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Abstract
External nutrient loading can cause large changes in freshwater ecosystems. Many 
local field and laboratory experiments have investigated ecological responses to nu-
trient addition. However, these findings are difficult to generalize, as the responses 
observed may depend on the local context and the resulting nutrient concentrations 
in the receiving water bodies. In this research, we combined and analysed data from 
131 experimental studies containing 3054 treatment-control abundance ratios to as-
sess the responses of freshwater taxa along a gradient of elevated nutrient concentra-
tions. We carried out a systematic literature search in order to identify studies that 
report the abundance of invertebrate, macrophyte, and fish taxa in relation to the 
addition of nitrogen, phosphorus, or both. Next, we established mixed-effect meta-
regression models to relate the biotic responses to the concentration gradients of 
both nutrients. We quantified the responses based on various abundance-based met-
rics. We found no responses to the mere addition of nutrients, apart from an overall 
increase of total invertebrate abundance. However, when we considered the gradi-
ents of N and P enrichment, we found responses to both nutrients for all abundance 
metrics. Abundance tended to increase at low levels of N enrichment, yet decreased 
at the high end of the concentration gradient (1–10 mg/L, depending on the P con-
centration). Responses to increasing P concentrations were mostly positive. For fish, 
we found too few data to perform a meaningful analysis. The results of our research 
highlight the need to consider the level of nutrient enrichment rather than the mere 
addition of nutrients in order to better understand broad-scale responses of freshwa-
ter biota to eutrophication, as a key step to identify effective conservation strategies 
for freshwater ecosystems.
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1  |  INTRODUC TION

Human activities have caused massive increases of nitrogen (N) and 
phosphorus (P) in the environment, most notably through sewage 
disposal, fossil fuel combustion, and agricultural fertilizer applications 
(Lu & Tian, 2017; Rockström et al., 2009; Xie & Ringler, 2017). These 
enhanced nutrient concentrations lead to major ecological changes 
in both aquatic and terrestrial ecosystems (Jackson et  al.,  2016; 
Mantyka-Pringle et  al.,  2014). In freshwater systems, an increase in 
nutrient loading generally leads to increasing algal abundance, which 
in turn may cause oxygen depletion, acidification, and increasing 
toxicity (De Vries, 2021; Khan & Ansari, 2005; Smith, 2003; Smith & 
Schindler, 2009; Wurtsbaugh et al., 2019). The proliferation of algae 
may lead to a shift from clear water dominated by submerged macro-
phytes to turbid water dominated by phytoplankton (Carpenter, 2005; 
Scheffer et  al.,  1993). These processes may have cascading effects 
on other freshwater communities, depending on the species' abiotic 
preferences, their position in the food web, and predation pressure 
(Kido & Kneitel, 2021; Van der Lee et al., 2021; Wang et al., 2021). The 
abundance of stress-tolerant species likely increases with high nutri-
ent concentrations, whereas less tolerant species may decline due to 
the loss of oxygen and light energy (Alexander et al., 2017; Scheffer 
et al., 1993; Schrama et al., 2018). Around the globe, eutrophication 
in freshwater ecosystems generally results in biodiversity loss (Ansari 
et al., 2010; Wang et al., 2021).

Freshwater eutrophication effects are commonly studied based 
on nutrient additions under field conditions or in controlled (me-
socosm or laboratory) experiments. Nutrient addition experiments 
allow for observing the effects of eutrophication on biota while con-
trolling for confounding factors, as opposed to observational studies 
exploring species assemblages in relation to a gradient of nutrient 
concentrations. However, it is difficult to generalize the results 
from single experiments, because responses may depend on the 
local context (Ardón et al., 2021; Nessel et al., 2021). Synthesizing 
data from multiple individual experiments through meta-analytical 
approaches represent a powerful approach to unravel general re-
sponses (Midolo et al., 2019). Several meta-analyses focused on the 
effects of nutrient additions in freshwater ecosystems, including 
studies on algae (Keck & Lepori,  2012), primary producers (Elser 
et al., 2007), invertebrates (Nessel et al., 2021), and combinations of 
trophic groups (Ardón et al., 2021). The scope of these studies was, 
however, limited to evaluating the effect of nutrient addition com-
pared with a control situation with no addition. Thus, these studies 
did not consider the amount of nutrient added, while studies in ter-
restrial systems have revealed that this is highly decisive for ecolog-
ical responses (Gallego-Zamorano et al., 2023; Midolo et al., 2019). 
Moreover, responses to nutrient additions have been more exten-
sively studied for primary producers than for higher trophic levels. 
As Ardón et al. (2021) point out, the effects of nutrient enrichment 
for higher trophic levels remain elusive and require further research, 
as it is not obvious how the response to nutrient addition differs be-
tween aquatic species groups (Kido & Kneitel, 2021; Lyche-Solheim 
et al., 2013).

The aim of our study was to synthetize the effects of nutrient 
enrichment on multiple freshwater species groups along a gradient 
of both N and P concentrations. We aimed to assess and compare 
the abundance responses of macrophytes, invertebrates, and fish to 
N and P nutrient additions in freshwater systems (rivers, lakes, and 
marshes) by synthesizing data from experimental nutrient addition 
studies. We used three complementary metrics to quantify abun-
dance: the abundance of individual taxa in an observation (hereafter, 
individual abundance [IA]), the mean abundance across all taxa in an 
observation (hereafter, mean abundance [MA]), and the total abun-
dance across all taxa in an observation (hereafter, total abundance 
[TA]). We used a meta-analytical regression modeling approach, syn-
thesizing results across experimental studies with different setups 
(laboratory, mesocosm, and field) and covering a range of different 
environmental conditions. In line with the results of various recent 
studies (Ardón et al., 2021; Nessel et al., 2021), we expect both N and 
P to induce abundance responses. Under nutrient-poor conditions, 
we expect additional N and P to serve as nutrients, thereby causing 
an increase in abundance. Under nutrient-rich conditions, we expect 
additional nutrients to cause a decrease in abundance due to oxy-
gen depletion, increasing turbidity and algal toxicity (De Vries, 2021; 
Wurtsbaugh et al., 2019). Thus, we expect unimodal (hump-shaped) 
abundance responses to nutrient additions. For macrophytes, we 
expect the strongest response, due to their strong dependency 
on light and oxygen (Bornette & Puijalon, 2011; Carpenter, 2005). 
For higher trophic levels (invertebrates and fish in our study), we 
expect the response to become progressively weaker due to a loss 
of energy and biomass across trophic levels, as well as the variabil-
ity of nutrient requirements among taxa (Cross et al., 2005; Liess & 
Hillebrand, 2005). Furthermore, we expect that few stress-tolerant 
taxa may profit disproportionally from excessive nutrient concentra-
tions (Kido & Kneitel, 2021); hence, that IA and MA will show a larger 
decrease at high N and P concentrations than TA.

2  |  METHODS

2.1  |  Literature search

We collected peer-reviewed primary research papers by search-
ing online databases for scientific literature, previously published 
meta-analyses, and cross-referencing. We searched for papers 
published until December 2022 in the electronic databases Web 
of Science, Scopus, and SciELO (Scientific Electronic Library 
Online). We constructed search strings for these databases by 
using the PICO (Population, Intervention, Comparison, Outcome) 
method (Morgan et  al.,  2018), such that each search string con-
sisted of a combination of search terms describing the response 
variables (invertebrates, macrophytes, and fish), the ecosystem 
type, the nutrient species, and the words “addition,” “treatment,” 
and “experiment.” We used separate search strings for inverte-
brates, macrophytes, and fish, and included an additional search 
string to cover whole-ecosystem nutrient addition experiments. 
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    |  3 of 16NEIJNENS et al.

We searched for papers with search strings in English (Web of 
Science and Scopus) as well as Spanish and Portuguese (SciELO), 
and included papers in any of these languages in our analysis. 
We furthermore searched for research papers in the databases 
of the meta-analyses performed by Ardón et  al.  (2021), Nessel 
et  al.  (2021), and Elser et  al.  (2007). Lastly, we searched for rel-
evant papers in the reference lists of papers eligible for full-text 
screening (see below). We provide more details on the search 
strategy and all search strings in Appendix S1.

2.2  |  Study selection

We screened papers for relevant data in two rounds. First, we 
screened titles and abstracts to identify papers that may contain 
data about the effects of nitrogen and/or phosphorus addition on 
freshwater invertebrates, macrophytes, and/or fish. Next, we per-
formed full-text screening to select papers for data extraction. FKN, 
HM, MAJH, AMS, and GG performed first-round screening, and FKN 
and HM performed full-text screening. Before screening, all authors 
involved discussed the inclusion criteria and went through a set of 30 
papers together to align their application of the inclusion criteria. We 
selected papers that (1) describe nutrient addition experiments (N 
and/or P) including a control; (2) report quantitative abundance data 
for macrophytes, invertebrates (including zooplankton) or fish, ex-
pressed as density or biomass at any taxonomic level; and (3) report 

measured nutrient concentrations (both N and P) for the treatment 
and control. We included papers reporting on multifactorial experi-
ments only if other factors (e.g., light intensity and temperature) did 
not experimentally vary between treatment and control.

Our literature search yielded 9818 papers (1758 papers for in-
vertebrates, 4611 papers for macrophytes, 1603 papers for fish, 
1638 papers for ecosystem experiments, 203 papers identified 
from previous meta-analyses, and five papers identified through 
cross-referencing with other papers). After screening, we selected 
131 papers for data extraction, of which 84 papers contained data 
for invertebrates, 50 papers for macrophytes, and four papers for 
fish (seven papers contained data for more than one taxonomic 
group). We provide an overview of the paper selection process in 
Figure S1.1 (adapted from Page et al., 2021). We provide a list of all 
selected papers in Appendix S2. For an overview of the geographic 
distribution of all papers considered in this study, see Figure 1.

2.3  |  Data extraction

From all selected papers, we extracted for each species or higher-
level taxon the MA values for the treatment and the corresponding 
control, including the sample variance and the number of measure-
ments (replicates). We extracted abundance data reported per unit 
area or volume as either biomass or the number of individuals; for 
macrophytes, we also included data reported as mass per individual. 

F I G U R E  1 Map indicating the study locations included in the analysis, grouped according to taxonomic group. The point size indicates the 
number of data points that are included per study location. Note that we did not include data for fish in the analysis after data extraction. 
Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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When a paper reported data for multiple experimental durations, we 
extracted the data for each duration separately. We extracted the 
data from tables, figures, the main text or online databases; when 
a paper reported data in a figure, we extracted the values using 
WebPlotDigitizer (v4.6; Rohatgi,  2022). If needed, we converted 
standard deviations to standard errors to calculate sample variances; 
furthermore, when a study reported the median abundance value 
and/or inter-quartile range, we converted this to the MA and stand-
ard error (Wan et al., 2014). We harmonized the scientific names of 
the species and taxa based on the Catalogue of Life Checklist (Bánki 
et al., 2022). We gave each paper a unique study ID. Within each 
paper, we assigned a control ID to data points with different ex-
perimental treatment values sharing the same control. We extracted 
the nutrient concentrations for all nitrogen and phosphorus species 
reported in the paper, and converted these to mg/L if not already 
reported in this unit; furthermore, we reported the N and P reactive 
form that the authors measured. Our final dataset contained 5177 
abundance measurements (4367 for invertebrates, 786 for macro-
phytes, and 24 for fish) for 297 taxonomic groups (239 for inverte-
brates, 55 for macrophytes, and three for fish). Because of the small 
number of observations obtained for fish, we excluded fish from the 
analysis. We provide a link to our database in the Data Availability 
Statement.

2.4  |  Effect sizes

Based on the obtained data, we calculated three metrics representa-
tive of abundance responses: the IA ratio of each reported taxon, 
the MA ratio across taxa within a taxonomic group, and the TA 
ratio across taxa within a taxonomic group (Table  1). For all met-
rics, values >0 reflect increases and values <0 reflect decreases 
in abundance relative to the control (Hedges et  al.,  1999). The IA 
metric reflects the abundance response to nutrient additions of in-
dividual taxa. The MA metric considers the arithmetic mean of the 
IA ratios of all taxa within one observation. The TA metric considers 
the abundance response to nutrient additions for all taxa together 
within one observation. Thus, IA represents the responses of indi-
vidual species or species groups, while MA and TA reflect the re-
sponse of the entire assemblage or community sampled at a given 
site. While MA is representative of the mean response across the 
assemblage or community, TA is more indicative of productivity, as 

it considers the abundance changes summed across all taxa. To pre-
vent metrics from becoming indeterminate for measured abundance 
values of zero in either the treatment or the control, we transformed 
zero abundance values to the smallest possible measured non-zero 
MA. For abundance data expressed as density, we replaced the zero 
abundance value of the sample as follows (De Jonge et  al.,  2022; 
Pustejovsky, 2015):

where Ã represents the adjusted MA, Ā is the mean sample abun-
dance as reported in the data, n is the sample size, and D is a scaling 
factor that represents the sampling effort at the level of the indi-
vidual observation (e.g., a density value reported in #/mL based on 
50 mL samples will get a scaling factor of D = 50). For abundance 
data expressed as biomass, we could not apply this correction, be-
cause the smallest possible non-zero abundance value would de-
pend on the precision of the scale instrument measuring biomass, 
which most studies did not report. We therefore replaced zero 
abundance values for biomass by the smallest possible abundance 
given the accuracy of data reporting. For data reported in a table, 
we replaced the zero abundance value with half the detection limit 
δ, as indicated by the least significant digit of the data reported in 
the table (e.g., a biomass value of 1.5 mg/L indicates δ = 0.1 mg/L). 
For data reported in a figure, we assumed we could measure data 
points with an accuracy of three significant digits, so we set the de-
tection limit δ at 1/1000th of the axis length of the figure; to obtain 
the adjusted abundance value, we divided the axis length by 2 × 103 
(i.e., half the detection limit δ). We applied a zero-abundance cor-
rection to 211 treatment-control abundance pairs (176 for inverte-
brates and 35 for macrophytes). In total, our dataset included 3054 
effect sizes for IA (2540 for invertebrates and 514 for macrophytes) 
and 989 effect sizes for TA and MA (631 for invertebrates and 358 
for macrophytes). Macrophyte effect sizes pertained mostly to the 
species level, with a few records at genus level; effect sizes for in-
vertebrates also included higher taxonomic levels (Appendix S3).

We also calculated a weighting factor for each effect size 
(Table 1). For the IA metric, we calculated the weighting factor as 
the inverse of the sampling variance (VAR), calculated as (Hedges 
et al., 1999):

(1)Ã =

⎧

⎪

⎨

⎪

⎩

A , A>0

1

2nD
, A=0

,

TA B L E  1 Summary of the metrics and weights used in the meta-analysis. AT and AC represent the abundance of each taxon in the 
treatment and the control, respectively, n is the number of observations, c is the number of taxa in one observation, and VAR represents the 
sampling variance (Equation 2).

Metric Description Calculation Weight

Individual abundance (IA) The log-transformed abundance response ratio for each taxon in an 
observation

IA = ln

(

ÃT

ÃC

)

1

VAR

Mean abundance (MA) The mean log-transformed response ratio for all taxa in one 
observation MA =

∑

ln

�

ÃT

ÃC

�

c

n ×

√

c

Total abundance (TA) The cumulative log-transformed abundance response ratio for all taxa 
in one observation

TA = ln

�
∑

ÃT
∑

ÃC

�

n ×

√

c
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where VT and VC are the sample variance, nT and nC are the number 
of replicates, and ÃT and ÃC are the adjusted MA in the treatment 
and the control, respectively. In order to calculate the sampling 
variance for abundance pairs with a zero or unreported sample 
variance, we used Bracken's approach to impute the sample vari-
ance (Bracken, 1992). We imputed the sample variance for 1020 
IA effect sizes (955 for invertebrates and 65 for macrophytes). For 
TA and MA, we established a weighting factor based on the num-
ber of replicates and the number of taxa included in the estimate 
(Table 1). We used the square root of the number of included taxa 
in order to reduce the skewness of the counts across the dataset 
(Schipper et al., 2020).

