects of each nutrient type, and to
identify variables that significantly modify the effects
of nutrient limitation. To test H1, that limitation by
each broad nutrient type is significant, we ran a sepa-
rate weighted random effects model for each combina-
tion of nutrient type (N:C, P:C, overall fatty acids as
well as specific FAs, sterols) and broad zooplankton
response type (somatic growth, reproduction, survival
and population growth). For Hedges' g, we used article
ID, zooplankton species, and phytoplankton species
as random effects to account for non-independence
across publications and taxonomy; we specified zoo-
plankton and phytoplankton species as random ef-
fects nested within publication. For Z , only article ID
was used as the random effect, as one effect size could
represent gradients across species, and low degrees of
freedom precluded the use of zooplankton species as a
random effect.

For both effect size metrics used, we evaluated Hla
based on whether the 95% confidence intervals over-
lap zero (indicating no overall effect), or do not overlap
zero (indicating a significant effect). Similarly, non-
overlapping confidence intervals between different
nutrient types would indicate differences in the mag-
nitude of nutrient limitation effects (H1b). We tested
H2 (that zooplankton experience co-limitation) in
two ways: first, by comparing the mean and 95% CI
of nutrient co-addition to individual nutrient addition
(e.g. for studies where both nutrients were factorially

manipulated). Second, we used mixed effects models
(see below) to test if the concentration of other nutri-
ents significantly influenced the effects of the focal
nutrient that was manipulated (e.g. testing if algal P:C
ratios influence the magnitude of FA supplementation
effects). In this case, we used polynomial regression to
account for nonlinearities in the relationship between
P:C and FA effects.

To examine how other experimental and environmen-
tal covariates may alter effect sizes across different nu-
trients (H3), we used additive mixed effect models using
the following moderators which are commonly reported
for all types of nutrient manipulation: experimental
duration and volume, food quantity, realm (marine
vs. freshwater) and morphological dimensions of food
quality. Mixed models using factors specific to each nu-
trient type were used to identify additional influential
variables. For instance, with P:C manipulation studies,
we also included the manipulation method (direct or
indirect P manipulation) as a fixed effect. For all nu-
trients, a separate model tested whether the initial (pre-
supplementation) nutrient levels, as well as the strength
of manipulation, influenced effect sizes. Last, we used
separate mixed effects models to test for variation
among laboratory versus field phytoplankton commu-
nities, phytoplankton taxonomy and zooplankton tax-
onomy. In cases with low sample size for each factor, we
could not use nested random effects as described above,
but instead performed mixed effects models using de-
fault settings in the ‘rma’ function in the ‘metafor’ pack-
age. We assessed publication bias using the functions
‘funnel,” ‘ranktest’ and ‘fsn’ in the ‘metafor’ package; we
found mixed evidence for publication bias, with funnel
plots and fail safe numbers reflecting little to no bias
but Kendall tests indicating correlations between effect
sizes and precision (Appendix C, Figure S8).

RESULTS
Individual effects of essential nutrient limitation

The results from both the direct and indirect nutrient
manipulations in this meta-analysis indicate strong effects
of limitation by all the nutrient types we examined. For
somatic growth of zooplankton, effect sizes (as Hedges' g)
of experimentally increasing N:C (g = 2.06, 95% CI: 0.94—
3.18), P:C (g = 2.53, 95% CI: 1.93-3.14), fatty acid content
(g = 1.35, 95% CI: 0.94-1.77) and sterol content (g = 7.88,
95% CI: 1.38-14.4) were all positive and did not overlap 0,
indicating significant effects of alleviating their limitation
(Figure la, Table Sl1), and providing clear support for
Hla. All broad nutrient types had significant effects on
reproduction as well (Figure 1b, Table Sl). In addition to
the summarised effects of increasing fatty acid content,
individual essential fatty acids often had significant
positive effects for somatic growth and/or reproduction as
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FIGURE 1 Effect sizes (mean and 95% CI) of nutrient manipulation on zooplankton growth and reproduction from a weighted random
effects meta-analysis. Error bars that do not overlap zero indicate significant effects of increasing availability in zooplankton diets. Squares
denote the overall effects of N:C, P:C, fatty acids and sterols, as well as their combined addition (below horizontal line); circles denote the
effects of specific fatty acids. The sample size for each combination of nutrient type and response is shown as the number of unique publications
(n) and the number of effect size estimates (k).
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FIGURE 2 Effect of nutrient gradients (Z-transformed correlation coefficient, Z,) for the subset of studies using indirect and/or gradient
style manipulations to test effects of nutrient limitation. This dataset includes, for example, studies correlating zooplankton response by algal
species, by different environmental conditions, or along nutrient manipulation gradients. Points show the mean and 95% CI of effect sizes for
each nutrient type, squares denote summary effect sizes, circles denote individual FA correlations and the sample size for each combination of
nutrient type and response is shown as the number of unique publications (1) and the number of effect size estimates (k).

well. Overall, similar results were obtained for population and reproduction (Figure S2). Furthermore, these strong
growth and survival, yet these responses had relatively effects of nutrient limitation were supported by the
limited underlying data compared to somatic growth  correlation results (Figure 2). Here, effect sizes (as Fisher's
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Z-transformed correlation) for zooplankton performance
in relation to N:C, P:C, fatty acid and sterol content were
positive and did not overlap zero for any of the broad
nutrient types (shown as squares in Figure 2), which
provides additional support for Hla. The o3 fatty acids
(e.g. ALA, SDA, EPA, total 3) tended to have strong
positive correlations with growth and reproduction,
often equal in magnitude to that of N:C and P:C, while
correlations for w6 fatty acids (e.g. LIN, GLA, total w6)
did not differ from zero, indicating no effect. Hedges' g
and Zr were highly congruent with one another for studies
where both could be estimated, providing further evidence
that support for H1 is robust (Figure S9).

Though all nutrient types had significant effects, the
magnitude differed depending on both the nutrient type
and the zooplankton response category, supporting Hlb
(Figure 1, Figure 2, Table S1). For somatic growth as re-
sponse, the grand mean effect size of P:C manipulation
was higher than the grand mean for FA manipulation
(Figure la). For reproduction as a response, however,
effect sizes of P:C and FA manipulation were equiva-
lent (i.e. overlapping CIs in Figure 1b). In other words,
fatty acids appear to be relatively more important for
zooplankton reproduction than for somatic growth.
Additionally, there is substantial variation for individ-
ual fatty acids with different zooplankton responses.
Supplementation of ALA, ARA, EPA and mixed EFAs
all had similar effects on somatic growth, but these ef-
fects were less than those of P:C manipulations (Figure 1,
Table SI). However, ARA and EPA supplementation had

2000 1000 500

effect sizes equivalent in magnitude to increasing P:C ra-
tios for zooplankton reproduction.

Co-limitation by multiple nutrients

Data on co-addition of nutrients from factorially de-
signed experiments were limited to 13 studies, but the
results clearly indicate that co-limitation occurs, as the
mean effect of alleviating limitation of multiple nutrients
is substantially greater than for individual nutrients in all
cases (Figure 1). Specifically, a simultaneous increase in
P and FA availability yields a significantly larger effect
on zooplankton growth than increasing either nutrient
alone. Other co-additions also create larger mean effects
than for individual additions, but these are marked by
substantial variability and thus have overlapping confi-
dence intervals.

Another indicator of co-limitation is the relationship
between algal P:C ratio and the strength of other nutrient
manipulations like fatty acids. The available data (n =9
studies) show that P:C content significantly modifies the
effects of FA addition (Q,, = 25.1, p<0.0001), with FA
effect sizes generally being smaller with lower P:C ratios
(Figure 3). FA addition, however, still had some positive
effects even under extreme P-limitation, although ef-
fects are much stronger when P is replete. At very high
P:C levels where excess P can be inhibitory (i.e. the so-
called ‘knife edge’ effect), there is also evidence for re-
duced FA addition effects. Additionally, FA addition

C:P ratio

250 125 50

Effect size of EFA addition (Hedges' g)

-7 -6

-5 -4

In(P:C ratio)

FIGURE 3 Relationship between variation in In-transformed P:C ratio and the effect size of FA addition (also shown as untransformed
C:P ratios for reference). Effect sizes of FA manipulation generally increase with greater phosphorus availability, as shown by the quartic
polynomial fit curve, but may also decline with very high P:C. The size of each point indicates the reliability of each effect size (i.e. the
weighting in the form of inverse variance), and colours indicate different studies.
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effects marginally increased with increasing N:C ratios
(Q,,=9.2, p=0.03, see Figure S6).

Effects of other factors on the strength of
nutrient limitation

All combinations of added nutrients and response vari-
ables were characterised by significant heterogeneity
in the responses. Part of this heterogeneity could be
explained by moderators reflecting study experimental
design and organisms used, providing broad support
for H3. For example, the method of P manipulation
had a very strong effect on both growth and reproduc-
tion responses (Figure 4). Studies implementing direct
limitation of elemental P (i.e. the P-spiking method)
had significantly lower effects on zooplankton growth
(g = 1.42, 95% CI: 0.77-2.08) than those which also al-
lowed for indirect effects, for example, via physiological
changes over the course of algal culturing under differ-
ent dissolved P supplies (g = 3.20, 95% CI: 2.60-3.79).
Phytoplankton derived from laboratory isolates (either
mono- or polycultures) had greater nutrient manipula-
tion effect sizes than natural seston (Figure 5), indicat-
ing that there are systematic differences in how complex
natural versus simple artificial communities serve as a
food base for zooplankton.

Results from an additive mixed model reveal further
key differences in effects depending upon experimental
design and food quality factors beyond nutritional qual-
ity (Figure 6). Variation in the food quantity at which
nutrients were manipulated had a significant influence
on P:C, FA and sterol effect sizes. However, these effects
were relatively small in magnitude and varied from neg-
ative to positive for different nutrient types. Differences

in marine versus freshwater study systems were only de-
tected for sterols. Additionally, the effects of manipulat-
ing P:C and FAs were significantly reduced when algae
exhibited morphological traits like constitutive digestion
resistance (Figure 6).

Beyond these factors, additional variability in food
quality effects can be partially explained by the mag-
nitude of nutrient manipulation, the degree to which
nutrients were constrained pre-manipulation, and tax-
onomy of phytoplankton and grazers. For instance, P:C
manipulation is significantly influenced by both the
initial (pre-manipulation) P:C ratio, the magnitude of
increase and the interaction between the two (Table S2,
Figure S4). For other nutrients, only marginal effects of
manipulation strength were detected.

Phytoplankton and grazer taxonomy also created
significant variation in effects. For example, Bosmina (a
low-P content cladoceran), as well as other cladocerans,
showed weaker responses to P supplementation com-
pared to Daphnia, while rotifers in the genus Brachionus
had slightly greater average responses to P limitation
than Daphnia (Figure 7). There was also evidence that
within rotifers, different genera may be more or less
prone to P limitation, for example, with Keratella show-
ing a weaker response than Brachionus to P limitation.
We found relatively limited experimental data for cope-
pods, however, which limits the ability to compare the
effects of different nutrient limitations.

Phytoplankton taxonomy explained further variation
in effect sizes (Figure §). N limitation had relatively sim-
ilar effects on zooplankton regardless of the phytoplank-
ton taxon. For P:C, FAs and sterols, however, the strength
of nutrient limitation differed strongly depending on
which phytoplankton was used. Adding sterols to cyano-
bacteria cultures in particular had much greater effects

Somatic growth Reproduction
n=38 k=191 n=25k=115
-o .
g IndirectA + —_——
(0]
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c
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2
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0 ¥ 2 3 0 1 2 3

Effect size (Hedges' g)

FIGURE 4 The method by which P is manipulated has strong effects on P-limitation effect sizes. ‘Indirect’ indicates that phytoplankton
were exposed to differences in P supply during cultivation, which can induce indirect physiological effects of P-limitation (in addition to direct
effects), whereas ‘Direct’ indicates a more strictly direct test of elemental P-limitation, as these indirect effects are controlled for by spiking P
such that phytoplankton physiology does not change before they are consumed, and only P:C varies between treatment and control. Values of n
and k represent the number of studies and the number of effect size estimates respectively.
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FIGURE 5 Effect sizes for P:C and essential fatty acid manipulation, separated by zooplankton response category and whether the
phytoplankton used were from a natural community or from isolated laboratory strains. The size of points corresponds to the number of

studies per effect size estimate.

N:C ratio P:C ratio Fatty acids Sterols
intercept 1 —— 24 <@ <-
cell wall free mutant - © ©
digestion resistance (constitutive) - - -9
digestion resistance (induced) A -—0— o—
g duration - ® (0] (] (0]
% filamentous A © ©
g food quantity (mg C/L) A ® 2og <@ 292
marine vs. freshwater4 —&— —— <
seston (filtered) - < —o—+
seston (unfiltered) - <
volume 4 —&-— - ® -
4012 =20 2 2-101 -10-50 510

Effect size (Hedges' g)

FIGURE 6 Effects of additional experimental and morphological factors on nutrient limitation effects. Significant effects are indicated by
bolded diamonds. The mean and 95% CI represent the results of a mixed effects regression model.

when compared to diatoms or green algae. Zooplankton
fed on cryptophytes also had reduced P and FA limita-
tion effects compared to other groups. This clearly reaf-
firms that cyanobacteria are generally of poor quality
while cryptophytes are of superior quality.