2.5  |  Statistical analysis

We analysed the data per taxonomic group and per metric, thus 
using six data subsets (two taxonomic groups and three metrics). 
First, we identified the best-supported random effects structure 
using the corrected Akaike's information criterion (AICc). We per-
formed random-effects model selection using restricted maximum 
likelihood (REML) estimation and including the full set of fixed ef-
fects for each model run (Zuur et al., 2009). We always included 
experiment ID (�2

1
) as a random effect to account for dependency 

of observations sharing a common control and for which we in-
cluded data points of multiple measurements in a time series. We 
also included the reported nutrient species for both N (�2

2
) and P 

(�2
3
) in the random effects structure to assess potential hetero-

geneity in the data based on the measured freshwater nutrient 
fraction. We performed model selection on the study code (�2

4
) to 

test for additional heterogeneity at the study level that was not 
captured by the experiment ID. For IA, we additionally performed 
model selection on the taxonomic group name (�2

5
) in order to ac-

count for heterogeneity in the response across taxa within the 
overarching clade groups (invertebrates and macrophytes). We 
note that this was neither needed nor possible for TA and MA, 
because these metrics are calculated across species groups. For 
IA, we furthermore used the full variance–covariance matrix of 
the sampling errors of the control in order to account for calcu-
lated effect sizes that use a single control data point for multiple 
treatment calculations (Lajeunesse, 2011). For all random-effects 
terms, we assessed variability by fitting random intercepts, and we 
combined all terms in a crossed, non-nested manner.

After identifying the best-supported random-effects struc-
ture, we first performed a random-effects meta-analysis to as-
sess the overall effect of nutrient additions without considering 
the resulting concentrations. Next, we established mixed-effects 
meta-regression models (IA metric) and mixed-effects linear re-
gression models (TA and MA metrics) to explore the abundance re-
sponse to the gradients in N and P concentrations. We performed 

fixed-effect model selection on a set of candidate models with 
different combinations of experimental nutrient concentrations 
as fixed effects. Prior to model fitting, we log-transformed the 
experimental nutrient concentrations to reduce their positive 
skew. We tested candidate models that included at least the ex-
perimental treatment concentration (either N or P) as model term, 
as well as the null model (intercept only). We allowed candidate 
models to include a quadratic treatment concentration term only 
when the linear term for the respective nutrient was also included 
(Nelder, 1998). Furthermore, for both nutrients, we allowed can-
didate models to include the experimental control concentration 
in interaction with the corresponding treatment concentration. 
We fitted and ranked all candidate models based on their AICc 
value using maximum likelihood (ML) estimation. We identified 
the best-supported models as those with ΔAICc <2 relative to 
the top-supported model and refitted these models using REML 
estimation, after which we calculated the regression coefficients, 
standard errors and the marginal and conditional R2 values (Zuur 
et al., 2009). Based on this subset of best-supported models, we 
calculated weighted average regression coefficients (β j) and the 
corresponding standard errors (SEj) across the best-supported 
models per data subset as (Burnham & Anderson, 2002):

where R is the total number of models i within 2 ΔAICc units, wi is 
the Akaike weight for model i, βi,j is model coefficient j for model 
i (set at zero when βi,j is not included in model i), and SEi,j is the 
standard error of model coefficient βi,j. We further calculated 
the importance of each moderator term as the sum of the Akaike 
weights for all models i in which moderator j is present (Burnham & 
Anderson, 2002). For each model i, we also calculated the marginal 
and the conditional R2.

We performed all analyses in R Statistical Software (v4.0.4; 
R Core Team, 2021). For screening the paper abstracts, we used 
the “abstract_screener” function of the R-package metagear (v0.7; 
Lajeunesse, 2016). We also used metagear to impute missing vari-
ance estimates, using the “impute_SD” function. For IA, we fit-
ted models using the “rma.mv” function of the R-package metafor 
(v3.0-2; Viechtbauer, 2010). For TA and MA, we fitted all models 
with the ‘lmer’ function of the R-package lme4 (v1.1.27.1; Bates 
et al., 2015). To calculate the conditional and marginal R2 for the 
TA and MA models, we used the “get_variance” function of the 
R-package insight (v0.14.5; Lüdecke et al., 2019). For plotting the 
results, we used the “ggplot” function of the R-package ggplot2 
(v3.3.5; Wickham, 2016).

(2)VAR=

VT

nT× Ã
2

T

+

VC

nC× Ã
2

C

,

(3)� j =

R
∑

i=1

wi×� i,j ,

(4)SEj =

R
∑

i=1

wi×

√

SE2
i,j
+

(

� j−� i,j

)2
,

(5)withwi =

exp
�

−0.5×ΔAICci
�

∑R

i=1
exp

�

−0.5×ΔAICci
�

,
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2.6  |  Robustness of results

We tested for publication bias by performing Egger's tests on the 
IA effect size metric, for which we modeled the residuals as a func-
tion of the precision, and checked for significance of the intercept 
coefficient (Egger et al., 1997). Furthermore, we assessed potential 
data asymmetry with respect to the best-selected random effects 
model by making funnel plots in which we plot the IA effect sizes as 
a function of the sampling standard error and the precision. We also 
selected two subsets of the data on which we performed full model 
selection as described above, and tested whether these data gave 
similar results compared to the model selection on the full dataset. 
For the first subset, we excluded effect sizes for which only one of 
the nutrients was added (leaving only effect sizes with both N and 
P addition). For the second subset, we excluded effect sizes with 
a small sample mean in either the treatment or the control (which 
may violate the assumption of a normal data distribution), based on 
Geary's rule (adjusted by Lajeunesse, 2015):

The dataset containing only data for both N and P addition con-
sisted of 2223 IA effect sizes (1983 for invertebrates, 240 for mac-
rophytes) and 611 data points for TA and MA (446 for invertebrates, 

165 for macrophytes). The dataset containing only data that passed 
Geary's rule consisted of 2638 IA effect sizes (2177 for inverte-
brates, 461 for macrophytes) and 940 data points for TA and MA 
(597 for invertebrates, 343 for macrophytes).

3  |  RESULTS

3.1  |  Overall nutrient addition effects

Based on the random effects meta-analysis (no moderators), we 
found an overall positive response to nutrient addition only for in-
vertebrate TA (mean effect size: 0.28 [95% CI: 0.08 to 0.48]). We 
observed no significant response of IA to nutrient addition for either 
invertebrates (mean effect size: 0.18 [95% CI: −0.14 to 0.51]) or mac-
rophytes (mean effect size: 0.09 [95% CI: −0.22 to 0.39]) (Figure 2). 
Similarly, we observed no significant response of MA to nutrient ad-
dition for either invertebrates (mean effect size: 0.30 [95% CI: −0.03 
to 0.64]) or macrophytes (mean effect: −0.01 [95% CI: −0.28 to 
0.27]). For macrophyte TA, we did not observe an overall response 
either (mean effect size: −0.02 [95% CI: −0.31 to 0.28]). For all met-
rics, mean effects were similar based on the two data subsets (i.e., 
including only effect sizes for which both N and P were added, and in-
cluding only effect sizes that passed Geary's rule) (Tables S4.1–S4.2). 

(6)Ã

SE

(

4n

1+4n

)

≥3.

F I G U R E  2 Forest plots for individual abundance (IA) effect size data (including 95% confidence intervals and 95% prediction intervals) 
for invertebrates (a) and macrophytes (b). Dots reflect IA effect sizes, where red dots indicate that the IA value was calculated using data 
point imputation. The dashed black line indicates an IA effect size of zero, the solid red line and diamond indicate the mean IA effect size, the 
dashed red lines represent the 95% confidence interval, and the dotted red lines represent the 95% prediction interval. We ran all models 
with the best-selected random effects structure and without moderators.
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Furthermore, both random effects on which we performed model 
selection were retained in the best-supported random-effects struc-
ture for all metrics and biotic groups (Tables S5.1–S5.6). The inclusion 
of study ID points at heterogeneity at the study level that was not 
captured by the control ID. For IA, species group name was selected 
as random effect for both invertebrates and macrophytes, reflecting 
that abundance responses to nutrient addition vary among species. 
We found no evidence for publication bias, either for invertebrates 
(Egger's test: intercept = −0.05, p = .221) or for macrophytes (Egger's 
test: intercept = −0.10, p = .283). Based on visual inspection, we did 
not observe funnel plot asymmetry (Figures S6.1–S6.2).

3.2  |  Invertebrate responses to nutrient 
concentrations

Overall, we found that invertebrates respond to both N and P con-
centrations, yet the responses differed among metrics (Figure  3; 
Tables S7.1–S7.3, S8.1–S8.3, S9.1–S9.3). For IA, we observed a uni-
modal response primarily to N, with an abundance increase for mod-
erate N concentrations (between 0.01 and 0.1 mg N/L, given average 
control concentrations of N). We further found a positive linear trend 
in the response to P, but less pronounced. For MA, we found a similar 
pattern, i.e. a unimodal response to N and a positive linear trend for 

P, with the largest abundance increases for high concentrations of P 
(>1 mg P/L) and moderate concentrations of N (~0.1 mg N/L). For TA, 
the response was primarily driven by the P concentration, with the 
largest increase at high P concentrations. We observed that the exper-
imental control N concentration modified the IA and MA responses, 
with more pronounced responses at low background concentrations, 
and larger increases and decreases in response to lower and higher 
N enrichment levels, respectively (Figure S10.1). In contrast, TA and 
MA responses to low levels of P enrichment were more pronounced 
(implying a larger decrease) at higher background P concentrations 
(Figure  S10.2). When including only effect sizes from experiments 
with both N and P addition, we observed more positive IA and MA 
responses, especially for high N concentrations (IA) and high P concen-
trations (MA) (Figure S11.1). For the data subset with effect sizes pass-
ing Geary's rule, we observed a more positive response for all metrics 
(Figure S11.2). However, for both data subsets, the response patterns 
remained similar to those based on the main dataset.

3.3  |  Macrophyte responses to nutrient 
concentration gradients

For macrophytes, we observed abundance responses to both N and 
P concentrations (Figure 3; Tables S7.4–S7.6, S8.4–S8.6, S9.4–S9.6). 

F I G U R E  3 Heat maps indicating the responses of individual abundance (IA), mean abundance (MA) and total abundance (TA) values 
for invertebrates (a–c) and macrophytes (d–f). We used the fitted consensus models to visualize the responses along the gradients of both 
nutrients. Blue colors indicate an effect size >0, and red colors indicate an effect size <0. Data points are indicated with gray dots, and dot 
size indicates the weight for each data point. Coefficients of the underlying consensus models are provided in Appendix S9.
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IA responded mostly to N enrichment, with abundance increases at 
concentrations up to 10 mg/L. We further found a slight positive re-
lationship between IA and P. MA also responded mostly to N enrich-
ment, with strong abundance increases at low N concentrations. We 
further observed a decrease for high N concentrations (>1 mg/L), 
with the decrease most pronounced for moderate P concentrations 
(between 0.01 and 1 mg/L). The TA response was similar to MA for 
high N concentrations, but showed in addition a decrease for low N 
and moderate P concentrations. We observed that the experimental 
control N concentration caused the IA and MA response to increase, 
particularly at low concentrations (~0.001 mg/L), whereas we ob-
served no effect for TA (Figure S10.1). For the control P concentra-
tion, we did not observe any response (Figure S10.2). When including 
only effect sizes from experiments with both N and P addition, we 
observed for IA a positive response for low-to-moderate N and P, 
and a negative response for high N and P (Figure S11.1). For MA and 
TA, we observed a response to N enrichment, with increases at low 
concentrations and decreases at higher concentrations (>0.01 mg/L). 
For the data subset based on Geary's rule, we observed responses 
largely similar to the default dataset (Figure S11.2). For IA, we ob-
served a response mostly to N, with a maximal increase at moderate 
concentrations (~0.1 mg N/L) and a negative response for low and 
high concentrations (<0.001 mg/L and > 10 mg/L). For MA and TA, 
we observed negative responses for low and high N concentrations, 
and positive responses for low and high P concentrations.

4  |  DISCUSSION

4.1  |  Overall abundance responses to nutrient 
addition

Eutrophication of freshwater systems has been one of the 
most pervasive influences of human activity on the biosphere 
(Rockström et  al.,  2009; Steffen et  al.,  2015). Although the ef-
fects of nutrient addition on freshwater ecosystems have been 
extensively researched over the past decades, these effects re-
main somewhat elusive, as ecological responses may differ with 
the amount of nutrients added, local environmental conditions, 
taxonomic groups, and the type of response studied (Wang 
et al., 2021). In line with this, we found a large heterogeneity in 
the responses of macrophytes and invertebrates to nutrient addi-
tion, with some taxa increasing and some decreasing in abundance 
(Figure  2). In our random effects meta-analysis (no moderators), 
we found a significant overall response only for total invertebrate 
abundance, which increased in response to nutrient addition. This 
positive response is in line with the positive responses reported for 
freshwater consumers by Ardón et al. (2021). However, it is in con-
trast to the findings by Nessel et al. (2021), who observed mainly 
decreases in freshwater invertebrate abundance and biomass in 
response to nutrient addition. For macrophytes, we observed no 
significant responses for any of the response metrics. This is in 
disagreement with both Ardón et al. (2021) and Elser et al. (2007), 

who report an increase in biomass for primary producers. Possibly, 
these differences reflect how we treated zero-abundance values, 
which in general pose challenges to the calculation of effect sizes. 
We replaced zeroes by small non-zero values using both the sam-
pling effort and the measurement precision (De Jonge et al., 2022; 
Pustejovsky, 2015, 2018). This allowed us to include data points 
with zero abundance in the control, which are commonly left out 
from meta-analytical studies (Benítez-López et  al.,  2017; Midolo 
et al., 2019). As we applied the same correction to zero treatment 
and zero control abundance estimates, we prevent a possible bias 
toward negative effect sizes by excluding species or taxa absent 
from the control yet present in the treatment.

4.2  |  Abundance responses along gradients of 
N and P enrichment

In contrast to the results of the overall meta-analysis without mod-
erators, our exploratory meta-regression models indicated that 
both nitrogen and phosphorus enrichment have an effect on the 
abundance of macrophytes as well as freshwater invertebrates. 
We note here that the amount of explained variance by the fixed 
effects in our models was relatively low (between 0.01 and 0.1; 
Appendix S8). Although such low marginal R2 values are not uncom-
mon for mixed-effect meta-regression models (compare De Jonge 
et al., 2022; Gallego-Zamorano et al., 2023), we nonetheless call for 
caution when interpreting the fixed-effect model selection results, 
as the parameter values in the consensus models explain only on a 
small proportion of the variance in the data. Nevertheless, the re-
sults of our meta-regression models point at the relevance of con-
sidering the level of nutrient enrichment rather than mere addition. 
The positive and unimodal responses to N and P, as observed for 
the invertebrates and for macrophyte IA, contrast the historical 
view that P supply is the main limiting factor for freshwater systems 
(Dodds & Smith, 2016; Dubey & Dutta, 2020; Schindler, 1974, 1977; 
Schindler et al., 2008; Srivastava et al., 2008), yet are in line with 
more recent studies pointing to limitation by N or co-limitation by 
N and P (Allgeier et al., 2011; Ardón et al., 2021; Elser et al., 2007; 
Paerl, 2009). On a global scale, P accumulates faster than N in many 
freshwater ecosystems, causing an ‘N deficit’ that might cause some 
taxa to benefit from N enrichment (Yan et  al.,  2016). For inverte-
brates, our results suggest that a moderate N concentration (IA and 
MA) and a high P concentration (IA, TA, MA) result in the largest 
abundance increase. The abundance increases in response to both 
N and P enrichment reflect that both N and P are essential nutrients 
for growth and reproduction. For invertebrate species, the inter-
nal tissue N:P ratio depends primarily on its nutrient requirements, 
which are related to for example its life history and body size, and 
much less on external nutrient concentrations (Karimi & Folt, 2006). 
However, nutrient requirements can vary significantly among taxa, 
whereby fast-growing species tend to have larger P requirements 
(Gillooly et al., 2005; Meunier et al., 2017). This is in line with our 
results showing a positive response of total invertebrate abundance 
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(indicative of productivity) primarily to P enrichment, whereas this is 
less so for the individual and mean assemblage level responses (IA, 
MA). Our results for both macrophytes and invertebrates further in-
dicate that N becomes a stressor at high concentrations, in line with 
other studies pointing to N being impactful under high concentra-
tions (Yu et al., 2015). For macrophytes, an increase in N concen-
tration can lead to a change in community structure, with floating 
plants becoming dominant at the expense of plants rooted in the 
sediment (Feuchtmayr et al., 2009). A change in macrophyte com-
munity and increasing turbidity will in turn influence the inverte-
brate community, particularly benthic invertebrate groups that lose 
their habitat (Pan et al., 2015).