DISCUSSION
Individual effects of nutrient limitation

The results of this meta-analysis provide a first
quantitative integration of food quality limitations
experienced by zooplankton in terms of phytoplankton
elemental and biochemical composition, as well as their
interaction. Our synthesis confirms earlier findings and
shows that N, P, fatty acid and sterol limitation generally

impede zooplankton growth and reproduction, and
may thereby significantly influence the efficiency
of zooplankton production in nutrient-limited
environments. We describe how these effects vary due
to taxonomic differences in zooplankton requirements
and phytoplankton nutrient contents. Though all broad
nutrient limitation categories had significant effects
(supporting Hla), there were differences depending on the
nutrient type and the response assessed (supporting H1b).
In most cases, P limitation was more evident for somatic
growth than other nutrient types. This is in agreement
with the growth rate hypothesis of stoichiometric theory,
which postulates that rapid growth requires greater
amounts of P-rich ribosomal RNA (Elser et al., 1996;
Sterner & Elser, 2002). Moreover, certain fatty acids
like EPA were shown to be relatively more important
for reproduction than for somatic growth, which also
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FIGURE 7 Effects of nutrient manipulation differ based on zooplankton genus and broad nutrient type (grouped here by broad
zooplankton taxon). Points show the mean and 95% CI of effect sizes for each nutrient type, size of points corresponds to the number of articles
(n); the number of articles and number of effect size estimates (k) also shown as text.
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FIGURE 8 Effects of nutrient manipulation differ based on phytoplankton group and broad nutrient type. Points show the mean and
95% CI of effect sizes for each nutrient type, size of points corresponds to number of articles (r); number of articles and number of effect size
estimates (k) also shown as text.
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supports previous assertions that fatty acids are essential
for hormone signalling involved in egg production
in aquatic invertebrate consumers (Brett & Miiller-
Navarra, 1997; Parrish, 2009, and references therein). In
other words, our results suggest that different nutrients
can potentially be relatively more or less limiting
throughout the life cycle of an individual herbivore,
with P more likely to limit juvenile growth rates and
FAs more likely to constrain fecundity of mature adults
than to limit juvenile growth. In nature, however, this
will be highly contingent upon the specific nutritional
status, and severe limitations by any individual nutrient
can hinder multiple life stages. It is also worth noting
that despite a much stronger emphasis in the literature
on P limitation effects, we also found N limitation to
be significant for zooplankton somatic growth. This
suggests that limitation (or co-limitation) by nitrogen,
not just phosphorus, is a strong stoichiometric constraint
on the production of zooplankton that is facing low food
N:C ratios, although this may become less frequent with
anthropogenic increases of global N:P ratios (Penuelas
et al., 2020; Pefiuelas & Sardans, 2022).

Co-limitation and interactive effects of nutrients

Our synthesis provides further evidence regarding the
extent of co-limitation and interdependence of vari-
ous dimensions of food quality (H2). Direct tests of
co-limitation in this meta-analysis consistently point to-
wards additive effects, whereby adding multiple distinct
nutrient types elicits a stronger response than individual
manipulations. Combined increases in N:C and P:C, FAs
and P:C, and FAs and sterols all had larger effects on
zooplankton growth than individual nutrient manipula-
tions, which contradicts the idea that any single nutri-
ent tends to be the main limiting factor for zooplankton
in co-limitation studies to date. This is analogous to
widely observed co-limitation of nitrogen and phospho-
rus for primary producers (Elser et al., 2007; Harpole
et al., 2011). The evidence for co-limitation in zooplank-
ton thus far remains limited, however, and future re-
search on the effects of nutrient co-addition are required
to fill this knowledge gap. For example, in contrast to the
experimental results using laboratory strains that were
included in our analysis, eutrophic lakes that are domi-
nated by cyanobacteria are more likely to face single nu-
trient limitation by sterols (Peltomaa et al., 2017). Only
by performing co-limitation experiments using natural
communities from lakes and marine systems will we be
able to elucidate the existence of co-limitation among el-
ements, FAs and sterols in nature.

The interaction between elements and lipids is also
evident from the observation that responses to FA ma-
nipulations increased with higher P:C ratio, which
quantitatively addresses the long-standing hypothe-
sis that fatty acid limitation should be more important

when phosphorus is replete (Boersma, 2000; Sterner &
Schulz, 1998; Sundbom & Vrede, 1997). These studies,
which provide measurements of P:C along with FA ma-
nipulations, illustrate the interdependence of elemental
and biochemical nutrients quite well. For example, the
threshold for P-limitation in Daphnia has been esti-
mated to be a molar C:P ratio of ~150-250 (Anderson
& Hessen, 2005; Khattak et al., 2018); above this ratio,
P-limitation should dominate, and below it biochemical
nutrients or other limiting factors should become more
important. This corresponds to the break point at which
predominance of phosphorus limitation versus FA lim-
itation appear to diverge (see Figure 3). Specifically, FA
manipulation effects are both higher and more variable
than those with P-limited food below this P availability
threshold. Also noteworthy is that even under severe P-
limitation with C:P ratios near 2000, one study still found
positive effects of FA addition (Ferrao-Filho et al., 2003).
This collectively points to the fact that measurements
of multiple aspects of food quality, even when only one
nutrient type is the core focus of a particular study, can
yield important and novel insights into aquatic food web
functioning.

Other factors influencing zooplankton
nutritional constraints

Several key factors contributed to the variation in the
strength of nutrient manipulations (supporting H3),
and may reconcile contrasting views on the nature of
zooplankton nutrition. The most striking cause of het-
erogeneity for P-manipulation studies, for example, was
the method in which P was manipulated. The direct
method using short-term P-spiking immediately before
feeding and thus only manipulating the algal P:C ratio
had significantly smaller effects compared to the indi-
rect method of manipulating dissolved P in the medium
over a longer incubation of days to weeks. The indirect
approach includes both direct effects of low P content
as well as the complex suite of physiological changes
resulting from algal P-stress. Notably, these indirect
effects are strong for rotifers (Rothhaupt, 1995; Zhou
et al., 2018) as well as cladocerans, indicating that these
effects are not constrained to a single taxon. These indi-
rect effects include induced changes in cell size, cell wall
thickness and digestibility (Liirling et al., 1997; Liirling
& Van Donk, 1997; van Donk et al., 1997; van Donk &
Hessen, 1993), but also changes in essential fatty acid con-
tent (Ahlgren et al., 1998; Bi & Sommer, 2020; Grzesiuk
et al., 2018; Miiller-Navarra, 1995; Ravet & Brett, 2006).
Essential fatty acids are generally expected to decrease
in concentrations with P limitation because lower avail-
ability of P should decrease the ability of phytoplankton
to produce phospholipids that are composed largely of
EFAs (Ahlgren et al., 1998). However, this hypothesised
effect of P on EFA concentrations is not always observed
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empirically. The extent to which fatty acids like EPA
are influenced by P limitation varies across studies and
can either increase, not change, or decline sharply, pos-
sibly depending upon phytoplankton taxa studied (Bi &
Sommer, 2020; Miiller-Navarra, 1995; Park et al., 2002).
Therefore, we can only speculate as to the most impor-
tant causes of these indirect effects. In sum, our results
confirm that zooplankton can experience direct P limita-
tion, and that indirect effects of P-limitation often occur,
but that more work is needed to identify the mechanisms
by which P-stress in natural systems induces these indi-
rect effects on zooplankton production.

We also found large differences in the effects of nu-
trient manipulation for natural phytoplankton commu-
nities versus laboratory isolates. The main hypotheses
regarding food quality of phytoplankton involve (a) min-
eral/biochemical content, (b) toxicity, (c) size/shaped-
based grazing resistance and (d) other morphological
defences/digestion resistance (Gulati & DeMott, 1997;
Sterner & Schulz, 1998). As most studies filtered natural
seston to include only edible particles (<35-pm fraction),
and there were no differences between filtered and unfil-
tered seston (Figure 6), we can rule out size in this anal-
ysis. However, we cannot rule out any of the other three
factors for explaining the large differences between lab-
oratory and field algae. The relatively low effect sizes of
nutrient addition for natural communities suggest three
general possibilities: (1) the diverse natural communi-
ties were already of high quality and therefore did not
increase much in quality with supplementation, (2) zoo-
plankton were limited by algal defences (e.g. indigestibil-
ity, toxicity, morphology) and not nutrients and/or (3)
zooplankton were limited by a mineral or biochemical
nutrient not explicitly tested by the authors. Our find-
ings suggest that natural communities may have been of
poorer average quality within this dataset, as zooplank-
ton had slightly lower (though still positive) growth rates
on non-supplemented natural seston (mean = 0.22d”",
95% CI: 0.20—-0.24) than on non-supplemented isolates
(mean = 0.26d7", 95% CI: 0.22-0.30). Interestingly, the
range in zooplankton somatic growth rates is smaller for
natural communities than for isolates (Figure S7), indi-
cating that these more diverse communities may buffer
the most severe effects of nutritional deficiency observed
in monocultures. This would support previous findings
that phytoplankton biodiversity can decrease the vari-
ance in zooplankton production (Striebel et al., 2012),
possibly increasing the stability of the autotroph-
consumer link in food webs. However, such effects clearly
depend on the extent to which the food quality traits that
come with increasing algal diversity guarantee essential
nutrient availability (Marzetz et al., 2017), and the ability
of the grazer to select for high-quality food, either via
particle selection or by selectively foraging on patches of
high-quality seston (Schatz & McCauley, 2007). Another
possibility is that heterotrophic microbes and terrestrial
inputs act to buffer food quality in natural seston (i.e.

more than in laboratory conditions). For example, bac-
teria contain mineral nutrients and fungi contain EFAs/
sterols that could mitigate impacts of low phytoplankton
quality (Hessen & Andersen, 1990; Kagami et al., 2007;
Taipale et al., 2016).

We included certain algal traits like digestion resis-
tance as moderators, however these are only included to
the extent that authors explicitly acknowledged such fac-
tors. The consequences of algal defences for the observed
effects of food nutrition will depend on their response
to changes in nutrient availability. For example, if algal
defences increase with nutrient limitation, then the re-
ported effects of nutrient content per se will be overes-
timated, as increased nutrient availability is correlated
with reduced defences. This is in fact seen in the slightly
positive influence of induced digestion resistance, com-
pared to the strong negative influence of constitutive
digestion resistance, on values of Hedges' g (Figure 6).
The full extent to which such traits are linked to nutri-
ent availability, and how they together affect zooplank-
ton performance, remains to be elucidated (Meunier
et al., 2017).

Nutrient limitation in natural systems

In our analysis, we only included studies which con-
trolled for any confounding effects of the biomass
quantity available to zooplankton, which selects for
mostly laboratory experiments, and predominantly
those using common study organisms like Daphnia and
Scenedesmus or Synechococcus spp. (see sample sizes
by taxa in Figures 7, 8). This largely reflects the biases
in this field, where the focus on clear study systems
has greatly supported our mechanistic insights into
zooplankton nutrient limitation. Nevertheless, that
we have ‘a dearth of knowledge about other anomo-
pods, cyclopoid and calanoid copepods, and rotifers’
(Sterner & Schulz, 1998) relative to Daphnia is as true
today as it was in the 1990s.

Some of the limitations posed by the controlled lab-
oratory experiments included in this synthesis do not
apply for field and mesocosm studies. Therefore, a com-
plementary meta-analysis, using field and mesocosm
studies that tested the effects of seston food quality (and
quantity) on zooplankton production, could provide ad-
ditional insights based on more field-realistic settings,
if (somewhat) controlled for factors like species sorting
and food quantity. The relative degree of nutrient lim-
itation in nature is, of course, determined by the dis-
tribution of nutrient concentrations in aquatic systems,
which varies considerably across sites (Brett et al., 2000;
Elser et al., 2000). At large scales, concentrations of
different nutrient types may be highly interactive, es-
pecially if eutrophication selects for phytoplankton
communities of lower biochemical food quality (Miiller-
Navarra et al., 2004; Taipale et al., 2019), an effect which
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can be modified by warming (Strandberg et al., 2022).
The mechanistic results from our meta-analysis will
therefore pair well with systematic assessments of ses-
ton elemental and biochemical nutrient concentrations
(e.g. field monitoring of nutrients over time and across
different lakes and marine systems). Specifically, our
results illustrate the potential magnitude of nutrient
limitation effects on zooplankton physiology with phy-
toplankton species composition ranging from monocul-
tures to natural communities. The extent to which low
quality phytoplankton taxa dominate natural systems,
combined with the observed nutrient concentrations in
a given system and the specific nutritional requirements
of the prevalent zooplankton taxa, should provide clear
predictions regarding the extent of nutrient limitation
in nature (Filstrup et al., 2014; Peltomaa et al., 2017).
Differences in the ability of cladocerans versus cope-
pods to synthesise fatty acids and sterols, and different
body P content among zooplankton, create a landscape
of zooplankton nutritional requirement traits; thus dy-
namic changes in the composition of both phytoplank-
ton and zooplankton may determine which nutrients
are limiting at a given space and time. However, partic-
ularly the combination of field observations across sites
with controlled manipulations using natural phyto-
plankton communities (e.g. Hartwich et al. (2012)), will
allow making strong inferences regarding limitation of
zooplankton production in nature given this spatial and
temporal heterogeneity.

Our synthesis focuses onzooplankton as a key aquatic
consumer group, but the findings have broader implica-
tions for consumer—plant interactions. In many ecosys-
tems, herbivores are limited more by the quality than
the quantity of their food, and the herbivore-autotroph
link has broad implications for the trophic structure of
ecosystems (Cebrian, 1999; Shurin et al., 2006). We now
know that co-limitation by multiple nutrients tends to
be the rule rather than the exception in different eco-
systems (Elser et al., 2007; Fay et al., 2015; Harpole
et al., 2011); however, a majority of studies do not re-
flect this and instead only assess individual nutrient
limitation. Our synthesis provides yet more evidence
that we must move beyond simple paradigms of single
nutrient limitation if our knowledge of trophic ecology
is to advance.