4.3  |  Methodological reflections

We based our analysis on the concentrations of N and P in the 
receiving water bodies, rather than the amount of nutrient addi-
tion. Most studies did not report the amount of nutrient addition, 
and even if they did, additions were difficult to compare among 
studies because the volume of the receiving water body was often 
not reported. This contrasts with studies describing terrestrial nu-
trient addition experiments, which typically specify the nutrient 
addition per unit of area (Gallego-Zamorano et al., 2023; Midolo 
et al., 2019). A downside of our approach is that nutrient uptake in 
the system (e.g., the sediment or biota) will go undetected, hence 
that the observed response is not necessarily reflected by higher 
nutrient concentrations in the water. The fact that the studies in 
our database measured different nutrient species posed an addi-
tional challenge. We tackled this by including the N and P species 
as random effect in the analysis, and found that the variance ex-
plained by the nutrient species was negligible (Appendix S8). For 
N this is unexpected, as NO−

3
 is considered non-toxic, whereas NH+

4
 

and NO−

2
 are considered toxic even at low concentrations (Kocour 

Kroupová et  al.,  2018; Mooney et  al.,  2019; Moore et  al.,  2021). 
However, nitrate concentrations in freshwater are generally 
higher than those for nitrite or ammonium, and there are studies 
that point to NO−

3
 toxicity for values as low as 10 mg/L (Camargo 

et al., 2005), since NO−

3
 can negatively influence growth and sur-

vival of freshwater organisms (Gomez Isaza et al., 2020).
We acknowledge that most studies in our dataset contained data 

for temperate regions in the northern hemisphere (North America, 
Western Europe, and East Asia; Figure  1). Although we increased 
the global coverage of our analysis by the inclusion of Spanish and 
Portuguese search strings in addition to English, we recognize that 
the addition of more languages might have led to a better global rep-
resentation (Zenni et al., 2023). We are also aware of the fact that 
non-English language studies are more likely to publish results that 
are statistically non-significant (Konno et al., 2020). However, we did 
not find any proof for publication bias in our analysis. Interestingly, 
the regions that are best covered in our analysis are also identified as 
being at high risk for N and P eutrophication of freshwater systems 
(Steffen et al., 2015).

Finally, we note that the large residual heterogeneity in our mod-
els point at the influence of several relevant factors that we did not 
include in our analysis. For example, we did not account for seasonal 
variation among experiments, while N and P limitation may vary 
seasonally, with P being the limiting nutrient during spring, shifting 
to N limitation over the summer (Kolzau et al., 2014; Søndergaard 
et al., 2017). Furthermore, we could not account for possible con-
founding influences of temperature and acidity, because many 
studies did not report these factors. However, temperature may 
be a limiting factor for invertebrate species abundance (Bonacina 
et al., 2023), hence could affect the response to nutrient enrichment. 
For macrophytes, higher temperatures may increase the domination 
of floating plants on the system, causing a change in species dom-
inance comparable to nutrient additions (Feuchtmayr et al., 2009). 
Furthermore, temperature has an effect on nutrient mobilization, 
with higher temperatures resulting in increasing mobilization of N 
species, causing more N compounds to become available for up-
take (Jack Brookshire et al., 2011). This indicates an increasing role 
of climate change in the response of species to nutrient additions 
(Greaver et al., 2016).

4.4  |  Concluding remarks

Our study shows that both N and P enrichment influence the abun-
dance of freshwater macrophytes and invertebrates. All macrophyte 
abundance metrics and the IA and MA metrics for invertebrates 
tended to increase at low levels of N enrichment (0.001–0.1 mg/L), 
yet decreased at the high end of the N concentration gradient 
(1–10 mg/L). For macrophytes, MA and TA showed a noticeable 
decrease in abundance at high N concentrations, in particular at 
moderate P concentrations (0.01–1 mg/L). Overall, responses to in-
creasing P concentrations were mostly positive. This was visible in 
particular for the TA of invertebrates, as indicator of total system 
productivity. We recommend future research to focus on more spe-
cies groups, and to explore whether any differences in responses 
can be discerned between subgroups of invertebrates and macro-
phytes (e.g., according to ecological guild). Since eutrophication will 
continue to be a main environmental problem, a better and more de-
tailed understanding of freshwater responses to nutrients remains 
crucial toward identifying appropriate management practices.

AUTHOR CONTRIBUTIONS
Floris K. Neijnens: Conceptualization; data curation; formal analy-
sis; investigation; methodology; project administration; software; 
validation; visualization; writing – original draft; writing – review and 
editing. Hadassa Moreira: Formal analysis; investigation; software; 
writing – original draft; writing – review and editing. Melinda M. J. 
de Jonge: Formal analysis; methodology; software; validation. Bart 
B. H. P. Linssen: Conceptualization; formal analysis; investigation; 
methodology; software. Mark A. J. Huijbregts: Conceptualization; 
funding acquisition; investigation; methodology; project adminis-
tration; supervision; writing – original draft; writing – review and 

 13652486, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17094 by R

adboud U
niversity N

ijm
egen, W

iley O
nline L

ibrary on [14/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 16  |     NEIJNENS et al.

editing. Gertjan W. Geerling: Conceptualization; funding acquisi-
tion; investigation; project administration; supervision; writing –  
original draft; writing – review and editing. Aafke M. Schipper: 
Conceptualization; funding acquisition; investigation; methodology; 
project administration; supervision; writing – original draft; writing –  
review and editing.

ACKNOWLEDG MENTS
We are thankful to Juan Gallego-Zamorano for his help with mak-
ing the figures. We also would like to thank an anonymous reviewer 
for constructive feedback on our manuscript, and all authors who 
published their data.

FUNDING INFORMATION
FKN acknowledges funding from Deltares, project number 
11209190-003.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare to have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data and code that accompany this study are openly available in 
Zenodo at https://​doi.​org/​10.​5281/​zenodo.​10251771.

ORCID
Floris K. Neijnens   https://orcid.org/0000-0002-6391-7356 
Hadassa Moreira   https://orcid.org/0000-0001-5573-902X 
Melinda M. J. de Jonge   https://orcid.org/0000-0003-4760-8155 
Mark A. J. Huijbregts   https://orcid.org/0000-0002-7037-680X 
Gertjan W. Geerling   https://orcid.org/0000-0002-0017-599X 
Aafke M. Schipper   https://orcid.org/0000-0002-5667-0893 

R E FE R E N C E S
Alexander, T. J., Vonlanthen, P., & Seehausen, O. (2017). Does 

eutrophication-driven evolution change aquatic ecosystems? 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
372(1712), 20160041. https://​doi.​org/​10.​1098/​rstb.​2016.​0041

Allgeier, J. E., Rosemond, A. D., & Layman, C. A. (2011). The frequency 
and magnitude of non-additive responses to multiple nutrient en-
richment. Journal of Applied Ecology, 48(1), 96–101. https://​doi.​org/​
10.​1111/j.​1365-​2664.​2010.​01894.​x

Ansari, A. A., Gill, S. S., & Khan, F. A. (2010). Eutrophication: Threat to 
aquatic ecosystems. In Eutrophication: Causes, consequences and 
control (pp. 143–170). Springer. https://​doi.​org/​10.​1007/​978-​90-​
481-​9625-​8_​7

Ardón, M., Zeglin, L. H., Utz, R. M., Cooper, S. D., Dodds, W. K., Bixby, 
R. J., Burdet, A. S., Follstad Shah, J., Griffiths, N. A., Harms, T. 
K., Johnson, S. L., Jones, J. B., Kominoski, J. S., McDowell, W. H., 
Rosemond, A. D., Trentman, M. T., Van Horn, D., & Ward, A. (2021). 
Experimental nitrogen and phosphorus enrichment stimulates mul-
tiple trophic levels of algal and detrital-based food webs: A global 
meta-analysis from streams and rivers. Biological Reviews, 96(2), 
692–715. https://​doi.​org/​10.​1111/​brv.​12673​

Bánki, O., Roskov, Y., Döring, M., Ower, G., Vandepitte, L., Hobern, D., 
Remsen, D., Schalk, P., DeWalt, R. E., Keping, M., Miller, J., Orrell, 
T., Aalbu, R., Adlard, R., Adriaenssens, E. M., Aedo, C., Aescht, 
E., Akkari, N., Alexander, S., … The Royal Botanic Gardens, Kew. 

(2022). Catalogue of life checklist (annual checklist 2022). Catalogue 
of Life. https://​doi.​org/​10.​48580/​​dfq8

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 
67(1), 1–48. https://​doi.​org/​10.​18637/​​jss.​v067.​i01

Benítez-López, A., Alkemade, R., Schipper, A. M., Ingram, D. J., Verweij, 
P. A., Eikelboom, J. A. J., & Huijbregts, M. A. J. (2017). The im-
pact of hunting on tropical mammal and bird populations. Science, 
356(6334), 180–183. https://​doi.​org/​10.​1126/​scien​ce.​aaj1891

Bonacina, L., Fasano, F., Mezzanotte, V., & Fornaroli, R. (2023). Effects of 
water temperature on freshwater macroinvertebrates: A system-
atic review. Biological Reviews, 98(1), 191–221. https://​doi.​org/​10.​
1111/​brv.​12903​

Bornette, G., & Puijalon, S. (2011). Response of aquatic plants to abiotic 
factors: A review. Aquatic Sciences, 73, 1–14. https://​doi.​org/​10.​
1007/​s0002​7-​010-​0162-​7

Bracken, M. B. (1992). Statistical methods for analysis of effects of 
treatment in overviews of randomized trials. In J. C. Sinclair & M. 
B. Bracken (Eds.), Effective care of the newborn infant (pp. 13–20). 
Oxford University Press.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multi-
model inference: A practical information-theoretic approach. Springer. 
https://​doi.​org/​10.​1007/​b97636

Camargo, J. A., Alonso, A., & Salamanca, A. (2005). Nitrate toxicity to 
aquatic animals: A review with new data for freshwater inverte-
brates. Chemosphere, 58(9), 1255–1267. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2004.​10.​044

Carpenter, S. R. (2005). Eutrophication of aquatic ecosystems: Bistability 
and soil phosphorus. Proceedings of the National Academy of Sciences 
of the United States of America, 102(29), 10002–10005. https://​doi.​
org/​10.​1073/​pnas.​05039​59102​

Cross, W. F., Benstead, J. P., Frost, P. C., & Thomas, S. A. (2005). Ecological 
stoichiometry in freshwater benthic systems: Recent progress and 
perspectives. Freshwater Biology, 50(11), 1895–1912. https://​doi.​
org/​10.​1111/j.​1365-​2427.​2005.​01458.​x

De Jonge, M. M., Gallego-Zamorano, J., Huijbregts, M. A., Schipper, A. 
M., & Benítez-López, A. (2022). The impacts of linear infrastruc-
ture on terrestrial vertebrate populations: A trait-based approach. 
Global Change Biology, 28(24), 7217–7233. https://​doi.​org/​10.​1111/​
gcb.​16450​

De Vries, W. (2021). Impacts of nitrogen emissions on ecosystems and 
human health: A mini review. Current Opinion in Environmental Science 
& Health, 21, 100249. https://​doi.​org/​10.​1016/j.​coesh.​2021.​100249

Dodds, W. K., & Smith, V. H. (2016). Nitrogen, phosphorus, and eutrophi-
cation in streams. Inland Waters, 6(2), 155–164. https://​doi.​org/​10.​
5268/​IW-​6.2.​909

Dubey, D., & Dutta, V. (2020). Nutrient enrichment in Lake ecosystem 
and its effects on algae and Macrophytes. In V. Shukla & N. Kumar 
(Eds.), Environmental concerns and sustainable development (pp. 81–
126). Springer. https://​doi.​org/​10.​1007/​978-​981-​13-​6358-​0_​5

Egger, M., Davey Smith, G., Schneider, M., & Minder, C. (1997). Bias in meta-
analysis detected by a simple, graphical test. British Medical Journal, 
315(7109), 629–634. https://​doi.​org/​10.​1136/​bmj.​315.​7109.​629

Elser, J. J., Bracken, M. E. S., Cleland, E. E., Gruner, D. S., Harpole, W. S., 
Hillebrand, H., Ngai, J. T., Seabloom, E. W., Shurin, J. B., & Smith, 
J. E. (2007). Global analysis of nitrogen and phosphorus limitation 
of primary producers in freshwater, marine and terrestrial ecosys-
tems. Ecology Letters, 10(12), 1135–1142. https://​doi.​org/​10.​1111/j.​
1461-​0248.​2007.​01113.​x

Feuchtmayr, H., Moran, R., Hatton, K., Connor, L., Heyes, T., Moss, B., 
Harvey, I., & Atkinson, D. (2009). Global warming and eutrophi-
cation: Effects on water chemistry and autotrophic communities 
in experimental hypertrophic shallow lake mesocosms. Journal of 
Applied Ecology, 46(3), 713–723. https://​doi.​org/​10.​1111/j.​1365-​
2664.​2009.​01644.​x

 13652486, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17094 by R

adboud U
niversity N

ijm
egen, W

iley O
nline L

ibrary on [14/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5281/zenodo.10251771
https://orcid.org/0000-0002-6391-7356
https://orcid.org/0000-0002-6391-7356
https://orcid.org/0000-0001-5573-902X
https://orcid.org/0000-0001-5573-902X
https://orcid.org/0000-0003-4760-8155
https://orcid.org/0000-0003-4760-8155
https://orcid.org/0000-0002-7037-680X
https://orcid.org/0000-0002-7037-680X
https://orcid.org/0000-0002-0017-599X
https://orcid.org/0000-0002-0017-599X
https://orcid.org/0000-0002-5667-0893
https://orcid.org/0000-0002-5667-0893
https://doi.org/10.1098/rstb.2016.0041
https://doi.org/10.1111/j.1365-2664.2010.01894.x
https://doi.org/10.1111/j.1365-2664.2010.01894.x
https://doi.org/10.1007/978-90-481-9625-8_7
https://doi.org/10.1007/978-90-481-9625-8_7
https://doi.org/10.1111/brv.12673
https://doi.org/10.48580/dfq8
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1126/science.aaj1891
https://doi.org/10.1111/brv.12903
https://doi.org/10.1111/brv.12903
https://doi.org/10.1007/s00027-010-0162-7
https://doi.org/10.1007/s00027-010-0162-7
https://doi.org/10.1007/b97636
https://doi.org/10.1016/j.chemosphere.2004.10.044
https://doi.org/10.1016/j.chemosphere.2004.10.044
https://doi.org/10.1073/pnas.0503959102
https://doi.org/10.1073/pnas.0503959102
https://doi.org/10.1111/j.1365-2427.2005.01458.x
https://doi.org/10.1111/j.1365-2427.2005.01458.x
https://doi.org/10.1111/gcb.16450
https://doi.org/10.1111/gcb.16450
https://doi.org/10.1016/j.coesh.2021.100249
https://doi.org/10.5268/IW-6.2.909
https://doi.org/10.5268/IW-6.2.909
https://doi.org/10.1007/978-981-13-6358-0_5
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1111/j.1365-2664.2009.01644.x
https://doi.org/10.1111/j.1365-2664.2009.01644.x


    |  11 of 16NEIJNENS et al.