Knowledge gaps and future directions

We identify several recommendations for future research
based on our systematic review and meta-analysis. As
described above, the need is clear for more information
on zooplankton nutrient co-limitation, simultaneous
measurements of multiple food quality factors and how
these signals of algal nutritional quality are inherently
connected to other functional traits of both producers
and consumers. In addition to this, we find our database

to be less data-rich for nutrient manipulation effects
involving sterols, m6-EFAs like ARA (Ili¢ et al., 2019),
controlled manipulations of nutrients in natural
phytoplankton communities, marine systems in general
and interactions between algal defences (e.g. digestion
resistance, silicification) and nutrient content. Therefore,
we see clear gaps in our knowledge based on these lines
of taxonomy, study system, level of biological complexity
and nutrients examined, which would benefit from
additional future research. Based on these limitations in
the literature to date, we specifically see a critical need
for the following types of studies:

1. Manipulative experiments that test the effects of mul-
tivariate nutrient limitation in zooplankton. These
are clearly under-represented in the literature despite
strong evidence that individual nutrient limitation
does not adequately describe nature.

2. Manipulative experiments that test the extent of indi-
vidual and multivariate nutrient limitation using natu-
ral phytoplankton and zooplankton communities,
in both freshwater and marine habitats. Controlled
natural community manipulations can overcome
limitations posed by studying laboratory isolates
by accounting for a multitude of species and their
interactions.

3. Studies investigating the molecular basis of interac-
tions between elemental and biochemical nutrients
in phytoplankton and co-limitation in zooplankton.
Studies with multivariate designs testing for separate
and combined effects of elements and biochemicals,
and including the underlying physiology and meta-
bolic processes, will be needed for gaining a mecha-
nistic understanding of planktonic food quality.

Conclusion

In conclusion, we show that phytoplankton N, P, fatty
acid, and sterol content all significantly influence
growth and reproduction of herbivorous zooplankton,
and that evidence for co-limitation of these nutrients
is strong. Our meta-analysis further integrates data
from the literature thus far to synthesise knowledge
of the interactive effects of these distinct food quality
indicators. We also show that several additional fac-
tors beyond low concentrations of nutrients per se,
including taxonomic differences and algal traits like
digestion resistance, can explain substantial variation
in reported effects of algal food quality on planktonic
consumers, and therefore variation in the efficiency of
aquatic food web functioning. Our synthesis thus pro-
vides an integrative overview of zooplankton nutrition
and identifies key research gaps where future work will
be particularly impactful for elucidating the drivers of
variation in the herbivore-autotroph link in aquatic
food webs.

85UB017 SUOLIWOD BAIER1D el |dde auy Aq pausenob a1e SopIe YO 8sN Jo S3InJ 1oj Ariq)T8UIIUO /B]IM UO (SUORIPUCO-PUB-SWLRIOY" AB| 1M ARIq1fBUIIUO//SANY) SUORIPUOD PUe SWR L 33 885 *[£202/60/22] U0 ArIqITaUIUO ABIIM ‘MY BUNYDSIOSS.BRIN *N -ReI0d "J Iiisu| eusBe pelyIV Aq SZTYT @ R/TTTT OT/I0PAL0D A3 |IM AReiq 1)Ul UO//SdRY WoI) popeojumoq ‘2T ‘2202 ‘8rZ0T9vT



2790 |

FOOD QUALITY LIMITATION FOR ZOOPLANKTON

AUTHOR CONTRIBUTIONS

PT, MS, HH and DvdW conceived and designed the
meta-analysis. PT and CK extracted data. PT performed
the statistical analyses and wrote the draft manuscript.
All authors revised the manuscript and approved its
final version for submission.

ACKNOWLEDGEMENTS

We thank Maarten Boersma and three anonymous re-
viewers for insightful comments on previous versions of
this manuscript, as well as Maja Ili¢ and Alex Wacker for
valuable discussions regarding the analysis. We are grate-
ful to all authors who provided the necessary raw data.
PT, MS and HH acknowledge funding by the German
Research Foundation (DFG Str 1383/6-1, DFG Hi 848 24-
1) within the Priority Program of the German Research
Foundation (Deutsche Forschungsgemeinschaft: DFG)
entitled: ‘Flexibility Matters: Interplay between Trait
Diversity and Ecological Dynamics Using Aquatic
Communities as Model Systems (DynaTrait) (SPP
1704). CK and HH acknowledge further funding by
the German Research Foundation (DFG; HI 848/29-1).
Sharlene Fechter assisted with data extraction. We fur-
ther acknowledge discussions during annual DynaTrait
meetings that motivated this research. Open Access
funding enabled and organized by Projekt DEAL.

PEER REVIEW
The peer review history for this article is available at
https://publons.com/publon/10.1111/ele.14125.

OPEN RESEARCH BADGES

L

This article has earned Open Data and Open Materials
badges. Data and materials are available at: https:/doi.
org/10.5061/dryad.z612jmo6fq.

DATA AVAILABILITY STATEMENT

The primary data are available from original published
studies; the dataset of extracted effect sizes and meta-
data used for analyses is available on Dryad (https://doi.
org/10.5061/dryad.z612jm6fq); annotated code used for
analyses is available on Zenodo (https://doi.org/10.5281/
zenodo.7113003).

ORCID

Patrick K. Thomas © https://orcid.
org/0000-0002-7259-5766
Dedmer B. Van de Waal
org/0000-0001-8803-1247
Helmut Hillebrand ® https://orcid.
org/0000-0001-7449-1613

Maren Striebel 2 https://orcid.org/0000-0003-2061-2154

https://orcid.

REFERENCES

Ahlgren, G. & Hyenstrand, P. (2003) Nitrogen limitation effects of dif-
ferent nitrogen sources on nutritional quality of two freshwater

organisms, Scenedesmus quadricauda (Chlorophyceae) and
Synechococcus sp. (Cyanophyceae). Journal of Phycology, 39,
906-917.

Ahlgren, G., Zeipel, K. & Gustafsson, 1.-B. (1998) Phosphorus lim-
itation effects on the fatty acid content and nutritional quality
of a green alga and a diatom. SIL Proceedings, 1922-2010(26),
1659-1664.

Anderson, T.R. & Hessen, D.O. (2005) Threshold elemental ratios for
carbon versus phosphorus limitation in Daphnia. Freshwater
Biology, 50, 2063-2075.

Arts, M.T., Brett, M.T. & Kainz, M.J. (2009) Lipids in Aquatic
Ecosystems. New York, NY: Springer Science & Business Media.

Bi, R. & Sommer, U. (2020) Food quantity and quality interactions
at Phytoplankton—-Zooplankton interface: chemical and repro-
ductive responses in a calanoid copepod. Frontiers in Marine
Science, 7, 1-15.