Gallego-Zamorano, J., de Jonge, M. M., Runge, K., Huls, S. H., Wang, J., 
Huijbregts, M. A. J., & Schipper, A. M. (2023). Context-dependent 
responses of terrestrial invertebrates to anthropogenic nitrogen 
enrichment: A meta-analysis. Global Change Biology, 29(14), 4161–
4173. https://​doi.​org/​10.​1111/​gcb.​16717​

Gillooly, J. F., Allen, A. P., Brown, J. H., Elser, J. J., Del Rio, C. M., Savage, V. M., 
West, G. B., Woodruff, W. H., & Woods, H. A. (2005). The metabolic 
basis of whole-organism RNA and phosphorus content. Proceedings 
of the National Academy of Sciences of the United States of America, 
102(33), 11923–11927. https://​doi.​org/​10.​1073/​pnas.​05047​56102​

Gomez Isaza, D. F., Cramp, R. L., & Franklin, C. E. (2020). Living in pol-
luted waters: A meta-analysis of the effects of nitrate and inter-
actions with other environmental stressors on freshwater taxa. 
Environmental Pollution, 261, 114091. https://​doi.​org/​10.​1016/j.​
envpol.​2020.​114091

Greaver, T. L., Clark, C. M., Compton, J. E., Vallano, D., Talhelm, A. F., 
Weaver, C. P., Band, L. E., Baron, J. S., Davidson, E. A., Tague, C. L., 
Felker-Quinn, E., Lynch, J. A., Herrick, J. D., Liu, L., Goodale, C. L., 
Novak, K. J., & Haeuber, R. A. (2016). Key ecological responses to 
nitrogen are altered by climate change. Nature Climate Change, 6(9), 
836–843. https://​doi.​org/​10.​1038/​nclim​ate3088

Hedges, L. V., Gurevitch, J., & Curtis, P. S. (1999). The meta-analysis of response 
ratios in experimental ecology. Ecology, 80(4), 1150–1156. https://​doi.​
org/​10.​1890/​0012-​9658(1999)​080[1150:​TMAORR]​2.0.​CO;​2

Jack Brookshire, E. N., Gerber, S., Webster, J. R., Vose, J. M., & Swank, W. 
T. (2011). Direct effects of temperature on forest nitrogen cycling 
revealed through analysis of long-term watershed records. Global 
Change Biology, 17(1), 297–308. https://​doi.​org/​10.​1111/j.​1365-​
2486.​2010.​02245.​x

Jackson, M. C., Loewen, C. J. G., Vinebrooke, R. D., & Chimimba, C. T. 
(2016). Net effects of multiple stressors in freshwater ecosystems: 
A meta-analysis. Global Change Biology, 22(1), 180–189. https://​doi.​
org/​10.​1111/​gcb.​13028​

Karimi, R., & Folt, C. L. (2006). Beyond macronutrients: Element vari-
ability and multielement stoichiometry in freshwater invertebrates. 
Ecology Letters, 9(12), 1273–1283. https://​doi.​org/​10.​1111/j.​1461-​
0248.​2006.​00979.​x

Keck, F., & Lepori, F. (2012). Can we predict nutrient limitation in streams 
and rivers? Freshwater Biology, 57(7), 1410–1421. https://​doi.​org/​
10.​1111/j.​1365-​2427.​2012.​02802.​x

Khan, F. A., & Ansari, A. A. (2005). Eutrophication: An ecological vision. 
The Botanical Review, 71(4), 449–482. https://​doi.​org/​10.​1663/​
0006-​8101(2005)​071[0449:​EAEV]2.​0.​CO;​2

Kido, R. R., & Kneitel, J. M. (2021). Eutrophication effects differ among func-
tional groups in vernal pool invertebrate communities. Hydrobiologia, 
848(7), 1659–1673. https://​doi.​org/​10.​1007/​s1075​0-​021-​04554​-​5

Kocour Kroupová, H., Valentová, O., Svobodová, Z., Šauer, P., & Máchová, 
J. (2018). Toxic effects of nitrite on freshwater organisms: A review. 
Reviews in Aquaculture, 10(3), 525–542. https://​doi.​org/​10.​1111/​
raq.​12184​

Kolzau, S., Wiedner, C., Rücker, J., Köhler, J., Köhler, A., & Dolman, A. M. 
(2014). Seasonal patterns of nitrogen and phosphorus limitation in 
four German lakes and the predictability of limitation status from 
ambient nutrient concentrations. PLoS ONE, 9(4), e96065. https://​
doi.​org/​10.​1371/​journ​al.​pone.​0096065

Konno, K. O., Akasaka, M., Koshida, C., Katayama, N., Osada, N., Spake, 
R., & Amano, T. (2020). Ignoring non-English-language studies may 
bias ecological meta-analyses. Ecology and Evolution, 10(13), 6373–
6384. https://​doi.​org/​10.​1002/​ece3.​6368

Lajeunesse, M. J. (2011). On the meta-analysis of response ratios for 
studies with correlated and multi-group designs. Ecology, 92(11), 
2049–2055. https://​doi.​org/​10.​1890/​11-​0423.​1

Lajeunesse, M. J. (2015). Bias and correction for the log response ratio 
in ecological meta-analysis. Ecology, 96(8), 2056–2063. https://​doi.​
org/​10.​1890/​14-​2402.​1

Lajeunesse, M. J. (2016). Facilitating systematic reviews, data extraction 
and meta-analysis with the metagear package for R. Methods in 
Ecology and Evolution, 7(3), 323–330. https://​doi.​org/​10.​1111/​
2041-​210X.​12472​

Liess, A., & Hillebrand, H. (2005). Stoichiometric variation in C:N, C:P, 
and N:P ratios of littoral benthic invertebrates. Journal of the North 
American Benthological Society, 24(2), 256–269. https://​doi.​org/​10.​
1899/​04-​015.​1

Lu, C., & Tian, H. (2017). Global nitrogen and phosphorus fertilizer use 
for agriculture production in the past half century: Shifted hot 
spots and nutrient imbalance. Earth System Science Data, 9(1), 181–
192. https://​doi.​org/​10.​5194/​essd-​9-​181-​2017

Lüdecke, D., Waggoner, P. D., & Makowski, D. (2019). Insight: A unified 
Interface to access information from model objects in R. Journal of 
Open Source Software, 4(38), 1412. https://​doi.​org/​10.​21105/​​joss.​
01412​

Lyche-Solheim, A., Feld, C. K., Birk, S., Phillips, G., Carvalho, L., 
Morabito, G., Mischke, U., Willby, N., Søndergaard, M., Hellsten, 
S., Kolada, A., Mjelde, M., Böhmer, J., Miler, O., Pusch, M. T., 
Argillier, C., Jeppesen, E., Lauridsen, T. L., & Poikane, S. (2013). 
Ecological status assessment of European lakes: A comparison of 
metrics for phytoplankton, macrophytes, benthic invertebrates 
and fish. Hydrobiologia, 704(1), 57–74. https://​doi.​org/​10.​1007/​
s1075​0-​012-​1436-​y

Mantyka-Pringle, C. S., Martin, T. G., Moffatt, D. B., Linke, S., & Rhodes, 
J. R. (2014). Understanding and predicting the combined effects of 
climate change and land-use change on freshwater macroinverte-
brates and fish. Journal of Applied Ecology, 51(3), 572–581. https://​
doi.​org/​10.​1111/​1365-​2664.​12236​

Meunier, C. L., Boersma, M., El-Sabaawi, R., Halvorson, H. M., Herstoff, 
E. M., Van de Waal, D. B., Vogt, R. J., & Litchman, E. (2017). From el-
ements to function: Toward unifying ecological stoichiometry and 
trait-based ecology. Frontiers in Environmental Science, 5(18), 1–10. 
https://​doi.​org/​10.​3389/​fenvs.​2017.​00018​

Midolo, G., Alkemade, R., Schipper, A. M., Benítez-López, A., Perring, M. 
P., & De Vries, W. (2019). Impacts of nitrogen addition on plant spe-
cies richness and abundance: A global meta-analysis. Global Ecology 
and Biogeography, 28(3), 398–413. https://​doi.​org/​10.​1111/​geb.​
12856​

Mooney, T. J., Pease, C. J., Hogan, A. C., Trenfield, M., Kleinhenz, L. S., 
Humphrey, C., Van Dam, R. A., & Harford, A. J. (2019). Freshwater 
chronic ammonia toxicity: A tropical-to-temperate comparison. 
Environmental Toxicology and Chemistry, 38(1), 177–189. https://​doi.​
org/​10.​1002/​etc.​4313

Moore, T. P., Febria, C. M., McIntosh, A. R., Warburton, H. J., & Harding, 
J. S. (2021). Benthic invertebrate indices show no response to high 
nitrate-nitrogen in lowland agricultural streams. Water, Air, & Soil 
Pollution, 232(7), 263. https://​doi.​org/​10.​1007/​s1127​0-​021-​05169​
-​1

Morgan, R. L., Whaley, P., Thayer, K. A., & Schünemann, H. J. (2018). 
Identifying the PECO: A framework for formulating good questions 
to explore the association of environmental and other exposures 
with health outcomes. Environment International, 121, 1027–1031. 
https://​doi.​org/​10.​1016/j.​envint.​2018.​07.​015

Nelder, J. A. (1998). The selection of terms in response-surface mod-
els—How strong is the weak-heredity principle? The American 
Statistician, 52(4), 315–318. https://​doi.​org/​10.​2307/​2685433

Nessel, M. P., Konnovitch, T., Romero, G. Q., & González, A. L. (2021). 
Nitrogen and phosphorus enrichment cause declines in inverte-
brate populations: A global meta-analysis. Biological Reviews, 96(6), 
2617–2637. https://​doi.​org/​10.​1111/​brv.​12771​

Paerl, H. W. (2009). Controlling eutrophication along the freshwater–
marine continuum: Dual nutrient (N and P) reductions are essen-
tial. Estuaries and Coasts, 32(4), 593–601. https://​doi.​org/​10.​1007/​
s1223​7-​009-​9158-​8

 13652486, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17094 by R

adboud U
niversity N

ijm
egen, W

iley O
nline L

ibrary on [14/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/gcb.16717
https://doi.org/10.1073/pnas.0504756102
https://doi.org/10.1016/j.envpol.2020.114091
https://doi.org/10.1016/j.envpol.2020.114091
https://doi.org/10.1038/nclimate3088
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2
https://doi.org/10.1111/j.1365-2486.2010.02245.x
https://doi.org/10.1111/j.1365-2486.2010.02245.x
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1111/j.1461-0248.2006.00979.x
https://doi.org/10.1111/j.1461-0248.2006.00979.x
https://doi.org/10.1111/j.1365-2427.2012.02802.x
https://doi.org/10.1111/j.1365-2427.2012.02802.x
https://doi.org/10.1663/0006-8101(2005)071%5B0449:EAEV%5D2.0.CO;2
https://doi.org/10.1663/0006-8101(2005)071%5B0449:EAEV%5D2.0.CO;2
https://doi.org/10.1007/s10750-021-04554-5
https://doi.org/10.1111/raq.12184
https://doi.org/10.1111/raq.12184
https://doi.org/10.1371/journal.pone.0096065
https://doi.org/10.1371/journal.pone.0096065
https://doi.org/10.1002/ece3.6368
https://doi.org/10.1890/11-0423.1
https://doi.org/10.1890/14-2402.1
https://doi.org/10.1890/14-2402.1
https://doi.org/10.1111/2041-210X.12472
https://doi.org/10.1111/2041-210X.12472
https://doi.org/10.1899/04-015.1
https://doi.org/10.1899/04-015.1
https://doi.org/10.5194/essd-9-181-2017
https://doi.org/10.21105/joss.01412
https://doi.org/10.21105/joss.01412
https://doi.org/10.1007/s10750-012-1436-y
https://doi.org/10.1007/s10750-012-1436-y
https://doi.org/10.1111/1365-2664.12236
https://doi.org/10.1111/1365-2664.12236
https://doi.org/10.3389/fenvs.2017.00018
https://doi.org/10.1111/geb.12856
https://doi.org/10.1111/geb.12856
https://doi.org/10.1002/etc.4313
https://doi.org/10.1002/etc.4313
https://doi.org/10.1007/s11270-021-05169-1
https://doi.org/10.1007/s11270-021-05169-1
https://doi.org/10.1016/j.envint.2018.07.015
https://doi.org/10.2307/2685433
https://doi.org/10.1111/brv.12771
https://doi.org/10.1007/s12237-009-9158-8
https://doi.org/10.1007/s12237-009-9158-8


12 of 16  |     NEIJNENS et al.

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., 
Mulrow, C. D., Shamseer, L., Tetzlaff, J. M., Akl, E. A., Brennan, S. E., 
Chou, R., Glanville, J., Grimshaw, J. M., Hróbjartsson, A., Lalu, M. M., 
Li, T., Loder, E. W., Mayo-Wilson, E., McDonald, S., … Moher, D. (2021). 
The PRISMA 2020 statement: An updated guideline for reporting sys-
tematic reviews. International Journal of Surgery, 88, 105906. https://​
doi.​org/​10.​1016/j.​ijsu.​2021.​105906

Pan, B. Z., Wang, H. Z., Pusch, M. T., & Wang, H. J. (2015). 
Macroinvertebrate responses to regime shifts caused by eutro-
phication in subtropical shallow lakes. Freshwater Science, 34(3), 
942–952. https://​doi.​org/​10.​1086/​682077

Pustejovsky, J. E. (2015). Measurement-comparable effect sizes for 
single-case studies of free-operant behavior. Psychological Methods, 
20(3), 342–359. https://​doi.​org/​10.​1037/​met00​00019​

Pustejovsky, J. E. (2018). Using response ratios for meta-analyzing 
single-case designs with behavioral outcomes. Journal of School 
Psychology, 68, 99–112. https://​doi.​org/​10.​1016/j.​jsp.​2018.​02.​003

R Core Team. (2021). R: A language and environment for statistical computing. 
R Foundation for Statistical Computing. https://​www.​R-​proje​ct.​org/​

Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F. S., III, 
Lambin, E. F., Lenton, T. M., Scheffer, M., Folke, C., Schellnhuber, 
H. J., Nykvist, B., De Wit, C. A., Hughes, T., Van der Leeuw, S., 
Rodhe, H., Sörlin, S., Snyder, P. K., Costanza, R., Svedin, U., … Foley, 
J. (2009). Planetary boundaries: Exploring the safe operating space 
for humanity. Ecology and Society, 14(2), 32. http://​www.​ecolo​
gyand​socie​ty.​org/​vol14/​​iss2/​art32/​​

Rohatgi, A. (2022). WebPlotDigitizer: Version 4.6. https://​autom​eris.​io/​
WebPl​otDig​itizer

Scheffer, M., Hosper, S. H., Meijer, M. L., Moss, B., & Jeppesen, E. (1993). 
Alternative equilibria in shallow lakes. Trends in Ecology & Evolution, 
8(8), 275–279. https://​doi.​org/​10.​1016/​0169-​5347(93)​90254​-​M

Schindler, D. W. (1974). Eutrophication and recovery in experimental 
lakes: Implications for lake management. Science, 184(4139), 897–
899. https://​doi.​org/​10.​1126/​scien​ce.​184.​4139.​897

Schindler, D. W. (1977). Evolution of phosphorus limitation in lakes: 
Natural mechanisms compensate for deficiencies of nitrogen and 
carbon in eutrophied lakes. Science, 195(4275), 260–262. https://​
doi.​org/​10.​1126/​scien​ce.​195.​4275.​260

Schindler, D. W., Hecky, R. E., Findlay, D. L., Stainton, M. P., Parker, B. 
R., Paterson, M. J., Beaty, K. G., Lyng, M., & Kasian, S. E. M. (2008). 
Eutrophication of lakes cannot be controlled by reducing nitrogen 
input: Results of a 37-year whole-ecosystem experiment. Proceedings 
of the National Academy of Sciences of the United States of America, 
105(32), 11254–11258. https://​doi.​org/​10.​1073/​pnas.​08051​08105​

Schipper, A. M., Hilbers, J. P., Meijer, J. R., Antão, L. H., Benítez-López, 
A., de Jonge, M. M., Leemans, L. H., Scheper, E., Alkemade, R., 
Doelman, J. C., Mylius, S., Stehfest, E., van Vuuren, D. P., van Zeist, 
W. J., & Huijbregts, M. A. J. (2020). Projecting terrestrial biodiver-
sity intactness with GLOBIO 4. Global Change Biology, 26(2), 760–
771. https://​doi.​org/​10.​1111/​gcb.​14848​

Schrama, M., Gorsich, E. E., Hunting, E. R., Barmentlo, S. H., Beechler, B., 
& van Bodegom, P. M. (2018). Eutrophication and predator pres-
ence overrule the effects of temperature on mosquito survival and 
development. PLoS Neglected Tropical Diseases, 12(3), e0006354. 
https://​doi.​org/​10.​1371/​journ​al.​pntd.​0006354

Smith, V. H. (2003). Eutrophication of freshwater and coastal marine 
ecosystems a global problem. Environmental Science and Pollution 
Research, 10(2), 126–139. https://​doi.​org/​10.​1065/​espr2​002.​12.​142

Smith, V. H., & Schindler, D. W. (2009). Eutrophication science: Where 
do we go from here? Trends in Ecology & Evolution, 24(4), 201–207. 
https://​doi.​org/​10.​1016/j.​tree.​2008.​11.​009

Søndergaard, M., Lauridsen, T. L., Johansson, L. S., & Jeppesen, E. (2017). 
Nitrogen or phosphorus limitation in lakes and its impact on phyto-
plankton biomass and submerged macrophyte cover. Hydrobiologia, 
795(1), 35–48. https://​doi.​org/​10.​1007/​s1075​0-​017-​3110-​x

Srivastava, J., Gupta, A., & Chandra, H. (2008). Managing water qual-
ity with aquatic macrophytes. Reviews in Environmental Science 
and Bio/Technology, 7(3), 255–266. https://​doi.​org/​10.​1007/​s1115​
7-​008-​9135-​x

Steffen, W., Richardson, K., Rockström, J., Cornell, S. E., Fetzer, I., 
Bennett, E. M., Biggs, R., Carpenter, S. R., de Vries, W., de Wit, C. 
A., Folke, C., Gerten, D., Heinke, J., Mace, G. M., Persson, L. M., 
Ramanathan, V., Reyers, B., & Sörlin, S. (2015). Planetary bound-
aries: Guiding human development on a changing planet. Science, 
347(6223), 1259855. https://​doi.​org/​10.​1126/​scien​ce.​1259855

Van der Lee, G. H., Vonk, J. A., Verdonschot, R. C., Kraak, M. H., 
Verdonschot, P. F., & Huisman, J. (2021). Eutrophication induces 
shifts in the trophic position of invertebrates in aquatic food webs. 
Ecology, 102(3), e03275. https://​doi.​org/​10.​1002/​ecy.​3275

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor 
package. Journal of Statistical Software, 36(3), 1–48. https://​doi.​org/​
10.​18637/​​jss.​v036.​i03

Wan, X., Wang, W., Liu, J., & Tong, T. (2014). Estimating the sample mean 
and standard deviation from the sample size, median, range and/
or interquartile range. BMC Medical Research Methodology, 14, 135. 
https://​doi.​org/​10.​1186/​1471-​2288-​14-​135

Wang, H., Molinos, J. G., Heino, J., Zhang, H., Zhang, P., & Xu, J. (2021). 
Eutrophication causes invertebrate biodiversity loss and decreases 
cross-taxon congruence across anthropogenically-disturbed lakes. 
Environment International, 153, 106494. https://​doi.​org/​10.​1016/j.​
envint.​2021.​106494

Wickham, H. (2016). Data analysis. In In ggplot2: Elegant graphics for data 
analysis (2nd ed., pp. 189–201). Springer. https://​doi.​org/​10.​1007/​
978-​3-​319-​24277​-​4_​9

Wurtsbaugh, W. A., Paerl, H. W., & Dodds, W. K. (2019). Nutrients, eu-
trophication and harmful algal blooms along the freshwater to ma-
rine continuum. Wiley Interdisciplinary Reviews: Water, 6(5), e1373. 
https://​doi.​org/​10.​1002/​wat2.​1373

Xie, H., & Ringler, C. (2017). Agricultural nutrient loadings to the fresh-
water environment: The role of climate change and socioeconomic 
change. Environmental Research Letters, 12(10), 104008. https://​doi.​
org/​10.​1088/​1748-​9326/​aa8148

Yan, Z., Han, W., Peñuelas, J., Sardans, J., Elser, J. J., Du, E., Reich, P. B., & 
Fang, J. (2016). Phosphorus accumulates faster than nitrogen glob-
ally in freshwater ecosystems under anthropogenic impacts. Ecology 
Letters, 19(10), 1237–1246. https://​doi.​org/​10.​1111/​ele.​12658​

Yu, Q., Wang, H. Z., Li, Y., Shao, J. C., Liang, X. M., Jeppesen, E., & Wang, 
H. J. (2015). Effects of high nitrogen concentrations on the growth 
of submersed macrophytes at moderate phosphorus concentra-
tions. Water Research, 83, 385–395. https://​doi.​org/​10.​1016/j.​
watres.​2015.​06.​053

Zenni, R. D., Barlow, J., Pettorelli, N., Stephens, P., Rader, R., Siqueira, 
T., Gordon, R., Pinfield, T., & Nuñez, M. A. (2023). Multi-lingual lit-
erature searches are needed to unveil global knowledge. Journal 
of Applied Ecology, 60(3), 380–383. https://​doi.​org/​10.​1111/​1365-​
2664.​14370​

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M. (2009). 
Mixed effects models and extensions in ecology with R. Springer. 
https://​doi.​org/​10.​1007/​978-​0-​387-​87458​-​6

DATA S O U RC E S
Aalto, S. L., Kaski, O., Salonen, K., & Pulkkinen, K. (2013). Responses of algae, 

bacteria, Daphnia and natural parasite fauna of Daphnia to nutrient enrich-
ment in mesocosms. Hydrobiologia, 715, 5–18. https://​doi.​org/​10.​1007/​s1075​
0-​012-​1261-​3

Acuña, P., Vila, I., & Marín, V. H. (2008). Short-term responses of phytoplankton 
to nutrient enrichment and planktivorous fish predation in a temperate South 
American mesotrophic reservoir. Hydrobiologia, 600, 131–138. https://​doi.​org/​
10.​1007/​s1075​0-​007-​9182-​2

 13652486, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17094 by R

adboud U
niversity N

ijm
egen, W

iley O
nline L

ibrary on [14/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.ijsu.2021.105906
https://doi.org/10.1016/j.ijsu.2021.105906
https://doi.org/10.1086/682077
https://doi.org/10.1037/met0000019
https://doi.org/10.1016/j.jsp.2018.02.003
https://www.r-project.org/
http://www.ecologyandsociety.org/vol14/iss2/art32/
http://www.ecologyandsociety.org/vol14/iss2/art32/
https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
https://doi.org/10.1016/0169-5347(93)90254-M
https://doi.org/10.1126/science.184.4139.897
https://doi.org/10.1126/science.195.4275.260
https://doi.org/10.1126/science.195.4275.260
https://doi.org/10.1073/pnas.0805108105
https://doi.org/10.1111/gcb.14848
https://doi.org/10.1371/journal.pntd.0006354
https://doi.org/10.1065/espr2002.12.142
https://doi.org/10.1016/j.tree.2008.11.009
https://doi.org/10.1007/s10750-017-3110-x
https://doi.org/10.1007/s11157-008-9135-x
https://doi.org/10.1007/s11157-008-9135-x
https://doi.org/10.1126/science.1259855
https://doi.org/10.1002/ecy.3275
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1186/1471-2288-14-135
https://doi.org/10.1016/j.envint.2021.106494
https://doi.org/10.1016/j.envint.2021.106494
https://doi.org/10.1007/978-3-319-24277-4_9
https://doi.org/10.1007/978-3-319-24277-4_9
https://doi.org/10.1002/wat2.1373
https://doi.org/10.1088/1748-9326/aa8148
https://doi.org/10.1088/1748-9326/aa8148
https://doi.org/10.1111/ele.12658
https://doi.org/10.1016/j.watres.2015.06.053
https://doi.org/10.1016/j.watres.2015.06.053
https://doi.org/10.1111/1365-2664.14370
https://doi.org/10.1111/1365-2664.14370
https://doi.org/10.1007/978-0-387-87458-6
https://doi.org/10.1007/s10750-012-1261-3
https://doi.org/10.1007/s10750-012-1261-3
https://doi.org/10.1007/s10750-007-9182-2
https://doi.org/10.1007/s10750-007-9182-2


    |  13 of 16NEIJNENS et al.

Amorim, C. A., & Moura, A. N. (2020). Effects of the manipulation of submerged 
macrophytes, large zooplankton, and nutrients on a cyanobacterial bloom: A 
mesocosm study in a tropical shallow reservoir. Environmental Pollution, 265, 
114997. https://​doi.​org/​10.​1016/j.​envpol.​2020.​114997

Azab, E., & Soror, A. S. (2020). Physiological behavior of the aquatic plant Azolla sp. 
in response to organic and inorganic fertilizers. Plants, 9(7), 924. https://​doi.​
org/​10.​3390/​plant​s9070924

Bai, X., Jiang, Z. D., Fang, Y., Zhu, L., & Feng, J. F. (2022). Effects of environmental 
concentrations of total phosphorus on the plankton community structure 
and function in a microcosm study. International Journal of Environmental 
Research and Public Health, 19(14), 8412. https://​doi.​org/​10.​3390/​ijerp​
h1914​8412

Bakker, E. S., Van Donk, E., Declerck, S. A. J., Helmsing, N. R., Hidding, B., & Nolet, 
B. A. (2010). Effect of macrophyte community composition and nutrient en-
richment on plant biomass and algal blooms. Basic and Applied Ecology, 11(5), 
432–439. https://​doi.​org/​10.​1016/j.​baae.​2010.​06.​005

Bécares, E., Gomá, J., Fernández-Aláez, M., Fernández-Aláez, C., Romo, S., Miracle, 
M. R., Stahl-Delbånco, A., Hansson, L.-A., Gyllström, M., Van de Bund, W. J., 
Van Donk, E., Kairesalo, T., Hietala, J., Stephen, D., Balayla, D., & Moss, B. 
(2008). Effects of nutrients and fish on periphyton and plant biomass across a 
European latitudinal gradient. Aquatic Ecology, 42(4), 561–574. https://​doi.​org/​
10.​1007/​s1045​2-​007-​9126-​y

Boedeltje, G. E. R., Smolders, A. J., & Roelofs, J. G. (2005). Combined effects of 
water column nitrate enrichment, sediment type and irradiance on growth and 
foliar nutrient concentrations of Potamogeton alpinus. Freshwater Biology, 50(9), 
1537–1547. https://​doi.​org/​10.​1111/j.​1365-​2427.​2005.​01426.​x

Bourassa, N., & Cattaneo, A. (2000). Responses of a lake outlet community to 
light and nutrient manipulation: Effects on periphyton and invertebrate bio-
mass and composition. Freshwater Biology, 44(4), 629–639. https://​doi.​org/​10.​
1046/j.​1365-​2427.​2000.​00610.​x

Boyd, C. E., & Scarsbrook, E. (1975). Influence of nutrient additions and initial 
density of plants on production of Waterhyacinth Eichhornia Crassipes. 
Aquatic Botany, 1, 253–261. https://​doi.​org/​10.​1016/​0304-​3770(75)​90026​
-​1

Brittain, J. T., & Strecker, A. L. (2018). The interactive effect of multiple stressors 
on crustacean zooplankton communities in montane lakes. Water Resources 
Research, 54(2), 939–954. https://​doi.​org/​10.​1002/​2017W​R020605

Brock, T. C. M., Roijackers, R. M. M., Rollon, R., Bransen, F., & Van der Heyden, L. 
(1995). Effects of nutrient loading and insecticide application on the ecology 
of Elodea-dominated freshwater microcosms. II. Responses of macrophytes, 
periphyton and macroinvertebrate grazers. Archiv für Hydrobiologie, 134(1), 
53–74.

Chadwick, M. A., & Huryn, A. D. (2005). Response of stream macroinvertebrate 
production to atmospheric nitrogen deposition and channel drying. Limnology 
and Oceanography, 50(1), 228–236. https://​doi.​org/​10.​4319/​lo.​2005.​50.1.​
0228

Chase, J. W., Benoy, G. A., & Culp, J. M. (2017). Combined effects of nutrient enrich-
ment and inorganic sedimentation on benthic biota in an experimental stream 
system. Water Quality Research Journal, 52(3), 151–165. https://​doi.​org/​10.​
2166/​wqrj.​2017.​038

Coppens, J., Hejzlar, J., Šorf, M., Jeppesen, E., Erdoğan, Ş., Scharfenberger, U., 
Mahdy, A., Nõges, P., Tuvikene, A., Baho, D. L., Trigal, C., Papastergiadou, E., 
Stefanidis, K., Olsen, S., & Beklioğlu, M. (2016). The influence of nutrient load-
ing, climate and water depth on nitrogen and phosphorus loss in shallow lakes: 
A pan-European mesocosm experiment. Hydrobiologia, 778, 13–32. https://​doi.​
org/​10.​1007/​s1075​0-​015-​2505-​9

Cortelezzi, A., Ocón, C., Oosterom, M. V., Cepeda, R., & Capítulo, A. R. (2015). 
Nutrient enrichment effect on macroinvertebrates in a lowland stream of 
Argentina. Iheringia: Série Zoologia, 105, 228–234. https://​doi.​org/​10.​1590/​
1678-​47662​01510​52228234

Cottingham, K. L., Knight, S. E., Carpenter, S. R., Cole, J. J., Pace, M. L., & Wagner, A. 
E. (1997). Response of phytoplankton and bacteria to nutrients and zooplank-
ton: A mesocosm experiment. Journal of Plankton Research, 19(8), 995–1010. 
https://​doi.​org/​10.​1093/​plankt/​19.8.​995

Cross, W. F., Wallace, J. B., Rosemond, A. D., & Eggert, S. L. (2006). Whole-system 
nutrient enrichment increases secondary production in a detritus-based eco-
system. Ecology, 87(6), 1556–1565. https://​doi.​org/​10.​1890/​0012-​9658(2006)​
87[1556:​WNEISP]​2.0.​CO;​2

Cui, N. X., Wu, J., Dai, Y. R., Li, Z., & Cheng, S. P. (2017). Influence of nitrogen load-
ing and flooding on seedling emergence and recruitment from a seed bank in 
Chaohu Lake Basin, China. Environmental Science and Pollution Research, 24(28), 
22688–22697. https://​doi.​org/​10.​1007/​s1135​6-​017-​9926-​0

Davis, J. M., Rosemond, A. D., & Small, G. E. (2011). Increasing donor ecosys-
tem productivity decreases terrestrial consumer reliance on a stream re-
source subsidy. Oecologia, 167(3), 821–834. https://​doi.​org/​10.​1007/​s0044​
2-​011-​2026-​9

Davis, S. J., Mellander, P. E., Kelly, A. M., Matthaei, C. D., Piggott, J. J., & Kelly-
Quinn, M. (2018). Multiple-stressor effects of sediment, phosphorus and 
nitrogen on stream macroinvertebrate communities. Science of the Total 
Environment, 637, 577–587. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​05.​
052

Davis, S. J., Mellander, P. E., Matthaei, C. D., Piggott, J. J., & Kelly-Quinn, M. (2019). 
Chronic nutrient inputs affect stream macroinvertebrate communities more 
than acute inputs: An experiment manipulating phosphorus, nitrogen and sed-
iment. Science of the Total Environment, 683, 9–20. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2019.​05.​031

Deegan, L. A., Peterson, B. J., Golden, H., McIvor, C. C., & Miller, M. C. (1997). 
Effects of fish density and river fertilization on algal standing stocks, inver-
tebrate communities, and fish production in an arctic river. Canadian Journal 
of Fisheries and Aquatic Sciences, 54(2), 269–283. https://​doi.​org/​10.​1139/​
f96-​268

Deininger, A., Faithfull, C. L., Karlsson, J., Klaus, M., & Bergström, A. K. (2017). 
Pelagic food web response to whole lake N fertilization. Limnology and 
Oceanography, 62(4), 1498–1511. https://​doi.​org/​10.​1002/​lno.​10513​

Donali, E., Brettum, P., Kaste, Ø., Løvik, J. E., Lyche-Solheim, A., & Andersen, T. 
(2005). Pelagic response of a humic lake to three years of phosphorus addition. 
Canadian Journal of Fisheries and Aquatic Sciences, 62(2), 322–332. https://​doi.​
org/​10.​1139/​F04-​234

Drenner, R. W., Smith, J. D., Mummert, J. R., & Lancaster, H. F. (1990). Responses of 
a eutrophic pond community to separate and combined effects of N:P supply 
and planktivorous fish: A mesocosm experiment. Hydrobiologia, 208, 161–167. 
https://​doi.​org/​10.​1007/​BF000​07782​