Boersma, M. (2000) The nutritional quality of P-limited algae for
Daphnia. Limnology and Oceanography, 45, 1157-1161.

Brandenburg, K., Siebers, L., Keuskamp, J., Jephcott, T.G. & van
de Waal, D.B. (2020) Effects of nutrient limitation on the syn-
thesis of N-rich phytoplankton toxins: a meta-analysis. Toxins
(Basel)., 12, 1-13.

Brett, M.T. & Miiller-Navarra, D.C. (1997) The role of highly un-
saturated fatty acids in aquatic foodweb processes. Freshwater
Biology, 38, 483-499.

Brett, M.T., Miiller-Navarra, D.C. & Sang-Kyu, P. (2000) Empirical
analysis of the effect of phosphorus limitation on algal food qual-
ity for freshwater zooplankton. Limnology and Oceanography,
45, 1564-1575.

Cebrian, J. (1999) Patterns in the fate of production in plant commu-
nities. The American Naturalist, 154, 449-468.

Cohen, J. (1988) Statistical power analysis for the behavioral sciences.
New York, NY: Routledge.

DeMott, W.R. & Van Donk, E. (2013) Strong interactions between
stoichiometric constraints and algal defenses: evidence from
population dynamics of Daphnia and algae in phosphorus-
limited microcosms. Oecologia, 171, 175-186.

Elser, J.J., Bracken, M.E.S., Cleland, E.E., Gruner, D.S., Harpole,
W.S., Hillebrand, H. et al. (2007) Global analysis of nitrogen
and phosphorus limitation of primary producers in freshwa-
ter, marine and terrestrial ecosystems. Ecology Letters, 10,
1135-1142.

Elser, J.J., Dobberfuhl, D.R., MacKay, N.A. & Schampel, J.H. (1996)
Organism size, life history and N:P stoichiometry. Bioscience, 46,
674—-685.

Elser, J.J., Fagan, W.F., Denno, R.F., Dobberfuhl, D.R., Folarin, A.,
Huberty, A. et al. (2000) Nutritional constraints in terretrial and
freshwater food webs. Nature, 408, 578-580.

Fay, P.A., Prober, S.M., Harpole, W.S., Knops, J.M.H., Bakker, J.D.,
Borer, E.T. et al. (2015) Grassland productivity limited by multi-
ple nutrients. Nature Plants, 1, 1-5.

Ferrao-Filho, A.S., Fileto, C., Lopes, N.P. & Arcifa, M.S. (2003)
Effects of essential fatty acids and N and P-limited algae on
the growth rate of tropical cladocerans. Freshwater Biology, 48,
759-767.

Filstrup, C.T., Hillebrand, H., Heathcote, A.J., Harpole, W.S. &
Downing, J.A. (2014) Cyanobacteria dominance influences re-
source use efficiency and community turnover in phytoplankton
and zooplankton communities. Ecology Letters, 17, 464—474.

Fink, P., Pflitsch, C. & Marin, K. (2011) Dietary essential amino acids
affect the reproduction of the keystone herbivore Daphnia pulex.
PLoS One, 6, ¢28498.

Frost, P.C., Evans-White, M.A., Finkel, Z.V., Jensen, T.C. & Matzek,
V. (2005) Are you what you eat? Physiological constraints on
organismal stoichiometry in an elementally imbalanced world.
Oikos, 109, 18-28.

Grenning, J. & Kierboe, T. (2020) Diatom defence: Grazer induction
and cost of shell-thickening. Functional Ecology, 34, 1790—1801.

Grzesiuk, M., Spijkerman, E., Lachmann, S.C. & Wacker, A. (2018)
Environmental concentrations of pharmaceuticals directly affect

85UB017 SUOLIWOD BAIER1D el |dde auy Aq pausenob a1e SopIe YO 8sN Jo S3InJ 1oj Ariq)T8UIIUO /B]IM UO (SUORIPUCO-PUB-SWLRIOY" AB| 1M ARIq1fBUIIUO//SANY) SUORIPUOD PUe SWR L 33 885 *[£202/60/22] U0 ArIqITaUIUO ABIIM ‘MY BUNYDSIOSS.BRIN *N -ReI0d "J Iiisu| eusBe pelyIV Aq SZTYT @ R/TTTT OT/I0PAL0D A3 |IM AReiq 1)Ul UO//SdRY WoI) popeojumoq ‘2T ‘2202 ‘8rZ0T9vT


https://publons.com/publon/10.1111/ele.14125
https://doi.org/10.5061/dryad.z612jm6fq
https://doi.org/10.5061/dryad.z612jm6fq
https://doi.org/10.5281/zenodo.7113003
https://doi.org/10.5281/zenodo.7113003
https://orcid.org/0000-0002-7259-5766
https://orcid.org/0000-0002-7259-5766
https://orcid.org/0000-0002-7259-5766
https://orcid.org/0000-0001-8803-1247
https://orcid.org/0000-0001-8803-1247
https://orcid.org/0000-0001-8803-1247
https://orcid.org/0000-0001-7449-1613
https://orcid.org/0000-0001-7449-1613
https://orcid.org/0000-0001-7449-1613
https://orcid.org/0000-0003-2061-2154
https://orcid.org/0000-0003-2061-2154

THOMAS ET AL.

2791

phytoplankton and effects propagate through trophic interac-
tions. Ecotoxicology and Environmental Safety, 156, 271-278.

Gulati, R.D. & DeMott, W.R. (1997) The role of food quality for zoo-
plankton: remarks on the state-of-the-art, perspectives and pri-
orities. Freshwater Biology, 38, 753-768.

Hairston, N.G., Smith, F. & Slobodkin, L. (1960) Community struc-
ture, population control, and competition. The American
Naturalist, 94, 421-425.

Harpole, W.S., Ngai, J.T., Cleland, E.E., Seabloom, EW., Borer, E.T.,
Bracken, M.E.S. et al. (2011) Nutrient co-limitation of primary
producer communities. Ecology Letters, 14, 852-862.

Hartwich, M., Martin-Creuzburg, D., Rothhaupt, K.O. & Wacker, A.
(2012) Oligotrophication of a large, deep lake alters food quan-
tity and quality constraints at the primary producer-consumer
interface. Oikos, 121, 1702-1712.

Hedges, L.V. (1983) A random effects model for effect sizes.
Psychological Bulletin, 93, 388-395.

Hessen, D.O. & Andersen, T. (1990) Bacteria as a source of phospho-
rus for zooplankton. Hydrobiologia, 206, 217-223.

Hessen, D.O., Elser, J.J., Sterner, R.W. & Urabe, J. (2013) Ecological
stoichiometry: an elementary approach using basic principles.
Limnology and Oceanography, 58, 2219-2236.

Hunter, M.D. (2016) The Phytochemical Landscape. Princeton, NJ:
Princeton University Press.

11i¢, M., Werner, C. & Fink, P. (2019) Equal relevance of omega-3 and
omega-6 polyunsaturated fatty acids for the fitness of Daphnia
spp. Limnology and Oceanography, 64, 2512-2525.