Elbrecht, V., Beermann, A. J., Goessler, G., Neumann, J., Tollrian, R., Wagner, R., 
Wlecklik, A., Piggott, J. J., Matthaei, C. D., & Leese, F. (2016). Multiple-stressor 
effects on stream invertebrates: A mesocosm experiment manipulating nu-
trients, fine sediment and flow velocity. Freshwater Biology, 61(4), 362–375. 
https://​doi.​org/​10.​1111/​fwb.​12713​

Elwood, J. W., Newbold, J. D., Trimble, A. F., & Stark, R. W. (1981). The limiting role 
of phosphorus in a woodland stream ecosystem: Effects of P enrichment on 
leaf decomposition and primary producers. Ecology, 62(1), 146–158. https://​
doi.​org/​10.​2307/​1936678

Faithfull, C. L., Wenzel, A., Vrede, T., & Bergström, A. K. (2011). Testing the light:nu-
trient hypothesis in an oligotrophic boreal lake. Ecosphere, 2(11), 1–15. https://​
doi.​org/​10.​1890/​ES11-​00223.​1

Fernández-Aláez, M., Fernández-Aláez, C., Bécares, E., Valentín, M., Goma, J., & 
Castrillo, P. (2004). A 2-year experimental study on nutrient and predator 
influences on food web constituents in a shallow lake of north-west Spain. 
Freshwater Biology, 49(12), 1574–1592. https://​doi.​org/​10.​1111/j.​1365-​2427.​
2004.​01299.​x

Feuchtmayr, H., Moran, R., Hatton, K., Connor, L., Heyes, T., Moss, B., Harvey, I., 
& Atkinson, D. (2009). Global warming and eutrophication: Effects on water 
chemistry and autotrophic communities in experimental hypertrophic shallow 
lake mesocosms. Journal of Applied Ecology, 46(3), 713–723. https://​doi.​org/​10.​
1111/j.​1365-​2664.​2009.​01644.​x

Fey, S. B., Mertens, A. N., & Cottingham, K. L. (2015). Autumn leaf subsidies influ-
ence spring dynamics of freshwater plankton communities. Oecologia, 178(3), 
875–885. https://​doi.​org/​10.​1007/​s0044​2-​015-​3279-​5

Forrest, J., & Arnott, S. E. (2006). Immigration and zooplankton community re-
sponses to nutrient enrichment: A mesocosm experiment. Oecologia, 150, 
119–131. https://​doi.​org/​10.​1007/​s0044​2-​006-​0490-​4

Gaudes, A., Ocaña, J., & Muñoz, I. (2012). Meiofaunal responses to nutrient addi-
tions in a Mediterranean stream. Freshwater Biology, 57(5), 956–968. https://​
doi.​org/​10.​1111/j.​1365-​2427.​2012.​02757.​x

Ghadouani, A., Pinel-Alloul, B., & Prepas, E. E. (2003). Effects of experimentally 
induced cyanobacterial blooms on crustacean zooplankton communities. 
Freshwater Biology, 48(2), 363–381. https://​doi.​org/​10.​1046/j.​1365-​2427.​
2003.​01010.​x

González, E. J. (2000). Nutrient enrichment and zooplankton effects on the phy-
toplankton community in microcosms from El Andino reservoir (Venezuela). 
Hydrobiologia, 434, 81096. https://​doi.​org/​10.​1023/A:​10040​60027616

González, M. J., Knoll, L. B., & Vanni, M. J. (2010). Differential effects of elevated 
nutrient and sediment inputs on survival, growth and biomass of a common 
larval fish species (Dorosoma cepedianum). Freshwater Biology, 55(3), 654–669. 
https://​doi.​org/​10.​1111/j.​1365-​2427.​2009.​02304.​x

 13652486, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17094 by R

adboud U
niversity N

ijm
egen, W

iley O
nline L

ibrary on [14/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.envpol.2020.114997
https://doi.org/10.3390/plants9070924
https://doi.org/10.3390/plants9070924
https://doi.org/10.3390/ijerph19148412
https://doi.org/10.3390/ijerph19148412
https://doi.org/10.1016/j.baae.2010.06.005
https://doi.org/10.1007/s10452-007-9126-y
https://doi.org/10.1007/s10452-007-9126-y
https://doi.org/10.1111/j.1365-2427.2005.01426.x
https://doi.org/10.1046/j.1365-2427.2000.00610.x
https://doi.org/10.1046/j.1365-2427.2000.00610.x
https://doi.org/10.1016/0304-3770(75)90026-1
https://doi.org/10.1016/0304-3770(75)90026-1
https://doi.org/10.1002/2017WR020605
https://doi.org/10.4319/lo.2005.50.1.0228
https://doi.org/10.4319/lo.2005.50.1.0228
https://doi.org/10.2166/wqrj.2017.038
https://doi.org/10.2166/wqrj.2017.038
https://doi.org/10.1007/s10750-015-2505-9
https://doi.org/10.1007/s10750-015-2505-9
https://doi.org/10.1590/1678-476620151052228234
https://doi.org/10.1590/1678-476620151052228234
https://doi.org/10.1093/plankt/19.8.995
https://doi.org/10.1890/0012-9658(2006)87%5B1556:WNEISP%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B1556:WNEISP%5D2.0.CO;2
https://doi.org/10.1007/s11356-017-9926-0
https://doi.org/10.1007/s00442-011-2026-9
https://doi.org/10.1007/s00442-011-2026-9
https://doi.org/10.1016/j.scitotenv.2018.05.052
https://doi.org/10.1016/j.scitotenv.2018.05.052
https://doi.org/10.1016/j.scitotenv.2019.05.031
https://doi.org/10.1016/j.scitotenv.2019.05.031
https://doi.org/10.1139/f96-268
https://doi.org/10.1139/f96-268
https://doi.org/10.1002/lno.10513
https://doi.org/10.1139/F04-234
https://doi.org/10.1139/F04-234
https://doi.org/10.1007/BF00007782
https://doi.org/10.1111/fwb.12713
https://doi.org/10.2307/1936678
https://doi.org/10.2307/1936678
https://doi.org/10.1890/ES11-00223.1
https://doi.org/10.1890/ES11-00223.1
https://doi.org/10.1111/j.1365-2427.2004.01299.x
https://doi.org/10.1111/j.1365-2427.2004.01299.x
https://doi.org/10.1111/j.1365-2664.2009.01644.x
https://doi.org/10.1111/j.1365-2664.2009.01644.x
https://doi.org/10.1007/s00442-015-3279-5
https://doi.org/10.1007/s00442-006-0490-4
https://doi.org/10.1111/j.1365-2427.2012.02757.x
https://doi.org/10.1111/j.1365-2427.2012.02757.x
https://doi.org/10.1046/j.1365-2427.2003.01010.x
https://doi.org/10.1046/j.1365-2427.2003.01010.x
https://doi.org/10.1023/A:1004060027616
https://doi.org/10.1111/j.1365-2427.2009.02304.x


14 of 16  |     NEIJNENS et al.

González Sagrario, M. A., Jeppesen, E., Gomà, J., Søndergaard, M., Jensen, J. P., 
Lauridsen, T., & Landkildehus, F. (2005). Does high nitrogen loading prevent 
clear-water conditions in shallow lakes at moderately high phosphorus con-
centrations? Freshwater Biology, 50(1), 27–41. https://​doi.​org/​10.​1111/j.​1365-​
2427.​2004.​01290.​x

Gu, J., He, H., Jin, H., Yu, J., Jeppesen, E., Nairn, R. W., & Li, K. (2018). Synergistic 
negative effects of small-sized benthivorous fish and nitrogen loading on the 
growth of submerged macrophytes—Relevance for shallow lake restoration. 
Science of the Total Environment, 610, 1572–1580. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2017.​06.​119

Gu, J., Xu, Z. H., Jin, H., Ning, X. Y., He, H., Yu, J. L., Jeppesen, E., & Li, K. Y. (2016). 
Response of Vallisneria natans to increasing nitrogen loading depends on sed-
iment nutrient characteristics. Water, 8(12), 563. https://​doi.​org/​10.​3390/​
w8120563

Gu, P., Li, Q., Zhang, H., Luo, X., Zhang, W. Z., Zheng, Z., & Luo, X. Z. (2020). Effects 
of cyanobacteria on phosphorus cycling and other aquatic organisms in sim-
ulated eutrophic ecosystems. Water, 12(8), 2265. https://​doi.​org/​10.​3390/​
w1208​2265

Guariento, R. D., Carneiro, L. S., Caliman, A., Bozelli, R. L., Leal, J. J. F., & De Assis 
Esteves, F. (2010). Interactive effects of omnivorous fish and nutrient load-
ing on net productivity regulation of phytoplankton and periphyton. Aquatic 
Biology, 10(3), 273–282. https://​doi.​org/​10.​3354/​ab00287

Gudmundsdottir, R., Palsson, S., Hannesdottir, E. R., Olafsson, J. S., Gislason, G. 
M., & Moss, B. (2013). Diatoms as indicators: The influences of experimental 
nitrogen enrichment on diatom assemblages in sub-Arctic streams. Ecological 
Indicators, 32, 74–81. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2013.​03.​015

Hann, B. J., Mundy, C. J., & Goldsborough, L. G. (2001). Snail-periphyton interac-
tions in a prairie lacustrine wetland. Hydrobiologia, 457, 167–175. https://​doi.​
org/​10.​1023/A:​10122​31601521

Hansson, L. A., Gyllström, M., Ståhl-Delbanco, A., & Svensson, M. (2004). Responses 
to fish predation and nutrients by plankton at different levels of taxonomic 
resolution. Freshwater Biology, 49(12), 1538–1550. https://​doi.​org/​10.​1111/j.​
1365-​2427.​2004.​01291.​x

Harvey, C. J., Peterson, B. J., Bowden, W. B., Hershey, A. E., Miller, M. C., Deegan, 
L. A., & Finlay, J. C. (1998). Biological responses to fertilization of Oksrukuyik 
Creek, a tundra stream. Journal of the North American Benthological Society, 
17(2), 190–209. https://​doi.​org/​10.​2307/​1467962

He, H., Chen, K. Q., Du, Y. X., Li, K. Y., Liu, Z. W., Jeppesen, E., & Søndergaard, 
M. (2021). Increased nitrogen loading boosts summer phytoplankton growth 
by alterations in resource and zooplankton control: A mesocosm study. 
Frontiers in Environmental Science, 9, 772314. https://​doi.​org/​10.​3389/​fenvs.​
2021.​772314

He, L., Cao, T., Hu, X., Zhang, H., Zhang, X. L., Ni, L. Y., & Xie, P. (2015). Effects of 
NH4

+ and K+ enrichments on carbon and nitrogen metabolism, life history and 
asexual reproduction of Vallisneria natans L. in aquarium experiments. Journal 
of Freshwater Ecology, 30(3), 391–406. https://​doi.​org/​10.​1080/​02705​060.​
2014.​957740

Henry-Silva, G. G., Camargo, A. F., & Pezzato, M. M. (2008). Growth of free-floating 
aquatic macrophytes in different concentrations of nutrients. Hydrobiologia, 
610, 153–160. https://​doi.​org/​10.​1007/​s1075​0-​008-​9430-​0

Herbert, E. R., Schubauer-Berigan, J. P., & Craft, C. B. (2020). Effects of 10 yr of 
nitrogen and phosphorus fertilization on carbon and nutrient cycling in a tidal 
freshwater marsh. Limnology and Oceanography, 65(8), 1669–1687. https://​doi.​
org/​10.​1002/​lno.​11411​

Hietala, J., Vakkilainen, K., & Kairesalo, T. (2004). Community resistance and 
change to nutrient enrichment and fish manipulation in a vegetated lake lit-
toral. Freshwater Biology, 49(12), 1525–1537. https://​doi.​org/​10.​1111/j.​1365-​
2427.​2004.​01303.​x

Hirama, F., Urabe, J., Doi, H., Kazama, T., Noguchi, T., Tappenbeck, T. H., Katano, I., 
Yamamichi, M., Yoshida, T., & Elser, J. J. (2022). Terrigenous subsidies in lakes 
support zooplankton production mainly via a green food chain and not the 
brown food chain. Frontiers in Ecology and Evolution, 10, 956819. https://​doi.​
org/​10.​3389/​fevo.​2022.​956819

Johnston, N. T., Stamford, M. D., Ashley, K. I., & Tsumura, K. (1999). Responses 
of rainbow trout (Oncorhynchus mykiss) and their prey to inorganic fertiliza-
tion of an oligotrophic montane lake. Canadian Journal of Fisheries and Aquatic 
Sciences, 56(6), 1011–1025. https://​doi.​org/​10.​1139/​f99-​034

Jordan, M. P., Stewart, A. R., Eagles-Smith, C. A., & Strecker, A. L. (2019). Nutrients 
mediate the effects of temperature on methylmercury concentrations in fresh-
water zooplankton. Science of the Total Environment, 667, 601–612. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2019.​02.​259

Jubaedah, D., Sasanti, A. D., & Mukhlas, M. A. (2020). Application of organic fertil-
izer on swamps pond for catfish (Pangasius sp.) culture. IOP Conference Series: 

Earth and Environmental Science, 521(1), 012002. https://​doi.​org/​10.​1088/​
1755-​1315/​521/1/​012002

Juvigny-Khenafou, N. P. D., Piggott, J. J., Atkinson, D., Zhang, Y. X., Macaulay, S. J., 
Wu, N. C., & Matthaei, C. D. (2021). Impacts of multiple anthropogenic stress-
ors on stream macroinvertebrate community composition and functional di-
versity. Ecology and Evolution, 11(1), 133–152. https://​doi.​org/​10.​1002/​ece3.​
6979

Kennedy, T. L., Horth, L. A., & Carr, D. E. (2009). The effects of nitrate loading on the 
invasive macrophyte Hydrilla verticillata and two common, native macrophytes 
in Florida. Aquatic Botany, 91(3), 253–256. https://​doi.​org/​10.​1016/j.​aquab​ot.​
2009.​06.​008

Kieu, L. D., Nguyen, P. Q., Brix, H., & Trang, N. T. D. (2020). Phytoremediation 
potential of Hymenachne acutigluma in removal of nitrogen and phosphorus 
from catfish pond water. Journal of Environmental Treatment Techniques, 8(1), 
448–454.