Isles, P.D.F. (2020) The misuse of ratios in ecological stoichiometry.
Ecology, 101, 1-7.

Jeyasingh, P.D. & Pulkkinen, K. (2019) Does differential iron sup-
ply to algae affect Daphnia life history? An ionome-wide study.
Oecologia, 191, 51-60.

Kagami, M., Von Elert, E., Ibelings, B.W., De Bruin, A. & Van Donk,
E. (2007) The parasitic chytrid, Zygorhizidium, facilitates the
growth of the cladoceran zooplankter, Daphnia, in cultures of
the inedible alga, Asterionella. Proceedings of the Royal Society
B: Biological Sciences, 274, 1561-1566.

Kainz, M., Arts, M.T. & Mazumder, A. (2004) Essential fatty acids
in the planktonic food web and their ecological role for higher
trophic levels. Limnology and Oceanography, 49, 1784-1793.

Khattak, H.K., Prater, C., Wagner, N.D. & Frost, P.C. (2018) The
threshold elemental ratio of carbon and phosphorus of Daphnia
magna and its connection to animal growth. Scientific Reports,
8, 1-8.

Klein Breteler, W.C.M., Schogt, N. & Rampen, S. (2005) Effect of dia-
tom nutrient limitation on copepod development: Role of essen-
tial lipids. Marine Ecology Progress Series, 291, 125-133.

Koch, U., Martin-Creuzburg, D., Grossart, H.-P. & Straile, D. (2013)
Differences in the amino acid content of four green algae and
their impact on the reproductive mode of Daphnia pulex.
Fundamental and Applied Limnology, 181, 327-336.

Koricheva, J., Gurevitch, J. & Mengersen, K. (2013) Handbook of

Meta-analysis in Ecology and Evolution. Princeton, NJ: Princeton
University Press.

Lind, P.R. & Jeyasingh, P.D. (2018) Interactive effects of dietary
phosphorus and iron on Daphnia life history. Limnology and
Oceanography, 63, 1181-1190.

Lindeman, R. (1942) The trophic-dynamic aspect of ecology. Ecology,
23, 399-417.

Liirling, M., De Lange, H.J. & Van Donk, E. (1997) Changes in food
quality of the green alga Scenedesmus induced by Daphnia
infochemicals: biochemical composition and morphology.
Freshwater Biology, 38, 619-628.

Liirling, M. & Van Donk, E. (1997) Life history consequences for
Daphnia pulex feeding on nutrient-limited phytoplankton.
Freshwater Biology, 38, 693-709.

Mandal, S., Abbott Wilkins, R. & Shurin, J.B. (2018) Compensatory
grazing by Daphnia generates a trade-off between top-down

and bottom-up effects across phytoplankton taxa. Ecosphere, 9,
e02537.

Martin-Creuzburg, D. & von Elert, E. (2009) Ecological significance
of sterols in aquatic food webs. In: Lipids in aquatic ecosystems.
New York, NY: Springer, pp. 43-64.

Marzetz, V., Koussoroplis, A.M., Martin-Creuzburg, D., Striebel,
M. & Wacker, A. (2017) Linking primary producer diversity and
food quality effects on herbivores: a biochemical perspective.
Scientific Reports, 7, 1-9.

Meunier, C.L., Boersma, M., El-Sabaawi, R., Halvorson, H.M.,
Herstoff, E.M., Van de Waal, D.B. et al. (2017) From elements to
function: toward unifying ecological stoichiometry and trait-
based ecology. Frontiers in Environmental Science, 5, 1-10.

Miiller-Navarra, D.C. (1995) Biochemical versus mineral limitation in
Daphnia. Limnology and Oceanography, 40, 1209-1214.

Miiller-Navarra, D.C., Brett, M.T., Liston, A.M. & Goldman, C.R.
(2000) A highly unsaturated fatty acid predicts carbon trans-
fer between primary producers and consumers. Nature, 403,
74-717.

Miiller-Navarra, D.C., Brett, M.T., Park, S., Chandra, S.,
Ballantyne, A.P., Zorita, E. et al. (2004) Unsaturated fatty
acid content in seston and tropho-dynamic coupling in lakes.
Nature, 427, 69-72.

O'Dea, R.E., Lagisz, M., Jennions, M.D., Koricheva, J., Noble,
D.W.A., Parker, T.H. et al. (2021) Preferred reporting items for
systematic reviews and meta-analyses in ecology and evolu-
tionary biology: a PRISMA extension. Biological Reviews, 96,
1695-1722.

Park, S., Brett, M.T., Miiller-Navarra, D.C. & Goldman, C.R. (2002)
Essential fatty acid content and the phosphorus to carbon ratio
in cultured algae as indicators of food quality for Daphnia.
Freshwater Biology, 47, 1377-1390.

Parrish, C.C. (2009) Essential fatty acids in aquatic food webs. In:
Lipids in aquatic ecosystems. New York, NY: Springer, pp.
309-326.

Peltomaa, E.T., Aalto, S.L., Vuorio, K.M. & Taipale, S.J. (2017) The
importance of phytoplankton biomolecule availability for sec-
ondary production. Frontiers in Ecology and Evolution, 5, 1-12.

Penuelas, J., Janssens, I.A., Ciais, P., Obersteiner, M. & Sardans, J.
(2020) Anthropogenic global shifts in biospheric N and P con-
centrations and ratios and their impacts on biodiversity, eco-
system productivity, food security, and human health. Global
Change Biology, 26, 1962-1985.

Pefiuelas, J. & Sardans, J. (2022) The global nitrogen-phosphorus im-
balance. Science (80-)., 375, 266-267.

Plath, K. & Boersma, M. (2001) Mineral limitation of zooplankton:
stoichiometric constraints and optimal foraging. Ecology, 82,
1260-1269.

R Core Team. (2020) R: A Language and Environment for Statistical
Computing. Vienna, Austria

Ravet, J.L. & Brett, M.T. (2006) Phytoplankton essential fatty acid
and phosphorus content constraints on Daphnia somatic
growth and reproduction. Limnology and Oceanography, 51,
2438-2452.

Rohatgi, A. (2021) Webplotdigitizer: Version 4.5. Available at: https://
automeris.io/ WebPlotDigitizer. Last accessed.

Rothhaupt, K.O. (1995) Algal nutrient limitation affects rotifer
growth rate but not ingestion rate. Limnology and Oceanography,
40, 1201-1208.

Ryderheim, F., Gronning, J. & Kierboe, T. (2022) Thicker shells re-
duce copepod grazing on diatoms. Limnology and Oceanography
Letters, 7, 435-442.

Schatz, G.S. & McCauley, E. (2007) Foraging behavior by Daphnia
in stoichiometric gradients of food quality. Oecologia, 153,
1021-1030.