Kiffney, P. M., & Richardson, J. S. (2001). Interactions among nutrients, periphyton, 
and invertebrate and vertebrate (Ascaphus truei) grazers in experimental chan-
nels. Copeia, 2001(2), 422–429. https://​doi.​org/​10.​1643/​0045-​8511(2001)​
001[0422:​IANPAI]​2.0.​CO;​2

Kjeldsen, K. (1996). Regulation of algal biomass in a small lowland stream: Field 
experiments on the role of invertebrate grazing, phosphorus and irradiance. 
Freshwater Biology, 36(3), 535–546. https://​doi.​org/​10.​1046/j.​1365-​2427.​
1996.​00111.​x

Kobayashi, J. T., Thomaz, S. M., & Pelicice, F. M. (2008). Phosphorus as a limiting 
factor for Eichhornia crassipes growth in the upper Paraná River floodplain. 
Wetlands, 28(4), 905–913. https://​doi.​org/​10.​1672/​07-​89.​1

Kruse, G. O., Shafii, B., Hoyle, G. M., Holderman, C., & Anders, P. J. (2019). Changes 
in primary producer and consumer communities in response to upstream nutri-
ent addition in the Kootenai river, Idaho. Northwest Science, 93(3-4), 226–243. 
https://​doi.​org/​10.​3955/​046.​093.​0306

Kyle, G. B. (1994). Assessment of trophic-level responses and coho salmon 
(Oncorhynchus kisutch) production following nutrient treatment (1981–1986) 
of Bear Lake, Alaska. Fisheries Research, 20(2–3), 243–261. https://​doi.​org/​10.​
1016/​0165-​7836(94)​90086​-​8

Lafrancois, B. M., Nydick, K. R., Johnson, B. M., & Baron, J. S. (2004). Cumulative 
effects of nutrients and pH on the plankton of two mountain lakes. Canadian 
Journal of Fisheries and Aquatic Sciences, 61(7), 1153–1165. https://​doi.​org/​10.​
1139/​F04-​053

Lara, M. J., Lin, D. H., Andresen, C., Lougheed, V. L., & Tweedie, C. E. (2019). 
Nutrient release from permafrost thaw enhances CH4 emissions from Arctic 
tundra wetlands. Journal of Geophysical Research: Biogeosciences, 124(6), 1560–
1573. https://​doi.​org/​10.​1029/​2018J​G004641

Li, C., Wang, T., Zhang, M., & Xu, J. (2018). Maternal environment effect of warming 
and eutrophication on the emergence of curled pondweed, Potamogeton cris-
pus L. Water, 10(9), 1285. https://​doi.​org/​10.​3390/​w1009​1285

Li, K. Y., Liu, Z. W., & Guan, B. H. (2010). Effects of nutrient levels in surface 
water and sediment on the growth of the floating-leaved macrophyte Trapa 
maximowiczii: Implication for management of macrophytes in East Bay of 
Lake Taihu, China. Limnology, 11(2), 95–101. https://​doi.​org/​10.​1007/​s1020​
1-​009-​0293-​5

Li, W., Fu, H., Li, Y. J., Nie, W. H., Yuan, G. X., Gao, G. Q., Fan, H. B., & Zhong, J. Y. 
(2019). Effects of nutrient enrichment and Bellamya aeruginosa (Reeve) pres-
ence on three submerged macrophytes. Hydrobiologia, 833, 95–105. https://​
doi.​org/​10.​1007/​s1075​0-​019-​3884-​0

Li, W., Zhang, Z., & Jeppesen, E. (2008). The response of Vallisneria spinulosa 
(Hydrocharitaceae) to different loadings of ammonia and nitrate at moderate 
phosphorus concentration: A mesocosm approach. Freshwater Biology, 53(11), 
2321–2330. https://​doi.​org/​10.​1111/j.​1365-​2427.​2008.​02053.​x

Liao, J. X., Zhang, D. N., Mallik, A., Huang, Y. Q., He, C. X., & Xu, G. P. (2017). Growth 
and nutrient removal of three macrophytes in response to concentrations and 
ratios of N and P. International Journal of Phytoremediation, 19(7), 651–657. 
https://​doi.​org/​10.​1080/​15226​514.​2016.​1278424

Liu, Y., He, L., Hilt, S., Wang, R., Zhang, H., & Ge, G. (2021). Shallow lakes at risk: 
Nutrient enrichment enhances top-down control of macrophytes by invasive 
herbivorous snails. Freshwater Biology, 66(3), 436–446. https://​doi.​org/​10.​
1111/​fwb.​13649​

Liu, Y., Tackx, M., Dauta, A., Julien, F., & Buffan-Dubau, E. (2021). Rotifers stimu-
late the specific N-NO3

− uptake rate in lotic phototrophic biofilms. Freshwater 
Biology, 66(7), 1245–1256. https://​doi.​org/​10.​1111/​fwb.​13713​

Mao, R., Zhang, X. H., & Song, C. C. (2020). Chronic nitrogen addition promotes 
dissolved organic carbon accumulation in a temperate freshwater wetland. 
Environmental Pollution, 260, 114030. https://​doi.​org/​10.​1016/j.​envpol.​2020.​
114030

 13652486, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17094 by R

adboud U
niversity N

ijm
egen, W

iley O
nline L

ibrary on [14/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1365-2427.2004.01290.x
https://doi.org/10.1111/j.1365-2427.2004.01290.x
https://doi.org/10.1016/j.scitotenv.2017.06.119
https://doi.org/10.1016/j.scitotenv.2017.06.119
https://doi.org/10.3390/w8120563
https://doi.org/10.3390/w8120563
https://doi.org/10.3390/w12082265
https://doi.org/10.3390/w12082265
https://doi.org/10.3354/ab00287
https://doi.org/10.1016/j.ecolind.2013.03.015
https://doi.org/10.1023/A:1012231601521
https://doi.org/10.1023/A:1012231601521
https://doi.org/10.1111/j.1365-2427.2004.01291.x
https://doi.org/10.1111/j.1365-2427.2004.01291.x
https://doi.org/10.2307/1467962
https://doi.org/10.3389/fenvs.2021.772314
https://doi.org/10.3389/fenvs.2021.772314
https://doi.org/10.1080/02705060.2014.957740
https://doi.org/10.1080/02705060.2014.957740
https://doi.org/10.1007/s10750-008-9430-0
https://doi.org/10.1002/lno.11411
https://doi.org/10.1002/lno.11411
https://doi.org/10.1111/j.1365-2427.2004.01303.x
https://doi.org/10.1111/j.1365-2427.2004.01303.x
https://doi.org/10.3389/fevo.2022.956819
https://doi.org/10.3389/fevo.2022.956819
https://doi.org/10.1139/f99-034
https://doi.org/10.1016/j.scitotenv.2019.02.259
https://doi.org/10.1016/j.scitotenv.2019.02.259
https://doi.org/10.1088/1755-1315/521/1/012002
https://doi.org/10.1088/1755-1315/521/1/012002
https://doi.org/10.1002/ece3.6979
https://doi.org/10.1002/ece3.6979
https://doi.org/10.1016/j.aquabot.2009.06.008
https://doi.org/10.1016/j.aquabot.2009.06.008
https://doi.org/10.1643/0045-8511(2001)001%5B0422:IANPAI%5D2.0.CO;2
https://doi.org/10.1643/0045-8511(2001)001%5B0422:IANPAI%5D2.0.CO;2
https://doi.org/10.1046/j.1365-2427.1996.00111.x
https://doi.org/10.1046/j.1365-2427.1996.00111.x
https://doi.org/10.1672/07-89.1
https://doi.org/10.3955/046.093.0306
https://doi.org/10.1016/0165-7836(94)90086-8
https://doi.org/10.1016/0165-7836(94)90086-8
https://doi.org/10.1139/F04-053
https://doi.org/10.1139/F04-053
https://doi.org/10.1029/2018JG004641
https://doi.org/10.3390/w10091285
https://doi.org/10.1007/s10201-009-0293-5
https://doi.org/10.1007/s10201-009-0293-5
https://doi.org/10.1007/s10750-019-3884-0
https://doi.org/10.1007/s10750-019-3884-0
https://doi.org/10.1111/j.1365-2427.2008.02053.x
https://doi.org/10.1080/15226514.2016.1278424
https://doi.org/10.1111/fwb.13649
https://doi.org/10.1111/fwb.13649
https://doi.org/10.1111/fwb.13713
https://doi.org/10.1016/j.envpol.2020.114030
https://doi.org/10.1016/j.envpol.2020.114030


    |  15 of 16NEIJNENS et al.

Martins, A. P. L., Reissmann, C. B., Boeger, M. R. T., De Oliveira, E. B., & Favaretto, 
N. (2010). Efficiency of Polygonum hydropiperoides for phytoremediation of fish 
pond effluents enriched with N and P. Journal of Aquatic Plant Management, 
48, 116–120.

Martins, A. P. L., Reissmann, C. B., Favaretto, N., Boeger, M. R. T., & De Oliveira, 
E. B. (2007). Capacity of Typha dominguensis in phytoremediation of fish 
pond effluents in Iraí Basin—Paraná. Revista Brasileira de Engenharia Agricola 
e Ambiental, 11(3), 324–330. https://​doi.​org/​10.​1590/​S1415​-​43662​00700​
0300013

McGowan, S., Leavitt, P. R., Barker, T., & Moss, B. (2020). Shallow water phyto-
plankton responses to nitrate and salinity enrichment may be modified by ben-
thic processes. Inland Waters, 10(1), 137–151. https://​doi.​org/​10.​1080/​20442​
041.​2019.​1634948

McKee, D., Atkinson, D., Collings, S. E., Eaton, J. W., Gill, A. B., Harvey, I., Hatton, 
K., Heyes, T., Wilson, D., & Moss, B. (2003). Response of freshwater micro-
cosm communities to nutrients, fish, and elevated temperature during winter 
and summer. Limnology and Oceanography, 48(2), 707–722. https://​doi.​org/​10.​
4319/​lo.​2003.​48.2.​0707

McQueen, D. J., Hyatt, K. D., Rankin, D. P., & Ramcharan, C. J. (2007). Changes 
in algal species composition affect juvenile sockeye salmon production at 
Woss Lake, British Columbia: A lake fertilization and food web analysis. North 
American Journal of Fisheries Management, 27(2), 369–386. https://​doi.​org/​10.​
1577/​M05-​212.​1

Mei, X. Y., & Zhang, X. F. (2015). Effects of N and P additions to water column on 
growth of Vallisneria natans. Journal of Aquatic Plant Management, 53, 36–43.

Menezes, R. F., Attayde, J. L., & Vasconcelos, F. R. (2010). Effects of omnivorous 
filter-feeding fish and nutrient enrichment on the plankton community and 
water transparency of a tropical reservoir. Freshwater Biology, 55(4), 767–779. 
https://​doi.​org/​10.​1111/j.​1365-​2427.​2009.​02319.​x

Miracle, M. R., Alfonso, M. T., & Vicente, E. (2007). Fish and nutrient enrichment 
effects on rotifers in a Mediterranean shallow lake: A mesocosm experiment. 
Hydrobiologia, 593, 77–94. https://​doi.​org/​10.​1007/​s1075​0-​007-​9071-​8

Mischke, C. C. (2014). Winter pond fertilization can increase phytoplankton den-
sity in aquaculture ponds. North American Journal of Aquaculture, 76(1), 67–71. 
https://​doi.​org/​10.​1080/​15222​055.​2013.​855285

Mischke, C. C., & Zimba, P. V. (2004). Plankton community responses in 
earthen channel catfish nursery ponds under various fertilization regimes. 
Aquaculture, 233(1-4), 219–235. https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2003.​09.​044

O'Brien, W. J., Hershey, A. E., Hobbie, J. E., Hullar, M. A., Kipphut, G. W., Miller, M. 
C., Moller, B., & Vestal, J. R. (1992). Control mechanisms of arctic lake ecosys-
tems: A limnocorral experiment. Hydrobiologia, 240, 143–188. https://​doi.​org/​
10.​1007/​BF000​13459​

Olsen, S., Chan, F., Li, W., Zhao, S., Søndergaard, M., & Jeppesen, E. (2015). Strong 
impact of nitrogen loading on submerged macrophytes and algae: A long-term 
mesocosm experiment in a shallow Chinese lake. Freshwater Biology, 60(8), 
1525–1536. https://​doi.​org/​10.​1111/​fwb.​12585​

Özkan, K., Jeppesen, E., Johansson, L. S., & Beklioglu, M. (2010). The response of 
periphyton and submerged macrophytes to nitrogen and phosphorus loading 
in shallow warm lakes: A mesocosm experiment. Freshwater Biology, 55(2), 
463–475. https://​doi.​org/​10.​1111/j.​1365-​2427.​2009.​02297.​x

Pagano, M., Koffi, M. A., Cecchi, P., Corbin, D., Champalbert, G., & Saint-Jean, L. 
(2003). An experimental study of the effects of nutrient supply and Chaoborus 
predation on zooplankton communities of a shallow tropical reservoir (Lake 
Brobo, Côte d'Ivoire). Freshwater Biology, 48(8), 1379–1395. https://​doi.​org/​10.​
1046/j.​1365-​2427.​2003.​01096.​x

Pearson, R. G., & Connolly, N. M. (2000). Nutrient enhancement, food quality and 
community dynamics in a tropical rainforest stream. Freshwater Biology, 43(1), 
31–42. https://​doi.​org/​10.​1046/j.​1365-​2427.​2000.​00504.​x

Pérez-Martínez, C., & Cruz-Pizarro, L. (1995). Species-specific phytoplankton re-
sponses to nutrients and zooplankton manipulations in enclosure experiments. 
Freshwater Biology, 33(2), 193–203. https://​doi.​org/​10.​1111/j.​1365-​2427.​1995.​
tb011​60.​x

Perrin, C. J., & Richardson, J. S. (1997). N and P limitation of benthos abundance in 
the Nechako River, British Columbia. Canadian Journal of Fisheries and Aquatic 
Sciences, 54(11), 2574–2583. https://​doi.​org/​10.​1139/​f97-​163

Pieters, R., Harris, S., Thompson, L. C., Vidmanic, L., Roushorne, M., Lawrence, G., 
Stockner, J. G., Andrusak, H., Ashley, K. I., Lindsay, B., Hall, K., & Lombard, D. 
(2003). Restoration of Kokanee salmon in the Arrow lakes Reservoir, British 
Columbia: Preliminary results of a fertilization experiment. In J. Stockner (Ed.), 
Nutrients in salmonid ecosystems: Sustaining production and biodiversity (pp. 177–
196). American Fisheries Society.

Piggott, J. J., Lange, K., Townsend, C. R., & Matthaei, C. D. (2012). Multiple stressors 
in agricultural streams: A mesocosm study of interactions among raised water 
temperature, sediment addition and nutrient enrichment. PLoS ONE, 7(11), 
e49873. https://​doi.​org/​10.​1371/​journ​al.​pone.​0049873

Piggott, J. J., Townsend, C. R., & Matthaei, C. D. (2015). Climate warming and agri-
cultural stressors interact to determine stream macroinvertebrate community 
dynamics. Global Change Biology, 21(5), 1887–1906. https://​doi.​org/​10.​1111/​
gcb.​12861​

Qin, J., & Culver, D. A. (1995). Separate and combined effects of larval walleye 
and fertilization on plankton community structure in enclosures. Journal of 
Freshwater Ecology, 10(4), 385–391. https://​doi.​org/​10.​1080/​02705​060.​1995.​
9663461

Rao, Q. Y., Deng, X. W., Su, H. J., Xia, W. L., Wu, Y., Zhang, X. L., & Xie, P. (2018). 
Effects of high ammonium enrichment in water column on the clonal growth of 
submerged macrophyte Vallisneria natans. Environmental Science and Pollution 
Research, 25(32), 32735–32746. https://​doi.​org/​10.​1007/​s1135​6-​018-​3146-​0

Rao, Q. Y., Su, H. J., Ruan, L. W., Xia, W. L., Deng, X. W., Wang, L. N., Xu, P. K., Shen, 
H., Chen, J., & Xie, P. (2022). Phosphorus enrichment affects trait network to-
pologies and the growth of submerged macrophytes. Environmental Pollution, 
292, 118331. https://​doi.​org/​10.​1016/j.​envpol.​2021.​118331

Rapatsa, M. M., & Moyo, N. A. G. (2013). Performance evaluation of chicken, cow 
and pig manure in the production of natural fish food in aquadams stocked with 
Oreochromis mossambicus. Physics and Chemistry of the Earth, Parts A/B/C, 66, 
68–74. https://​doi.​org/​10.​1016/j.​pce.​2013.​08.​009

Ray, A. M., Mebane, C. A., Raben, F., Irvine, K. M., & Marcarelli, A. M. (2014). 
Evaluation of a combined macrophyte–epiphyte bioassay for assessing nutri-
ent enrichment in the Portneuf River, Idaho, USA. Environmental Monitoring and 
Assessment, 186(7), 4081–4096. https://​doi.​org/​10.​1007/​s1066​1-​014-​3682-​0

Rettig, J. E., & Smith, G. R. (2021). Relative strength of top-down effects of an in-
vasive fish and bottom-up effects of nutrient addition in a simple aquatic food 
web. Environmental Science and Pollution Research, 28(5), 5845–5853. https://​
doi.​org/​10.​1007/​s1135​6-​020-​10933​-​7

Ristau, K., Faupel, M., & Traunspurger, W. (2012). The effects of nutrient enrich-
ment on a freshwater meiofaunal assemblage. Freshwater Biology, 57(4), 824–
834. https://​doi.​org/​10.​1111/j.​1365-​2427.​2012.​02750.​x

Rojo, C., Herrera, G., Medina-Sanchez, J. M., Villar-Argaiz, M., Duran, C., & Carrillo, 
P. (2017). Are the small-sized plankton communities of oligotrophic ecosystems 
resilient to UVR and P pulses? Freshwater Science, 36(4), 760–773. https://​doi.​
org/​10.​1086/​694737

Romo, S., Miracle, M. R., Villena, M. J., Rueda, J., Ferriol, C., & Vicente, E. (2004). 
Mesocosm experiments on nutrient and fish effects on shallow lake food webs 
in a Mediterranean climate. Freshwater Biology, 49(12), 1593–1607. https://​doi.​
org/​10.​1111/j.​1365-​2427.​2004.​01305.​x