Shurin, J.B., Gruner, D.S. & Hillebrand, H. (2006) All wet or dried
up? Real differences between aquatic and terrestrial food webs.
Proceedings of the Royal Society B: Biological Sciences, 273, 1-9.

85UB017 SUOLIWOD BAIER1D el |dde auy Aq pausenob a1e SopIe YO 8sN Jo S3InJ 1oj Ariq)T8UIIUO /B]IM UO (SUORIPUCO-PUB-SWLRIOY" AB| 1M ARIq1fBUIIUO//SANY) SUORIPUOD PUe SWR L 33 885 *[£202/60/22] U0 ArIqITaUIUO ABIIM ‘MY BUNYDSIOSS.BRIN *N -ReI0d "J Iiisu| eusBe pelyIV Aq SZTYT @ R/TTTT OT/I0PAL0D A3 |IM AReiq 1)Ul UO//SdRY WoI) popeojumoq ‘2T ‘2202 ‘8rZ0T9vT


https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer

2792

FOOD QUALITY LIMITATION FOR ZOOPLANKTON

Sperfeld, E., Raubenheimer, D. & Wacker, A. (2016) Bridging factorial
and gradient concepts of resource co-limitation: Towards a general
framework applied to consumers. Ecology Letters, 19, 201-215.

Sterner, R.W. & Elser, J.J. (2002) Ecological stoichiometry: the biol-
ogy of elements from molecules to the biosphere. Princeton, NJ:
Princeton University Press.

Sterner, R.W., Hagemeier, D.D., Smith, W.L. & Smith, R.F. (1993)
Phytoplankton nutrient limitation and food quality for Daphnia.
Limnology and Oceanography, 38, 857-871.

Sterner, R.W. & Schulz, K.L. (1998) Zooplankton nutrition: Recent
progress and a reality check. Aquatic Ecology, 32, 261-279.
Strandberg, U., Hiltunen, M., Syviaranta, J., Levi, E.E., Davidson,
T.A., Jeppesen, E. et al. (2022) Combined effects of eutrophi-
cation and warming on polyunsaturated fatty acids in complex
phytoplankton communities: a mesocosm experiment. Science

of the Total Environment, 843, 157001.

Striebel, M., Singer, G., Stibor, H. & Andersen, T. (2012) “Trophic
overyielding”: Phytoplankton diversity promotes zooplankton
productivity. Ecology, 93, 2719-2727.

Sundbom, M. & Vrede, T. (1997) Effects of fatty acid and phospho-
rus content of food on the growth, survival and reproduction of
Daphnia. Freshwater Biology, 38, 665-674.

Taipale, S.J., Galloway, AW.E., Aalto, S.L., Kahilainen, K.K.,
Strandberg, U. & Kankaala, P. (2016) Terrestrial carbohydrates
support freshwater zooplankton during phytoplankton defi-
ciency. Scientific Reports, 6, 1-15.

Taipale, S.J., Vuorio, K., Aalto, S.L., Peltomaa, E. & Tiirola, M. (2019)
Eutrophication reduces the nutritional value of phytoplankton
in boreal lakes. Environmental Research, 179, 108836.

Trommer, G., Lorenz, P., Lentz, A., Fink, P. & Stibor, H. (2019)
Nitrogen enrichment leads to changing fatty acid composition of
phytoplankton and negatively affects zooplankton in a natural
lake community. Scientific Reports, 9, 1-11.

Twining, C.W., Brenna, J.T., Hairston, N.G. & Flecker, A.S. (2016)
Highly unsaturated fatty acids in nature: What we know and
what we need to learn. Oikos, 125, 749-760.

Urabe, J., Kyle, M., Makino, W., Yoshida, T., Andersen, T. & Elser,
J.J. (2002) Reduced light increases herbivore production due
to stoichiometric effects of light/nutrient balance. Ecology, 83,
619-627.

van Donk, E. & Hessen, D.O. (1993) Grazing resistance in nutrient-
stressed phytoplankton. Oecologia, 93, 508-511.

van Donk, E., Liirling, M., Hessen, D.O. & Lokhorst, G.M. (1997)
Altered cell wall morphology in nutrient-deficient phytoplank-
ton and its impact on grazers. Limnology and Oceanography, 42,
357-364.

Viechtbauer, W. (2010) Conducting meta-analyses in R with the meta-
for. Journal of Statistical Software, 36, 1-48.

Wang, X., Fosse, H.K., Li, K., Chauton, M.S., Vadstein, O. & Reitan,
K.I. (2019) Influence of nitrogen limitation on lipid accumula-
tion and EPA and DHA content in four marine microalgae for
possible use in aquafeed. Frontiers in Marine Science, 6, 1-10.

Winder, M., Carstensen, J., Galloway, AW.E., Jakobsen, H.H. &
Cloern, J.E. (2017) The land-sea interface: A source of high-
quality phytoplankton to support secondary production.
Limnology and Oceanography, 62, S258—S271.

Zhou, L., Lemmen, K.D., Zhang, W. & Declerck, S.A.J. (2018)
Direct and indirect effects of resource P-limitation differen-
tially impact population growth, life history and body ele-
mental composition of a zooplankton consumer. Frontiers in
Microbiology, 9, 1-12.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Thomas, P.K., Kunze, C.,
Van de Waal, D.B., Hillebrand, H. & Striebel, M.
(2022) Elemental and biochemical nutrient
limitation of zooplankton: A meta-analysis.
Ecology Letters, 25, 2776-2792. Available from:

https://doi.org/10.1111/ele.14125

85UB017 SUOLIWOD BAIER1D el |dde auy Aq pausenob a1e SopIe YO 8sN Jo S3InJ 1oj Ariq)T8UIIUO /B]IM UO (SUORIPUCO-PUB-SWLRIOY" AB| 1M ARIq1fBUIIUO//SANY) SUORIPUOD PUe SWR L 33 885 *[£202/60/22] U0 ArIqITaUIUO ABIIM ‘MY BUNYDSIOSS.BRIN *N -ReI0d "J Iiisu| eusBe pelyIV Aq SZTYT @ R/TTTT OT/I0PAL0D A3 |IM AReiq 1)Ul UO//SdRY WoI) popeojumoq ‘2T ‘2202 ‘8rZ0T9vT


https://doi.org/10.1111/ele.14125

	Elemental and biochemical nutrient limitation of zooplankton: A meta-­analysis
	Abstract
	INTRODUCTION
	METHODS
	Data collection and screening
	Effect size calculations
	Statistical models

	RESULTS
	Individual effects of essential nutrient limitation
	Co-­limitation by multiple nutrients
	Effects of other factors on the strength of nutrient limitation

	DISCUSSION
	Individual effects of nutrient limitation
	Co-­limitation and interactive effects of nutrients
	Other factors influencing zooplankton nutritional constraints
	Nutrient limitation in natural systems
	Knowledge gaps and future directions
	Conclusion

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	PEER REVIEW
	OPEN RESEARCH BADGES
	DATA AVAILABILITY STATEMENT

	REFERENCES