Sabater, S., Artigas, J., Gaudes, A., Muñoz, I., Urrea, G., & Romaní, A. M. (2011). 
Long-term moderate nutrient inputs enhance autotrophy in a forested 
Mediterranean stream. Freshwater Biology, 56(7), 1266–1280. https://​doi.​org/​
10.​1111/j.​1365-​2427.​2010.​02567.​x

Slavik, K., Peterson, B. J., Deegan, L. A., Bowden, W. B., Hershey, A. E., & Hobbie, J. 
E. (2004). Long-term responses of the Kuparuk River ecosystem to phosphorus 
fertilization. Ecology, 85(4), 939–954. https://​doi.​org/​10.​1890/​02-​4039

Song, Y. Z., Wang, J. Q., & Gao, Y. X. (2017). Effects of epiphytic algae on biomass 
and physiology of Myriophyllum spicatum L. with the increase of nitrogen and 
phosphorus availability in the water body. Environmental Science and Pollution 
Research, 24(10), 9548–9555. https://​doi.​org/​10.​1007/​s1135​6-​017-​8604-​6

Steiner, C. F. (2003). Keystone predator effects and grazer control of planktonic 
primary production. Oikos, 101(3), 569–577. https://​doi.​org/​10.​1034/j.​1600-​
0706.​2003.​12309.​x

Stephen, D., Balayla, D. M., Collings, S. E., & Moss, B. (2004). Two mesocosm exper-
iments investigating the control of summer phytoplankton growth in a small 
shallow lake. Freshwater Biology, 49(12), 1551–1564. https://​doi.​org/​10.​1111/j.​
1365-​2427.​2004.​01298.​x

Stephen, D., Moss, B., & Phillips, G. (1998). The relative importance of top-down 
and bottom-up control of phytoplankton in a shallow macrophyte-dominated 
lake. Freshwater Biology, 34(4), 699–713. https://​doi.​org/​10.​1046/j.​1365-​2427.​
1998.​00321.​x

Strauss, E. A., Dodds, W. K., & Edler, C. C. (1994). The impact of nutrient pulses on 
trophic interactions in a farm pond. Journal of Freshwater Ecology, 9(3), 217–
228. https://​doi.​org/​10.​1080/​02705​060.​1994.​9664889

Tavares, D. A., Lambrecht, R. W., De Almeida Castilho, M. C., Henry, R., & Ferragut, 
C. (2019). Epipelon responses to N and P enrichment and the relationships with 
phytoplankton and zooplankton in a mesotrophic reservoir. Aquatic Ecology, 
53(2), 303–314. https://​doi.​org/​10.​1007/​s1045​2-​019-​09690​-​8

 13652486, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17094 by R

adboud U
niversity N

ijm
egen, W

iley O
nline L

ibrary on [14/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1590/S1415-43662007000300013
https://doi.org/10.1590/S1415-43662007000300013
https://doi.org/10.1080/20442041.2019.1634948
https://doi.org/10.1080/20442041.2019.1634948
https://doi.org/10.4319/lo.2003.48.2.0707
https://doi.org/10.4319/lo.2003.48.2.0707
https://doi.org/10.1577/M05-212.1
https://doi.org/10.1577/M05-212.1
https://doi.org/10.1111/j.1365-2427.2009.02319.x
https://doi.org/10.1007/s10750-007-9071-8
https://doi.org/10.1080/15222055.2013.855285
https://doi.org/10.1016/j.aquaculture.2003.09.044
https://doi.org/10.1016/j.aquaculture.2003.09.044
https://doi.org/10.1007/BF00013459
https://doi.org/10.1007/BF00013459
https://doi.org/10.1111/fwb.12585
https://doi.org/10.1111/j.1365-2427.2009.02297.x
https://doi.org/10.1046/j.1365-2427.2003.01096.x
https://doi.org/10.1046/j.1365-2427.2003.01096.x
https://doi.org/10.1046/j.1365-2427.2000.00504.x
https://doi.org/10.1111/j.1365-2427.1995.tb01160.x
https://doi.org/10.1111/j.1365-2427.1995.tb01160.x
https://doi.org/10.1139/f97-163
https://doi.org/10.1371/journal.pone.0049873
https://doi.org/10.1111/gcb.12861
https://doi.org/10.1111/gcb.12861
https://doi.org/10.1080/02705060.1995.9663461
https://doi.org/10.1080/02705060.1995.9663461
https://doi.org/10.1007/s11356-018-3146-0
https://doi.org/10.1016/j.envpol.2021.118331
https://doi.org/10.1016/j.pce.2013.08.009
https://doi.org/10.1007/s10661-014-3682-0
https://doi.org/10.1007/s11356-020-10933-7
https://doi.org/10.1007/s11356-020-10933-7
https://doi.org/10.1111/j.1365-2427.2012.02750.x
https://doi.org/10.1086/694737
https://doi.org/10.1086/694737
https://doi.org/10.1111/j.1365-2427.2004.01305.x
https://doi.org/10.1111/j.1365-2427.2004.01305.x
https://doi.org/10.1111/j.1365-2427.2010.02567.x
https://doi.org/10.1111/j.1365-2427.2010.02567.x
https://doi.org/10.1890/02-4039
https://doi.org/10.1007/s11356-017-8604-6
https://doi.org/10.1034/j.1600-0706.2003.12309.x
https://doi.org/10.1034/j.1600-0706.2003.12309.x
https://doi.org/10.1111/j.1365-2427.2004.01298.x
https://doi.org/10.1111/j.1365-2427.2004.01298.x
https://doi.org/10.1046/j.1365-2427.1998.00321.x
https://doi.org/10.1046/j.1365-2427.1998.00321.x
https://doi.org/10.1080/02705060.1994.9664889
https://doi.org/10.1007/s10452-019-09690-8


16 of 16  |     NEIJNENS et al.

Thomas, J. D., & Daldorph, P. W. G. (1994). The influence of nutrient and organic en-
richment on a community dominated by macrophytes and gastropod molluscs 
in a eutrophic drainage channel: Relevance to snail control and conservation. 
Journal of Applied Ecology, 31(3), 571–588. https://​doi.​org/​10.​2307/​2404451

Thompson, P. L., St-Jacques, M. C., & Vinebrooke, R. D. (2008). Impacts of climate 
warming and nitrogen deposition on alpine plankton in lake and pond habitats: 
An in vitro experiment. Arctic, Antarctic, and Alpine Research, 40(1), 192–198. 
https://​www.​jstor.​org/​stable/​20181779

Townsend, S. A., Garcia, E. A., & Douglas, M. M. (2012). The response of benthic algal 
biomass to nutrient addition over a range of current speeds in an oligotrophic river. 
Freshwater Science, 31(4), 1233–1243. https://​doi.​org/​10.​1899/​11-​163.​1

Trommer, G., Lorenz, P., Lentz, A., Fink, P., & Stibor, H. (2019). Nitrogen enrich-
ment leads to changing fatty acid composition of phytoplankton and negatively 
affects zooplankton in a natural lake community. Scientific Reports, 9, 16805. 
https://​doi.​org/​10.​1038/​s4159​8-​019-​53250​-​x

Van Wijk, R. J. (1989). Ecological studies on Potamogeton pectinatus L. V. Nutritional 
ecology, in  vitro uptake of nutrients and growth limitation. Aquatic Botany, 
35(3–4), 319–335. https://​doi.​org/​10.​1016/​0304-​3770(89)​90005​-​3

Vijayaraj, V., Laviale, M., Allen, J., Amoussou, N., Hilt, S., Holker, F., Kipferler, N., 
López Moreira, M., G. A., Polst, B. H., Schmitt-Jansen, M., Stibor, H., & Gross, E. 
M. (2022). Multiple-stressor exposure of aquatic food webs: Nitrate and warm-
ing modulate the effect of pesticides. Water Research, 216, 118325. https://​doi.​
org/​10.​1016/j.​watres.​2022.​118325

Vrede, K. (1999). Effects of inorganic nutrients and zooplankton on the growth 
of heterotrophic bacterioplankton-enclosure experiments in an oligotrophic 
clearwater lake. Aquatic Microbial Ecology, 18(2), 133–144. https://​doi.​org/​10.​
3354/​ame01​8133

Wan, S. Z., Yang, G. S., & Mao, R. (2020). Responses of leaf nitrogen and phosphorus al-
location patterns to nutrient additions in a temperate freshwater wetland. Ecological 
Indicators, 110, 105949. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2019.​105949

Wilson, B. J., Servais, S., Charles, S. P., Mazzei, V., Gaiser, E. E., Kominoski, J. S., 
Richards, J. H., & Troxler, T. G. (2019). Phosphorus alleviation of salinity stress: 
Effects of saltwater intrusion on an Everglades freshwater peat marsh. Ecology, 
100(5), e02672. https://​doi.​org/​10.​1002/​ecy.​2672

Wipfli, M. S., Hudson, J. P., Caouette, J. P., Mitchell, N. L., Lessard, J. L., Heintz, R. A., 
& Chaloner, D. T. (2010). Salmon carcasses increase stream productivity more 
than inorganic fertilizer pellets: A test on multiple trophic levels in streamside 
experimental channels. Transactions of the American Fisheries Society, 139(3), 
824–839. https://​doi.​org/​10.​1577/​T09-​114.​1

Wu, H. P., Hao, B. B., Jo, H., & Cai, Y. P. (2021). Seasonality and species specificity of 
submerged macrophyte biomass in shallow lakes under the influence of climate 
warming and eutrophication. Frontiers in Plant Science, 12, 678259. https://​doi.​
org/​10.​3389/​fpls.​2021.​678259

Yan, Z. W., Wang, Q. Y., Li, Y., Wu, L., Wang, J. N., Xing, B., Yu, D., Wang, L. G., & 
Liu, C. H. (2021). Combined effects of warming and nutrient enrichment on 
water properties, growth, reproductive strategies and nutrient stoichiometry 
of Potamogeton crispus. Environmental and Experimental Botany, 190, 104572. 
https://​doi.​org/​10.​1016/j.​envex​pbot.​2021.​104572

Yu, Q., Wang, H. J., Liu, M., Xu, C., Ma, Y., Guo, W. H., & Jeppesen, E. (2022). 
Interactive effects of benthivorous fish disturbance and ammonium loading 
on two submersed macrophytes of contrasting growth forms based on a me-
socosm study. Frontiers in Environmental Science, 10, 1024524. https://​doi.​org/​
10.​3389/​fenvs.​2022.​1024524

Yu, Q., Wang, H. Z., Li, Y., Shao, J. C., Liang, X. M., Jeppesen, E., & Wang, H. J. (2015). 
Effects of high nitrogen concentrations on the growth of submersed macro-
phytes at moderate phosphorus concentrations. Water Research, 83, 385–395. 
https://​doi.​org/​10.​1016/j.​watres.​2015.​06.​053

Zhang, C. X., Pei, H. C., Lu, C., Liu, P. Z., Liu, C. Q., & Lei, G. C. (2022). Eutrophication 
drives regime shift via changes in stoichiometric homeostasis-based sub-
merged macrophyte assemblages. npj Clean Water, 5, 17. https://​doi.​org/​10.​
1038/​s4154​5-​022-​00161​-​6

Zhang, L. H., Song, C. C., Wang, D. X., & Wang, Y. Y. (2007). Effects of exogenous 
nitrogen on freshwater marsh plant growth and N2O fluxes in Sanjiang Plain, 
Northeast China. Atmospheric Environment, 41(5), 1080–1090. https://​doi.​org/​
10.​1016/j.​atmos​env.​2006.​09.​029

Zhang, P. Y., Wang, T., Zhang, H., Wang, H., Hilt, S., Shi, P. L., Cheng, H. W., Feng, 
M. J., Pan, M., Guo, Y. L., Wang, K., Xu, X. Q., Chen, J. L., Zhao, K. S., He, Y. 
H., Zhang, M., & Xu, J. (2022). Heat waves rather than continuous warming 
exacerbate impacts of nutrient loading and herbicides on aquatic ecosystems. 
Environment International, 168, 107478. https://​doi.​org/​10.​1016/j.​envint.​2022.​
107478

Zhang, Z., Cao, Y., Jeppesen, E., & Li, W. (2016). The response of Vallisneria spinu-
losa (Hydrocharitaceae) and plankton to pulse addition of inorganic nitrogen 
with different loading patterns. Hydrobiologia, 767, 175–184. https://​doi.​org/​
10.​1007/​s1075​0-​015-​2494-​8

Zhao, S. T., Yin, L. Y., Chang, F. Y., Olsen, S., Søndergaard, M., Jeppesen, E., & Li, 
W. (2016). Response of Vallisneria spinulosa (Hydrocharitaceae) to contrasting 
nitrogen loadings in controlled lake mesocosms. Hydrobiologia, 766, 215–223. 
https://​doi.​org/​10.​1007/​s1075​0-​015-​2456-​1

Zhi, Y. W., Cao, Y., Sun, J. Y., Li, W., & Jeppesen, E. (2018). Indirect effects of extreme 
precipitation on the growth of Vallisneria denseserrulata Makino. Environmental 
and Experimental Botany, 153, 229–235. https://​doi.​org/​10.​1016/j.​envex​pbot.​
2018.​06.​003

Zhu, Z. J., Song, S. Y., Li, P. S., Jeelani, N., Wang, P. H., Yuan, H. Z., Zhang, J. H., An, S. 
Q., & Leng, X. (2016). Growth and physiological responses of submerged plant 
Vallisneria natans to water column ammonia nitrogen and sediment copper. 
PeerJ, 4, e1953. https://​doi.​org/​10.​7717/​peerj.​1953

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: Neijnens, F. K., Moreira, H., de 
Jonge, M. M. J., Linssen, B. B. H. P., Huijbregts, M. A. J., 
Geerling, G. W., & Schipper, A. M. (2023). Effects of nutrient 
enrichment on freshwater macrophyte and invertebrate 
abundance: A meta-analysis. Global Change Biology, 30, 
e17094. https://doi.org/10.1111/gcb.17094

 13652486, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17094 by R

adboud U
niversity N

ijm
egen, W

iley O
nline L

ibrary on [14/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.2307/2404451
https://www.jstor.org/stable/20181779
https://doi.org/10.1899/11-163.1
https://doi.org/10.1038/s41598-019-53250-x
https://doi.org/10.1016/0304-3770(89)90005-3
https://doi.org/10.1016/j.watres.2022.118325
https://doi.org/10.1016/j.watres.2022.118325
https://doi.org/10.3354/ame018133
https://doi.org/10.3354/ame018133
https://doi.org/10.1016/j.ecolind.2019.105949
https://doi.org/10.1002/ecy.2672
https://doi.org/10.1577/T09-114.1
https://doi.org/10.3389/fpls.2021.678259
https://doi.org/10.3389/fpls.2021.678259
https://doi.org/10.1016/j.envexpbot.2021.104572
https://doi.org/10.3389/fenvs.2022.1024524
https://doi.org/10.3389/fenvs.2022.1024524
https://doi.org/10.1016/j.watres.2015.06.053
https://doi.org/10.1038/s41545-022-00161-6
https://doi.org/10.1038/s41545-022-00161-6
https://doi.org/10.1016/j.atmosenv.2006.09.029
https://doi.org/10.1016/j.atmosenv.2006.09.029
https://doi.org/10.1016/j.envint.2022.107478
https://doi.org/10.1016/j.envint.2022.107478
https://doi.org/10.1007/s10750-015-2494-8
https://doi.org/10.1007/s10750-015-2494-8
https://doi.org/10.1007/s10750-015-2456-1
https://doi.org/10.1016/j.envexpbot.2018.06.003
https://doi.org/10.1016/j.envexpbot.2018.06.003
https://doi.org/10.7717/peerj.1953
https://doi.org/10.1111/gcb.17094

	Effects of nutrient enrichment on freshwater macrophyte and invertebrate abundance: A meta-­analysis
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Literature search
	2.2|Study selection
	2.3|Data extraction
	2.4|Effect sizes
	2.5|Statistical analysis
	2.6|Robustness of results

	3|RESULTS
	3.1|Overall nutrient addition effects
	3.2|Invertebrate responses to nutrient concentrations
	3.3|Macrophyte responses to nutrient concentration gradients

	4|DISCUSSION
	4.1|Overall abundance responses to nutrient addition
	4.2|Abundance responses along gradients of N and P enrichment
	4.3|Methodological reflections
	4.4|Concluding remarks

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT



