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ABSTRACT

Anthropogenic increases in nitrogen (N) and phosphorus (P) concentrations can strongly influence the structure and func-
tion of ecosystems. Even though lotic ecosystems receive cumulative inputs of nutrients applied to and deposited on land,
no comprehensive assessment has quantified nutrient-enrichment effects within streams and rivers. We conducted a
meta-analysis of published studies that experimentally increased concentrations of N and/or P in streams and rivers to
examine how enrichment alters ecosystem structure (state: primary producer and consumer biomass and abundance)
and function (rate: primary production, leaf breakdown rates, metabolism) at multiple trophic levels (primary producer,
microbial heterotroph, primary and secondary consumers, and integrated ecosystem).Our synthesis included 184 studies,
885 experiments, and 3497 biotic responses to nutrient enrichment. We documented widespread increases in organismal
biomass and abundance (mean response = +48%) and rates of ecosystem processes (+54%) to enrichment across multi-
ple trophic levels, with no large differences in responses among trophic levels or between autotrophic or heterotrophic
food-web pathways. Responses to nutrient enrichment varied with the nutrient added (N, P, or both) depending on rate
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versus state variable and experiment type, and were greater in flume and whole-stream experiments than in experiments
using nutrient-diffusing substrata. Generally, nutrient-enrichment effects also increased with water temperature and
light, and decreased under elevated ambient concentrations of inorganic N and/or P. Overall, increased concentrations
of N and/or P altered multiple food-web pathways and trophic levels in lotic ecosystems. Our results indicate that pres-
ervation or restoration of biodiversity and ecosystem functions of streams and rivers requires management of nutrient
inputs and consideration of multiple trophic pathways.

Key words: lotic, eutrophication, nutrient criteria, primary and secondary production, ecosystem metabolism,
decomposition
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I. INTRODUCTION

Nutrient concentrations are increasing in streams globally
because of intensifying agricultural development, urbaniza-
tion, and atmospheric deposition from fossil fuel combustion
(Howarth et al., 1996; Vitousek et al., 1997; Grimm
et al., 2005). Nutrients (primarily nitrogen and phosphorous,
hereafter N and P) often limit biological activity in stream
and river ecosystems, so elevated concentrations of N or P
can stimulate the productivity of primary producers
(e.g. algae, cyanobacteria, vascular plants) and heterotrophic
microorganisms (e.g. bacteria, fungi) that use terrestrially
derived organic matter (detritus) as a carbon source
(Elwood, Newbold & Stark, 1981; Grimm & Fisher, 1986;
Elser et al., 1996). However, few studies have considered
multi-trophic level responses to nutrient enrichment in
streams, limiting our knowledge of the effects of nutrient
enrichment on the structure and function of lotic ecosystems
(Palmer & Febria, 2012). Such considerations have signifi-
cance for environmental management because the uptake
and retention of nutrients in streams can ameliorate excessive

nutrient loading to downstream ecosystems, yet excessive
nutrient enrichment can overwhelm capacity for retention,
exacerbate conservation and management challenges, and
cause economic harm (Dodds et al., 2009). Well-known con-
sequences of riverine eutrophication include algal blooms
that can be toxic to many organisms or hypoxia that leads
to fish kills (Paerl et al., 2004; Diaz & Rosenberg, 2008). Ben-
thic toxic cyanobacteria can occur in streams and can be
transported to downstream receiving waters (Fetscher
et al., 2015). Extensive research has found that nutrient
enrichment leads to regime shifts in lakes, pushing clear
macrophyte-dominated lakes to a turbid algae-dominated
state (Scheffer et al., 2001), but the widespread effects of N
and P enrichment on whole-stream ecosystems have been less
well recognized.

Previous meta-analyses of nutrient-enrichment experi-
ments in rivers and streams focused on responses of algae
(Elser, Marzolf & Goldman, 1990; Francoeur, 2001;
Hillebrand, 2002; Keck & Lepori, 2012), and thus uncer-
tainty remains regarding responses of other compartments
and of whole ecosystems. Algal abundance and productivity
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typically increase in response to nutrient enrichment,
although most meta-analyses have focused on small spatial
scales studied using nutrient-diffusing substrata (NDS; Elser
et al., 1990, 2007; Francoeur, 2001; Hillebrand, 2002; Capps
et al., 2011; Keck & Lepori, 2012; Beck, Rugenski &
Poff, 2017). Fewer efforts have focused on heterotrophic
pathways, although one meta-analysis showed nutrient stim-
ulation of leaf litter decomposition (Ferreira et al., 2015).
Despite broad trends towards increases in algal biomass
and leaf breakdown rates with nutrient enrichment, a variety
of environmental factors influence the magnitude of ecologi-
cal responses (Francoeur, 2001; Ferreira et al., 2015; Beck
et al., 2017). Responses to elevated nutrient concentrations
may be muted if ambient nutrient concentrations are already
high or if biotic activity is primarily limited by factors other
than inorganic N or P concentrations [e.g. light, temperature
(Rosemond, 1993; Dodds et al., 2002; Tank & Dodds, 2003;
Dodds, 2006; Eriksson, Rubach & Hillebrand, 2006; Elser
et al., 2007; Beck et al., 2017)]. Geomorphic factors can intro-
duce further among-site variation in biotic responses to
enrichment, such as by reducing the bioavailability of added
nutrients (Small et al., 2016). Finally, variation in experimen-
tal approaches contributed to heterogeneity in enrichment
responses in previous meta-analyses (Elser et al., 1990; Fer-
reira et al., 2015).

While much of the focus on excess nutrients has been on
algal responses, reviews have shown that most river systems
are net heterotrophic (Marcarelli et al., 2011; Hall
et al., 2016), and thus understanding the relative responses
of both heterotrophic and autotrophic metabolic pathways
to nutrient enrichment is essential to characterize the conse-
quences of eutrophication for whole river networks. The
nature and magnitude of enrichment effects on autotrophic
and heterotrophic organisms may differ due to the relative
plasticity in elemental composition of each group
(Sterner & Elser, 2002). Algae engage in luxury uptake of
nutrients available in excess of demand, storing them within
cells (Sterner & Elser, 2002). Accordingly, N:P ratios of auto-
trophic biofilms vary with nutrient availability (Stelzer &
Lamberti, 2001). Nutrient enrichment to algal-dominated
streams thus could lead to rapid changes in algal nutrient
content, with slower changes in biomass or production rates
(Rier et al., 2016). Heterotrophic microbes on the other hand,
tend to be more homeostatic than algae, maintaining ele-
mental composition of biomass despite changes in nutrient
availability (Persson et al., 2010). However, some studies have
observed elemental plasticity of aquatic bacteria
(Chrzanowski & Kyle, 1996) and fungi (Gulis et al., 2017). If
heterotrophic microbes are more homeostatic than auto-
trophs, we would expect increased availability of limiting
nutrients to stimulate biomass and activity to a greater extent
in heterotrophic microbes.

Responses of upper trophic levels to nutrient enrichment
may contrast with those of primary producers and decom-
posers. Inefficient energy transfer could dampen organismal
production or biomass responses at higher trophic levels
(Lindeman, 1942; Abrams, 1993). Nutrient enrichment can

also cause shifts in algal resources to inedible or less-
nutritional forms, with repercussions for upper trophic levels
(Roll, Diehl & Cooper, 2005). Additionally, top-down effects
may constrain the effects of nutrient enrichment (Davis
et al., 2010; Benstead et al., 2014). For example, grazing
insects suppressed a ‘bottom-up’ response of algae after
2 years of enrichment with P, the nutrient limiting primary
production, in an Alaskan river (Peterson et al., 1993). Indi-
vidual studies suggest strong potential for interactive effects
of nutrient enrichment and trophic dynamics to shape
responses of upper trophic levels to eutrophication. Cross-site
synthesis is needed to provide insight into the potential conse-
quences of eutrophication for ecosystem services, such as fish-
eries, provided by upper trophic levels.
We conducted a global meta-analysis of responses of the

biota of rivers and streams to experimental nutrient enrich-
ment. Our objectives were to examine how: (i) experimental
design (i.e. type of study: NDS, bottle, flume, whole stream),
added nutrient (N, P, or both) and study duration modified
the effects of nutrient enrichment on rate (productivity, leaf
litter breakdown rates, metabolism) and state (biomass,
abundance) variables; (ii) responses to experimental nutrient
enrichment varied across trophic levels in detrital and algal
food-web pathways; and (iii) abiotic conditions (light avail-
ability, ambient and experimental nutrient concentrations,
temperature) modulated responses to nutrient enrichment.
We hypothesized that: (i) experiment type, nutrient added,
and study duration modulate responses, with larger-scale
and longer-term studies, and studies that added both N
and P, showing the strongest responses given that larger areas
and longer timescales provide more space and time for biotic
responses, and dual nutrient limitation is widespread (Elser
et al., 2007). (ii) The magnitude of biological responses to
enrichment decreases with increasing trophic level due to
the loss of energy and biomass with successive trophic trans-
fers. (iii) Responses of autotrophic food-web components will
be weaker than heterotrophic microbes, given that algae can
carry out luxury uptake of nutrients and tend to be less
homeostatic than microbial heterotrophs. (iv) Abiotic attri-
butes of individual streams (light, nutrients, temperature)
influence the magnitude of the responses due to the limita-
tion of biotic responses by multiple factors in addition to
nutrients.

II. METHODS

(1) Data harvest and database construction

We surveyed the primary literature for studies on the effects
of experimentally added nutrients on stream or river biota.
Results of a Web of Science database search using the criteria
“TS = ((nutrient OR eutroph*) AND (lotic OR stream OR
river)) AND TS = experiment*” were filtered to find studies
that fitted the meta-analysis criteria, with the resulting list
being supplemented by references in selected papers based
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on our collective knowledge (see online Supporting Informa-
tion, Appendix S1, for a list of primary studies used in our
meta-analysis). Criteria for inclusion of a study in the meta-
analysis were: (i) paired control and experimental nutrient-
addition treatments (i.e. land-use gradients, wastewater
treatment plant inputs, or natural fertilization events were
not included); (ii) N or P fertilization experiments only
(no carbon or micronutrient enrichments were included);
and (iii) experimental setting in a stream or in outdoor meso-
cosms containing lotic biota [e.g. whole-stream or artificial
channel (flowing or recirculating, referred to as flume) exper-
imental nutrient additions, nutrient-diffusing substrata
(NDS), or short-term, non-flow (bottle) enrichments].

Database assembly was completed in 2018 and included
studies published from 1980 to 2018. The final database
included 184 published papers, 885 experiments conducted
throughout the world, and 3497 dependent-variable
responses (Fig. 1).

We harvested data from each study for quantitative meta-
analyses that addressed each of our predictions. First, we
recorded the mean control and response values for each
response variable (Table 1), and the associated standard devi-
ations (s) and number of replicates (n), when reported. We
used this information to calculate the ln response ratio
(LRR) and variance (V) for each experimental response,
allowing statistical evaluation of the magnitude of responses

Fig 1. Global map with blue circles showing 885 locations of studies included in the meta-analysis.

Table 1. Description of data types included as response variables, categorized by trophic level and rate or state variables

Trophic level Rate variables State variables

Primary producers (algae) Algal cell growth
Algal cell production
Primary (O2) production

Algal biovolume,
abundance

Chlorophyll-a
concentration

Heterotrophic microbes (bacteria and fungi) Fungal production
Bacterial production

Fungal or bacterial
biomass

Fungal or bacterial
abundance

Primary consumers (collector/gatherers, grazers, shredders) Consumer growth
Consumer production

Consumer biomass
Consumer abundance

Secondary + tertiary consumers (invertebrate predators, salamanders, fish) Consumer growth
Consumer production

Consumer biomass
Consumer abundance

Integrated ecosystem (multiple trophic levels included microbial + autotrophic
respiration; leaf decomposition)

Leaf decomposition rate
Community respiration
(substrate-specific)

Whole-stream respiration

Not applicable
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across studies, trophic levels, and food-web pathways
(Table 1). LRR and V were calculated for each pair as:

LRR= ln
Y 1

Y 2

� �
ð1Þ

V =
s21

n1Y
2
1

+
s22

n2Y
2
2

ð2Þ

Where Y1 is the mean of the response to treatment and Y2
is the mean of the control in a given experiment. Zero values
for either control or response variables meant that LRR
could not be calculated for 47 of the control/response pairs,
leaving 3450 cases in the analysis; s and n were only available
for 2613 of the control/response pairs (i.e. V was calculated
for 76% of all LRR values).

We collected supporting information for each experiment
when available, including experimental nutrient concentra-
tions (soluble reactive phosphorus [SRP], total phosphorus
[TP], ammonium [NH4

+-N], nitrate [NO3
−-N], dissolved

inorganic nitrogen [DIN], and total nitrogen [TN]), experi-
mental area and duration, location, and environmental vari-
ables including temperature, photosynthetically active
radiation (PAR), pH, ambient dissolved organic carbon
(DOC), and nutrient concentrations. The coverage of sup-
porting information differed for potential drivers, ranging
from (as selected examples): 99% for experimental duration,
75% for both background NO3

−-N and SRP concentrations,
71% for water temperature, 40% for PAR, and 33% and
29% for experimental TN and TP concentrations, respec-
tively. Experimental concentrations and addition rates are
not easily estimated, and thus are not reported for NDS
experiments.

We constructed statistical models to evaluate our hypotheses
that experimental or stream characteristics could explain large
amounts of the variation in the compiled LRR data. All data
were extracted frompublished tables or figures, using digitization
software when necessary. The final meta-analysis database is
accessible on the Environmental Data Initiative (EDI) Data Por-
tal (https://portal.edirepository.org/nis/home.jsp,
DOI:10.6073/pasta/b674589d1a67589adadcb7762d928bba).

We used canopy cover data to evaluate our hypothesis
regarding the influence of light on enrichment responses.
Because PAR data were available for only a minority of
experiments, we created a ‘canopy cover’ categorical vari-
able to provide a qualitative evaluation of the influence of
light on enrichment responses. Studies that reported <75%
canopy cover were categorized as having an ‘open’ canopy,
studies that reported ≥75% canopy cover were categorized
as having a ‘closed’ canopy, and studies that did not report
canopy cover were not categorized. This resulted in descrip-
tions of canopy cover for 79% of studies.

To contrast the effects of nutrient enrichment on algal
(autotrophic) versus detrital (heterotrophic)-based food webs,
we created an ‘autotrophic versus heterotrophic’ response
category (coded G for green or autotrophic, B for brown or
heterotrophic). All algal response variables, and bacterial

and consumer responses within algal-based food webs
(i.e. periphyton-based or water column responses) were
coded G; all fungal response variables, and bacterial and
consumer responses within detrital-based food webs
[i.e. responses of biota on particulate organic matter (POM)
substrata] were coded B. G or B categories were designated
for 96% of responses.

(2) Bias evaluation and univariate general linear
models

Before addressing our hypotheses, we assessed the relation-
ships between experimental scale (area) and duration (days)
on biological responses to N and P enrichment (Osenberg
et al., 1999). Because nutrient enrichment should increase
both growth rates and carrying capacities for stream biota
populations relative to unenriched control populations, the
LRR of organismal abundance or biomass will increase over
time in short-duration experiments, before plateauing, while
the LRR of time-specific response metrics may decrease over
the duration of a longer experiment (Downing, Osenberg &
Sarnelle, 1999). The scale of experimental measurement
can also affect the sensitivity of measured responses, due to
both detectability of differently sized organisms and to con-
straints on the influence of larger-scale interactions and feed-
backs on the experiment’s outcome (Englund, Cooper &
Sarnelle, 2001). In addition to checking for systematic effects
of experimental duration or size on LRR in our database, we
binned all hypotheses-testing analysis in two ways to help
minimize any bias in results due to experiment type. First,
we separated NDS, bottle, flume, and whole-stream experi-
ments (across the 885 experiments, mean ± SE areal extents
were 0.01 ± 0.001, 0.03 ± 0.007, 1.5 ± 0.2, and
489 ± 241 m2, respectively). In addition, we analysed rate
and state variables separately for all statistical analyses,
because of the expected differences in the response dynamics
of state (e.g. biomass or density) and rate (e.g. production,
growth, or mass loss) metrics to nutrient addition.
As detailed above, in addition to experiment type, we pre-

dicted that trophic level and food-web pathway, ambient
temperature, light, and N, P, and carbon (DOC) concentra-
tions drive or influence stream biotic responses to nutrient
enrichment. We used general linear models (GLMs) to eval-
uate the statistical relationships of categorical and continuous
predictor variables with the nutrient-enrichment effect size
(LRR) across studies. Because non-NDS experiments
reported the amount of limiting nutrient added, we also
assessed the effects of experimental nutrient-amendment
levels on LRR in these experiments (this cannot be quantified
in NDS experiments due to differences in release rates).
Thus, we assembled a series of GLMs, using data possibly
predictive of rate and state enrichment responses in NDS
and non-NDS experiments. If we identified a categorical var-
iable as a predictor of LRR, a one-way analysis of variance
using all data (lm and aov functions) with Tukey post-hoc tests
(glht function in package multcomp) was used to identify differ-
ences among groups.
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All primary GLM analyses were conducted using the meta-
for package in R (Viechtbauer, 2010). These models require
an estimate of uncertainty for each data point, thus the
76% of all responses that included estimates of variance were
included in these analyses. We ran all tests using random-
effects models to account for the expected variability across
individual studies that differed in methods or experimental
designs, where among-study heterogeneity was modelled as
a random effect. Latitude was evaluated as an absolute value,
and PAR and all nutrient concentration data, including
stream background and experimental and proportional
increases, were log10 transformed before analysis to approx-
imate parametric assumptions. All GLMs incorporated the
mean and variance of individual LRR values, were calcu-
lated using the restricted maximum-likelihood estimator of
heterogeneity, and applied the recommended adjustments
to account for uncertainty in variance within studies
(Knapp & Hartung, 2003). The effect of each categorical or
continuous independent factor on LRR values was evaluated
separately, owing to many missing variable values, using gen-
eral linear models, each with a null hypothesis of no effect.

(3) Multivariate boosted regression tree models

We also used a complementary statistical approach to evalu-
ate the relative influence of different environmental or exper-
imental factors on responses against a background of natural
environmental variation. We used boosted regression tree
(BRT) modelling (De’ath, 2007; Elith, Leathwick &
Hastie, 2008) to identify the environmental variables that
most influenced LRR values, complementing the GLM
models. BRTs combine a classification or regression
decision-tree framework with boosting, an additive optimiza-
tion procedure. Boosting in BRTs involves randomly select-
ing subsets of training data, then developing multiple
decision trees that are sequentially combined to improve
total model predictive performance over many (usually
≥1000) iterations until a stopping criterion, typically the min-
imization of prediction error, is met. We withheld 20% of the
data at each iteration, then tested each model’s performance.
Early models were differentially weighted by their fit to test
data in subsequent models to improve performance. The
final product of a BRT analysis represents an ensemble of
all iteratively adapted models with an optimized predictive
performance. The BRT has multiple advantages, including
its robustness to missing data, severe outliers, and irrelevant
predictor variables, which are all useful attributes when
modelling heterogeneous data compiled for meta-analysis
(Leathwick et al., 2006; Aertsen et al., 2012).

We developed four separate BRT models, one each for
rate and state variable in NDS and non-NDS experiments,
to predict the combined influences of multiple independent
variables on stream biotic responses to nutrient addition.
To reduce model complexity and overfitting, redundant vari-
ables and variables with low data coverage were not included
in BRTmodels. If two variables were correlated with r values
exceeding 0.8, the predictor with the larger sample size was

retained and the other (the redundant variable) omitted from
subsequent analyses. The predictor terms in BRT analyses
initially included the trophic level of the dependent variable
(Table 1), canopy cover (open or closed), the nutrient added
(N, P or both), trophic base of the system (auto- or heterotro-
phic), PAR, ambient pH, ambient DOC, NO3

−-N, and SRP
concentrations, N:P molar ratios (DIN:SRP ratios), latitude,
and water temperature. Continuous predictor variables were
log10 transformed if distributions were heavily right-skewed
(NO3

−-N, PAR, and SRP). Non-NDS BRT analyses also ini-
tially included experimental DIN and SRP concentrations
and experiment type (bottle, flume, or whole-stream) as
potential predictors.

Each BRTmodel was parameterized to optimize predictive
performance as assessed by comparing observed and expected
LRR values using linear regression analysis after at least 1000
trees were combined (Elith et al., 2008). AGaussian error distri-
bution was assumed for the LRR values. Bag fraction, the pro-
portion of model training data selected at each step, was set to
0.5 for all models. The learning rate (contribution of each tree
to the ensemble model) and complexity (number of nodes in
trees, which reflects interaction order) parameters were
adjusted to minimize the deviance of ensemble model predic-
tions from the data. Disparate sample sizes among models
resulted in slightly different optimal learning rates and com-
plexities: for NDS models, a learning rate of 0.001 and com-
plexity of 3 were implemented, whereas for non-NDS models
the respective parameters were 0.005 and 2.

We interpreted the relative influence of each independent var-
iableonLRRvalues (expressedaspercentagecontributiontoopti-
mal model fit) and present partial dependency plots, which
illustrate the effect of each independent variable on LRR after
accounting for the average effect of all other model terms. We
defined a threshold for the ‘most influential’ model terms as
100% divided by the total number of terms included (Müller,
Leit~ao & Sikor, 2013). Although partial dependency plots can be
difficult to interpret when independent variables interact or are
correlated, these plots offer a clear way for evaluating model
behaviour (Elith et al., 2008). In addition, we estimated the least-
squaresregressionslopeofpartialdependencychangealonggradi-
ents of continuous variables to summarize the magnitude and
direction of the effect of each environmental variable on LRR
values. We performed all BRT modelling operations with the
gbmpackage forR(RCoreTeam,2016;Elith&Leathwick,2017).

III. RESULTS

(1) Overall effects of nutrients on biotic responses

The mean LRR for nutrient addition was 0.40
(median = 0.23, range = −5.25–6.91) across all 3450 exper-
imental responses and, including only values with associated
variances (N = 2613), was greater than zero (LRR = 0.36,
Z = 22.3, P < 0.0001). Nutrient additions therefore stimu-
lated the growth, activity, biomass, and abundance of all
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stream biota by an average of 49%. When all experiments
were combined, LRR for rate (mean, median = 0.43, 0.27;
mean increase = 54%) and state (mean, median = 0.39,
0.22; mean increase = 48%) variables were similar
(F = 2.85, P = 0.091). When NDS and non-NDS experi-
ments were treated separately, the rate LRRs (mean
0.18 = 20% increase) were slightly lower than state LRRs
(mean 0.30 = 35% increase) in NDS experiments only
(P = 0.066; Tables 2 and 3).

(2) Effects of experiment duration, type, and
nutrient added

There was no relationship between rate LRR values and
experiment duration, even when multi-year experiments
(>365 days) were omitted from the analysis (overall rate
LRR with and without multi-year studies: F = 0.007 and
0.005, P = 0.93 and 0.98, respectively). Inclusion of
multi-year studies in the state LRR analysis did indicate a

positive relationship between days of experiment duration
and LRR (slope = 0.0002, F = 11.1, P = 0.0009); without
multi-year studies, however, there was no relationship
(F = 1.42, P = 0.23), suggesting that this relationship was
driven by long-term studies rather than by short-term bio-
mass accrual responses. Therefore, experiment duration
was not considered as an independent variable in subse-
quent analyses.
On the other hand, while experimental area did not sys-

tematically affect LRR for either rate (F = 0.70, P = 0.40)
or state (F = 1.6, P = 0.21) variables in non-NDS experi-
ments, there was a clear difference in results among experi-
ment types (rate F = 13.0, P < 0.0001, state F = 21.5,
P < 0.0001, Fig. 2). Specifically, NDS experiments, which
treat a small area, produced lower rate and state LRRs than
flume or whole-stream experiments (Fig. 2C, D), particularly
where P was added (Fig. 2E, F). NDS rate and state LRR had
a mean of 0.18 and 0.30 (+20 and +35%), compared to a
mean of 0.77 and 0.56 (+116 and +75%) for non-NDS rate

Table 2. Summary of weighted general linear model (GLM) and boosted regression tree (BRT) results for each independent variable
predicted to affect ln response ratio (LRR) values from nutrient-diffusing substrata (NDS) experiments (N = 2247 total; 1811 with
variance V). For each variable, the GLM test statistic [F: (H0: mean LRR = 0 or H0: mean LRRs are equal across different categories
of class variables); or Z: (H0: the standardized regression coefficient for the relationship between LRR and the independent
variable = 0)], slope of relationship (only for the most important continuous variables), r2 (expressed as %) and P value are shown. For
rate versus state comparisons at the top of the table, mean LRR (1 SE) are reported. For BRTmodels, relative importance (%RI) values
are listed, and redundant or low-N factors were not included (nd). Most important r2 (P< 0.05) and%RI values [>100/N; afterMüller
et al. (2013)] are identified with an asterisk (*). Variables with predictive influence on LRR in both GLM and BRT models are
highlighted in bold type

F = 3.37, P = 0.066
Rate LRR: N = 725, mean (median) = 0.183 (0.071); N = 542 with V, Z = 6.25, P < 0.0001*
State LRR, N = 1522, mean (median) = 0.302 (0.160) N = 1271 with V, Z = 12.25, P < 0.0001*

Rate variables State variables

Rate vs. state N F or Z P Slope
r2

(%)
%RI N F or Z P Slope r2 (%) %RI

Trophic level 542 0.08 0.78 0.0 18.0* 1271 0.006 0.94 0.0 3.3
Hetero- vs.
autotrophic

542 1.5 0.23 0.1 0.5 1271 0.02 0.89 0.0 0.0

N, P, or N + P 542 15.9 <0.0001* 3.6* 10.1* 1271 27.1 <0.0001* 2.6* 7.2*
Canopy 426 2.7 0.10 0.8 3.6 1056 24.6 <0.0001* 3.1* 3.7*
Latitude 428 0.26 0.61 0.0 10* 1149 13.4 0.0004* 0.011 1.2* 16.5*
Bg [NO3

−-N] 522 4.3 0.040* −0.064 1.5* 23.5* 1103 105.4 <0.0001* −0.28 10.3* 23.1*
Bg [SRP] 528 0.52 0.47 0.0 6.8* 1065 38.5 <0.0001* −0.23 4.7* 15.1*
Temperature 454 5.0 0.026* 0.015 1.9* 5.8* 887 22.4 <0.0001* 0.018 3.5* 8.4*
Bg DIN:SRP 432 1.6 0.21 0.5 12.4* 822 45.2 <0.0001* −0.22 6.2* 20.4*
PAR 385 4.2 0.042* −0.065 1.4* 9.4* 561 30.7 <0.0001* 0.18 7.4* 2.3*
Bg [NH4

+-N] 512 6.9 0.009* −0.13 1.4* nd 786 7.7 0.006* −0.14 1.0* nd
Bg [DIN] 442 4.8 0.029* −0.094 1.8* nd 856 69.6 <0.0001* −0.27 8.0* nd
Bg [TN] 420 3.1 0.08 0.2 nd 507 32.7 <0.0001* −0.33 7.0* nd
Bg [DOC] 320 4.1 0.044* −0.18 1.5* nd 339 17.8 <0.0001* −0.42 6.8* nd
Bg [TP] 122 1.0 0.32 0.0 nd 202 43.5 <0.0001* −0.69 19.3* nd
Bg DIN:TP 114 4.9 0.029* −0.56 3.6* nd 97 1.9 0.18 1.0 nd
Bg TN:TP 114 2.3 0.13 1.1 nd 113 3.2 0.08 2.1 nd
pH 20 0.003 0.96 0.0 nd 207 2.1 0.15 0.2 nd

Bg, background concentration; DIN, dissolved inorganic nitrogen; DOC, dissolved organic carbon; PAR, photosynthetically active radiation;
SRP, soluble reactive phosphorus; TN, total nitrogen; TP, total phosphorus.
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and state LRR. Because of these large quantitative and
qualitative differences in enrichment responses, NDS and
non-NDS experiments were treated separately in subsequent
analyses (Tables 2 and 3).

Across all responses, LRR was highest where both N and P
were added together; for rate variables, N + P addition was
higher than either N or P addition alone [mean 0.24, 0.08,
and 0.61 (+27, +8, and +84%) for N, P, and N + P

respectively], and for state variables, N + P and N addition
were higher than where P alone was added [mean 0.44,
0.11, and 0.49 (+55, +12, and +63%) for N, P, and N + P
respectively; Fig. 2A, B]. This pattern was primarily driven
by flume and whole-stream experiments for rate LRRs, and
by NDS experiments for state LRRs, since state LRRs did
not differ between N, P and N + P addition treatments in
whole-stream experiments or flumes (Fig. 2E, F, Table 3).

Table 3. Summary of weighted general linear model (GLM) and boosted regression tree (BRT) results for each independent variable
predicted to affect ln response ratio (LRR) values from non-nutrient diffusing substrata (NDS) experiments (N = 1249 total; 801 with
variance V). For each variable, the GLM test statistic [F: (H0: mean LRR = 0 or H0: mean LRRs are equal across different categories
of class variables); or Z: (H0: the standardized regression coefficient for the relationship between LRR and the independent
variable = 0)], slope of relationship (only for the most important continuous variables), r2 (expressed as %) and P value are shown. For
rate versus state comparisons at the top of the table, mean LRR (1 SE) are reported. For BRTmodels, relative importance (%RI) values
are listed, and redundant or low-N factors were not included (nd). Most important r2 (P< 0.05) and%RI values [>100/N, afterMüller
et al. (2013)] are identified with an asterisk (*). Variables with predictive influence on LRR in both GLM and BRT models are
highlighted in bold type

F = 2.23, P = 0.112
Rate LRR, N = 510, mean (median) = 0.771 (0.624); N = 303 with V, Z = 13.30, P < 0.0001*
State LRR, N = 740, mean (median) = 0.557 (0.319); N = 497 with V, Z = 15.15, P < 0.0001*

Rate variables State variables

Rate vs. state N F or Z P Slope r2 (%) %RI N F or Z P Slope r2 %RI

Trophic level 303 2.2 0.14 0.0 9.2* 497 12.2 0.0005* 0.0 5.8
Hetero- vs. autotrophic 266 0.15 0.69 0.0 0.4 470 2.0 0.16 0.0 0.3
N, P, or N + P 303 12.9 0.0004* 4.0* 7.3* 497 7.0 0.008* 1.2* 5.1
Experiment type 303 3.6 0.029* 2.7* 5.9 497 3.6 0.028* 1.7* 1.6
Canopy 234 0.24 0.63 0.0 0.0 387 0.62 0.43 0.0 3.5
Latitude 268 0.007 0.93 0.0 0 420 12.2 0.0005* 0.014 2.9* 0
Bg [NO3

−-N] 200 0.11 0.73 0.0 11.6* 352 0.44 0.51 0.0 14.0*
Bg [SRP] 282 5.3 0.02* −0.16 2.4* 10.2* 416 16.4 <0.0001* −0.24 4.1* 22.0*
Temperature 232 0.17 0.68 0.0 33.6* 362 2.6 0.11 0.3 18.3*
Bg DIN:SRP 152 2.5 0.11 0.0 6.9* 285 0.09 0.77 0.0 9.6
PAR 56 7.5 0.008* 0.35 12.6* 13.6* 87 1.1 0.30 0.9 19.8*
Bg [NH4

+-N] 144 6.9 0.010* −0.24 4.8* nd 280 1.3 0.26 0.1 nd
Bg [DIN] 203 3.8 0.052 −0.20 2.0* nd 376 11.5 0.0008* −0.22 2.6* nd
Bg [TN] 75 1.2 0.28 0.7 nd 175 8.3 0.004* −0.38 3.7* nd
Bg [DOC] 56 1.1 0.31 0.0 nd 64 0.14 0.71 0.0 nd
Bg [TP] 98 0.45 0.50 0.0 nd 175 0.01 0.91 0.0 nd
Bg DIN:TP 58 0.28 0.60 0.0 nd 114 1.0 0.31 0.1 nd
Bg TN:TP 73 0.21 0.65 0.0 nd 136 10.6 0.001* −0.70 8.5* nd
pH 150 1.5 0.22 0.3 nd 216 10.2 0.002* 0.15 5.6* nd
Exp [DIN] 148 5.6 0.019* −0.25 4.1* nd 304 0.06 0.81 0.0 nd
Exp [SRP] 236 4.1 0.044 −0.13 2.8* nd 330 0.95 0.33 0.03 nd
Exp [NO3

−-N] 141 1.4 0.24 0.3 nd 324 0.94 0.33 0.0 nd
Exp [NH4

+-N] 45 1.0 0.32 0.0 nd 120 1.9 0.17 2.1 nd
Exp [TN] 33 0.04 0.85 0.0 nd 74 2.9 0.09 1.0 nd
Exp [TP] 19 3.7 0.07 11.5 nd 73 3.8 0.05 5.3 nd
Prop NO3

−-N + 101 1.6 0.21 1.9 nd 211 0.56 0.45 0.0 nd
Prop SRP + 142 1.7 0.20 2.7 nd 205 1.2 0.27 0.05 nd
Prop DIN + 69 1.1 0.29 0.0 nd 136 8.3 0.005* 0.38 7.1* nd
Prop NH4

+-N + 40 14.5 0.0005* 0.54 34.6* nd 80 2.7 0.10 2.7 nd
Prop TN + 28 0.09 0.77 0.0 nd 22 0.57 0.46 0.0 nd
Prop TP + 5 6.9 0.08 64.1 nd 18 0.03 0.86 0.0 nd

Bg, background concentration; DIN, dissolved inorganic nitrogen; DOC, dissolved organic carbon; Exp, experimentally elevated nutrient
concentration; PAR, photosynthetically active radiation; Prop +, proportion of nutrient added; SRP, soluble reactive phosphorus; TN, total
nitrogen; TP, total phosphorus.
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Fig 2. Boxplots of all ln response ratio (LRR) data for rate (A, C, E) and state (B, D, F) responses within categories of nutrient added (A, B),
experiment type (C, D) and nutrient added by experiment type (E, F). Boxplots outline the median, interquartile range (IQR, 25–75th
percentiles), and 1.5*IQR of all data in each category; all data points are shown in the single-category plots (A–D). Response
distributions that differ from 0 (P < 0.01) are identified with an asterisk (*), and within each graph, group means with the same
lowercase letters are not different (P > 0.05, Tukey post-hoc test). Sample size (N responses) is noted on the x-axis in graphs A–D. Sample
sizes in E are: for bottle N (47), P (3), N + P (47); NDS N (170), P (174), N + P (381); flume N (27), P (22), N + P (160); and whole
stream N (32), P (27), N + P (145). Sample sizes in F are: for bottle N (72), P (53), N + P (80); NDS N (418), P (399), N + P (705); flume
N (20), P (71), N + P (185); and whole stream N (39), P (31), N + P (189). NDS, nutrient-diffusing substrata.
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Similar to previous studies (Beck &Hall, 2018), P enrichment
treatments in NDS experiments produced consistently low
responses, as neither rate nor state LRR distributions differed
from zero (Fig. 2E, F).

(3) Effects of nutrient enrichment across trophic
levels

Responses of primary producers, heterotrophic microbes,
primary consumers, and secondary consumers to nutrient
additions were variable, but mean LRR values for all trophic
levels were greater than zero (Fig. 3, Table S1, Fig. S1). In the
subset of NDS rate responses, both primary producer and
integrated ecosystem LRR distributions were different from
0 (mean 0.20 = +22%, and 0.14 = +15%, respectively),

but did not differ from one another (Fig. 3A, Table 2). There
was only one study (N = 3 responses) that measured NDS
heterotrophic microbial respiration rate responses, and none
that measured rates of production for consumers (Fig. 3A). In
NDS state responses, both primary producer and heterotro-
phic microbe LRR distributions were different from 0 (mean
0.30 = +35%, and 0.34 = +40%, respectively), while pri-
mary consumer LRR was not, and there was only one exper-
iment that measured higher-order consumer response
(Fig. 3B). However, NDS state LRRs did not differ across tro-
phic levels (Table 2).

In non-NDS experiments, mean rate LRRs for primary
producers, heterotrophic microbes, primary consumers, sec-
ondary and tertiary consumers, and integrated ecosystems
were all greater than 0 [LRR 1.03 (+180%), 0.47 (+60%),

Fig 3. Boxplots of all ln response ratio (LRR) data for (A) rate and (B) state nutrient-diffusing substrata (NDS) responses, and (C) rate
and (D) state non-NDS responses across trophic levels. Other details are as in Fig. 2. Three high outliers and four low outliers for
primary producer data are outside the plot. Secondary+, secondary and tertiary consumers.
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0.40 (+49%), 0.36 (+43%), and 0.87 (+139%), respectively;
Fig. 3C], but did not differ across trophic levels (Table 3,
Fig. 3C). For non-NDS state variables, mean LRRs for all
trophic categories were greater than 0 (primary producer
0.74 = +109%, heterotrophic microbes 0.30 = +35%, pri-
mary consumers 0.47 = +60%, secondary and tertiary con-
sumers 0.88 = +141%; Fig. 3D). In non-NDS state
experiments primary producer LRR was higher than that
of heterotrophic microbes and primary consumers, but simi-
lar to LRR of secondary and tertiary consumers (Table 3,
Fig. 3D).

(4) Responses of detrital and algal food-web
pathways

Both heterotrophic and autotrophic responses in all experi-
ments were greater than 0 (Fig. 4): respectively, heterotrophic
and autotrophic rate variables in NDS experiments had
mean LRR of 0.29 and 0.17 (+34 and +19%, Fig. 4A), and
in non-NDS rate experiments a mean LRR of 0.74 and
0.65 (+110 and +92%, Fig. 4C); and state variables in
NDS experiments had a mean LRR of 0.35 and 0.30 (+42
and +35%, Fig. 4B) and in non-NDS experiments a mean

Fig 4. Boxplots of all ln response ratio (LRR) data for (A) rate and (B) state nutrient-diffusing substrata (NDS) responses, and (C) rate
and (D) state non-NDS responses in heterotrophic and autotrophic food-web components. Other details are as in Fig. 2. Three high
outliers and four low outliers for autotrophic data are outside the plot.
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LRR of 0.39 and 0.65 (+48 and +92%, Fig. 4D). However,
there were no statistical differences in LRRs between hetero-
trophic and autotrophic food web components in any cate-
gory (Tables 2 and 3).

(5) Environmental drivers of the effects of nutrient
enrichment

A number of environmental and experimental factors influ-
enced nutrient enrichment (LRRs) in both NDS and non-
NDS experiments. Generally, in NDS experiments, state
and rate LRRs decreased with increasing background inor-
ganic N concentrations, and state LRRs additionally
decreased with increasing background SRP concentrations
(Table 2). In NDS experiments, PAR modulated an
increase in state LRRs and a decrease in rate LRRs
(Table 2). Background DOC concentrations were nega-
tively related to NDS state and rate LRR values, and a
closed canopy was negatively associated with NDS state
variable LRRs (Table 2). Temperature was positively cor-
related with both rate and state LRRs in NDS experiments
(Table 2).

In non-NDS experiments, both rate and state LRRs
decreased with background SRP and DIN concentrations
(Table 3). In non-NDS experiments, the concentrations and
proportional increases in added nutrients (SRP, TP, NH4

+,
NO3

−, DIN, TN) were generally not related to LRRs, with
the exceptions that proportional increases in DIN and
NH4

+ were positively related to LRRs for state and rate vari-
ables, respectively, and experimental concentrations of DIN
and SRP were negatively related to LRRs for rate responses
(Table 3). PAR modulated an increase in rate LRR, but not
in state LRRs (Table 3). pH was positively related to non-
NDS state variable LRRs (Table 3). Overall, in both NDS
and non-NDS experiments background nutrient concentra-
tions, canopy cover (light availability), and temperature were
related to the response magnitude of state and rate variables,
although relationships were weaker for non-NDS experi-
ments (see Table 3).

BRT models accounted for 30–37% of the variation in
LRR values across the three groups of analyses (rate and state
LRRs for NDS experiments and rate LRRs for non-NDS
experiments), but less than 10% of the variation in non-
NDS state variables (Table 4). All BRT models tended to
underestimate the largest LRR values, because slopes for
the relationships between observed and modelled LRR esti-
mates were consistently below 0.5. The final model for state
variable responses in NDS experiments revealed that high
LRR values occurred at low ambient NO3

−-N concentra-
tions, higher latitudes, and warmer water temperatures, with
background NO3

−-N concentrations exerting the greatest
relative influence on biotic responses, although partial
dependency plots revealed non-monotonic relationships for
SRP and DIN:SRP gradients (Fig. 5). By contrast, relation-
ships between partial dependencies for rate LRR versus envi-
ronmental variables in NDS experiments were usually
non-monotonic, but positive slopes for backgroundNO3

−-N,
SRP, and temperature were significant (Fig. 6). Here and in
other partial dependency plots, the lack of monotonic rela-
tionships suggests unpredictable outcomes among studies
across environmental gradients (Figs 6, S2). For non-NDS
experiments, the BRT model for rate-based responses
accounted for 37% of the variation in LRR values
(Table 4), but most partial dependency plots showed non-
monotonic relationships with environmental gradients
(Fig. S3) and only the negative slope for DIN:SRP ratio was
different from 0 (Fig. 6). The final BRT model for state vari-
ables in non-NDS experiments could account for only 9% of
the variation in LRR values (Table 4), but LRR values
tended to increase with increasing light availability and
slightly higher SRP concentrations (Figs 6 and S4). However,
the relative influence of these variables was low, potentially
due to gaps along these gradients and smaller sample sizes
(Figs 6 and S4). Across all models, the most important envi-
ronmental influences on biotic responses to nutrient enrich-
ment were related to ambient nutrient concentrations,
light, and water temperature. Food-web pathways (autotro-
phic versus heterotrophic) and canopy cover were not impor-
tant predictors in BRT models.

Table 4. Sample size, tree complexity, optimal tree number, and mean deviance for final boosted regression tree (BRT) models for
each of the four BRT analyses [ln response ratio (LRR) values for rate and state variables in nutrient-diffusing substrata (NDS) and
non-NDS experiments]. Regression slopes and r2 values for relationships between observed and modelled LRR estimates are also
provided

Parameter
NDS experiments Non-NDS experiments

Rate variables State variables Non-NDS rate variables Non-NDS state variables

Sample size 691 1518 501 739
Tree complexity* 3 3 2 2
Optimal number of trees 3050 3650 3700 9400
Final mean deviance 0.34 0.48 0.26 0.48
r2 0.30 0.33 0.37 0.09
Regression slope 0.35 0.36 0.43 0.27

*Total sample size, 80% of which was randomly selected to train the model.
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Fig 5. Partial dependency plots for state variables in nutrient-diffusing substrata (NDS) experiments. Partial dependency coefficients
versus values (or gradients) of independent variables that exceeded 5% relative influence in the boosted regression tree (BRT) model
are shown. Vertical grey hash marks above the x-axis represent individual observations along the gradient, and the relative influence
(%) of each term is provided in each plot. Sample sizes are shown above the points for categorical variables. SRP, soluble reactive
phosphorus.
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Fig 6. Slopes of relationships between partial dependency values derived from boosted regression tree (BRT) models and values for
independent variables with >5% relative influence. Slope estimates ±95% confidence intervals are shown. The relative influence of
each variable is depicted by the size of the grey bubble. DIN, dissolved inorganic nitrogen; NDS, nutrient-diffusing substrata; PAR,
photosynthetically active radiation; SRP, soluble reactive phosphorus.
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IV. DISCUSSION

(1) Overall effects of nutrients on biotic responses

Our results expand on previous meta-analyses of nutrient-
enrichment experiments by showing that elevated nutrients
increased autotrophic and heterotrophic rate and state vari-
ables across multiple trophic levels in streams and rivers
(Figs 2, 3 and 4). These results support our first hypothesis
that experiment type (i.e. NDS versus non-NDS), spatial
scale, and nutrient type (N, P, or both), all modulated the
strength of nutrient-enrichment effects on stream biota.
We did not find conclusive support for our hypotheses that
the magnitude of the response declines with increasing tro-
phic level, or that heterotrophic responses are stronger than
autotrophic responses (Figs 3 and 4). We did find support
for our hypothesis that site environmental conditions (such
as ambient nutrient concentrations, temperature, and light
availability) modulate the response to nutrient enrichment
(Fig. 6). Our results show that nutrient enrichment of rivers
and streams has widespread stimulating effects on both rate
and state variables, across multiple trophic levels, and in
autotrophic and heterotrophic organisms, food webs, and
ecosystems.

(2) Effects of experiment duration, type, and
nutrient added

Our analyses revealed contrasts in biotic responses in NDS
and non-NDS enrichment experiments, corroborating the
conclusions of previous meta-analyses that called for cau-
tion when interpreting the results of NDS experiments in
assessing nutrient limitation in streams (Keck &
Lepori, 2012; Beck et al., 2017; Beck & Hall, 2018).
Although we do not know the reasons for the higher (2–5
times) LRR values obtained in flume and whole-stream
experiments compared to NDS experiments (Fig. 2), we
postulate that: (i) NDS may not be suitable for natural levels
of algal establishment and growth, for example Klose, Coo-
per & Leydecker (2012) found that Cladophora that were
abundant in the surrounding stream did not colonize
NDS; (ii) NDS experiments are much smaller than flume
and stream experiments (0.01 versus 10–100 m2, respec-
tively) and NDS often diverge from natural stream bottoms
in physical and chemical characteristics (e.g. flow, primary
succession, habitat characteristics); and (iii) P addition in
commonly used NDS designs often elicit inhibitory
responses (Sanderson et al., 2009; Klose et al., 2012; Beck
et al., 2017; Beck & Hall, 2018). The latter could be an arte-
fact owing to the production of toxic hydrogen peroxide
when agar is autoclaved together with phosphate (Tanaka
et al., 2014; Beck & Hall, 2018), a commonly used proce-
dure when preparing NDS experiments that is now discour-
aged (Tank, Reisinger & Rosi, 2017), or may be due to
differences in pH that result from different phosphate salts
(Beck & Hall, 2018). Our meta-analysis includes NDS
experiments from many continents and a wide range of

streams in North America (e.g. Johnson, Tank &
Dodds, 2009), reinforcing the conclusions of Beck
et al. (2017) regarding the confounding effects of P inhibi-
tion, and also demonstrating that these effects are wide-
spread. NDS experiments can mimic natural small-scale,
point-source nutrient enrichment, such as local patches
caused by chironomid pupal cases (Pringle &
Bowers, 1984), but the exact level of nutrient enrichment
in NDS is unknown in most experiments. We suggest that
NDS experiments be combined with or replaced by larger
spatial-scale experiments to interpret biotic responses to
nutrient enrichment more accurately.
Our results indicated no short-term effect of the duration

of experimental enrichment on biotic responses, although
our data set included few studies of duration greater than
60 days. By contrast, experiments and observations span-
ning multiple seasons or years indicate substantial intra-
and inter-annual variation in responses of stream biota to
fertilization. Such variation could result from organismal
attributes including size, lifespan, life cycle, growth, and
movement (Peterson et al., 1993;Cross et al., 2006; Davis
et al., 2010) and interactions of biotic attributes with fertil-
ization (O’Brien & Dodds, 2010; Suberkropp et al., 2010).
Changes in abiotic conditions, such as light, and thermal
or discharge regimes could further amplify or mute the
biotic responses to fertilization (Slavik et al., 2004; Green-
wood & Rosemond, 2005), as suggested by strong cross-site
patterns attributed to abiotic conditions (Tables 2 and
3, Fig. 6).
Long-term, chronic nutrient enrichment can also pro-

duce ecological surprises. The longest running nutrient-
enrichment experiments were conducted in a primary
producer-based ecosystem in the Arctic (16 years; Slavik
et al., 2004) and in a detrital-based ecosystem in the temper-
ate zone (5 years; Rosemond et al., 2015). In the Arctic
stream, moss replaced algae as the dominant primary pro-
ducer after eight consecutive summers of phosphorus addi-
tion, a change not predicted by experiments of shorter
duration (Slavik et al., 2004). In the temperate stream, nutri-
ent enrichment stimulated heterotrophic microbes and ini-
tially stimulated production of detritivores and
invertebrate predators; however, over longer time periods,
bottom-up effects on higher trophic levels were constrained
by gape limitation of predators (Cross et al., 2006; Davis
et al., 2010). In lakes and terrestrial ecosystems, where more
long-term nutrient-enrichment experiments have been con-
ducted, such non-linear and unexpected responses to fertil-
ization have been documented repeatedly, engendering
theories related to nutrient saturation and thresholds in eco-
system responses to fertilization (Aber & Melillo, 2001;
Scheffer et al., 2001). Thus, the relatively short-term nature
of the majority of the experiments included in our meta-
analysis, combined with documented contrasts between
short- and long-term effects in a small number of studies,
show that stream ecology research will benefit from more
long-term fertilization experiments (Dodds, 2006; Groff-
man et al., 2006).
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(3) Effects of nutrient enrichment across trophic
levels

Our hypothesis that enrichment effects would attenuate
across trophic levels was based on the notion of energy trans-
fer efficiency (Lindeman, 1942; Abrams, 1993). However, we
found mixed support for this hypothesis. GLM analyses
detected an effect of trophic level only on state variables in
non-NDS experiments (Table 3) and BRT analyses included
trophic level only in models explaining rate variables
(Tables 2 and 3), and these differences did not fully reflect
an attenuation pattern. There was a mean increase of 43%
in secondary and tertiary consumers growth rates in non-
NDS experiments, which included responses from diverse
organisms and limited evidence of trophic buffering of
enrichment effects. Mechanisms that give rise to such effects
may include promotion of algal versus detrital pathways that
propagate to affect diets of higher order consumers, such as
in nutrient-stimulated growth of salamanders (Bumpers et

al., 2015; Bumpers et al., 2017). We only found significant dif-
ferences across trophic levels in non-NDS state variables
(Fig. 3D), with heterotrophic microbes and primary con-
sumers having lower LRRs than primary producers and sec-
ondary and tertiary consumers. These results could suggest a
stronger response in higher trophic levels (secondary con-
sumers), but the low number of responses for secondary con-
sumers (N = 12) makes it difficult to draw strong inferences.
Species diversity of fishes and invertebrates has previously
been linked to nutrient concentrations (Bourassa &
Cattaneo, 1998; Wang, Robertson & Garrison, 2007;
Evans-White et al., 2009), although these studies generally
found no clear link between animal biomass and nutrient
levels. Our meta-analysis highlights that nutrient-enrichment
effects can propagate through higher trophic levels, and this
topic is in need of further research.

Themagnitude of integrated ecosystem responses was sim-
ilar to those of primary producers in NDS and non-NDS rate
studies (Fig. 3A, C). In NDS rate studies the integrated eco-
system responses included measurements of community res-
piration and primary productivity on small substrates, so it
is not surprising that LRR values were similar. In the non-
NDS rate studies the integrated ecosystem responses include
whole-stream respiration measurements (measured using
changes in dissolved oxygen levels), leaf litter breakdown
rates, and substrate-specific respiration and productivity,
making it more surprising that the responses were similar
(180% increase in primary producers, 139% increase in inte-
grative ecosystem). Our results support previous calls for
studies to include ecosystem process rates to assess the health
of ecosystems (Palmer & Febria, 2012; Woodward
et al., 2012).

(4) Responses of detrital and algal food-web
pathways

Contrary to our hypothesis that detrital food-web pathways
would respond more strongly to nutrient enrichment, we

found similar LRRs in heterotrophic and autotrophic path-
ways in rate and state variables in both NDS and non-NDS
experiments (Fig. 4). One potential explanation is that, given
the short duration of most studies, ‘luxury’ algal uptake was
not involved in dampening the response of algae to nutrient
enrichment. Both autotrophic and heterotrophic resources
support most stream and river ecosystems (Dodds, 2006;
Lau, Leung & Dudgeon, 2009). Increased nutrient loading
can strongly increase algal production and biomass
(Biggs, 2000; Francoeur, 2001; Hillebrand, 2002; Keck &
Lepori, 2012), as well as heterotrophic microbial activity
and leaf litter breakdown (Ferreira et al., 2015; Rosemond
et al., 2015). Our results expand the limited perspective of
algal biomass as the main indicator of nutrient enrichment
by demonstrating a widespread sensitivity of detrital food
webs to nutrient addition (Dodds, 2007; Ferreira
et al., 2015; Rosemond et al., 2015).

(5) Environmental influences on biotic responses to
nutrient enrichment

The range of response magnitude across all rate and state
variables and all trophic levels was high (Fig. S1, Table S1),
reflecting the many environmental and experimental factors
that influence biological responses to nutrient enrichment
(LRRs). The results support our hypothesis that biotic
responses to nutrient enrichment were moderated by water
temperature, background concentrations of inorganic N
and P, and light availability (Tables 2 and 3, Figs 5, 6, S2–
S4). The partial dependency values depict the strength and
directionality of responses to independent gradients, but
must be contextualized with corresponding relative influence
values (which convey how influential the gradient is among
all others) and the frequency of observations along the gradi-
ent (depicted by the grey ticks on the plots; Elith et al., 2008).
Variables exhibiting univariate relationships with both high
influence and even distribution of observations along the gra-
dient are most likely to consistently predict how ecological
variables will respond to experimental eutrophication.
Therefore, for example, the monotonic relationship between
rate LRRs and PAR levels observed in non-NDS experi-
ments (Fig. S3) suggests an important ability of light to alter
biological responses to nutrient addition, a finding stressed
elsewhere and in diverse contexts (Hill &Knight, 1988; Taul-
bee, Cooper & Melack, 2005; Hill, Rinchard &
Czesny, 2011a; Klose, Cooper & Bennett, 2015). While tem-
perature was the most influential variable for the rate vari-
able, non-NDS model (Fig. S3) and exhibited a mostly
univariate positive relationship, observations along the gradi-
ent were uneven and skewed towards temperate streams,
thus we cannot conclusively state that temperature represents
a consistently influential variable. For NDS state variables,
LRRs exhibited a very strong univariate decreasing relation-
ship with ambient NO3

−-N concentrations (Fig. 5). This
clearly supports a mechanism of nutrient saturation of biotic
response; a pattern congruent with previous results (Keck &
Lepori, 2012; Klose et al., 2012). While ambient NO3

−-N
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concentrations were not found to be correspondingly influen-
tial in non-NDS experiments (Figs S3, S4), this could be due
to a paucity of experiments with low NO3

−-N (<10 μg l−1)
levels. Still, the non-NDS state variables also exhibited a
mostly univariate, negative relationship with NO3

−-N like
that observed in the state variable NDS gradient. The overall
lack of concordance observed between NDS and non-NDS
models illustrated here highlights the potential limitation of
using NDS as a means of assessing ecosystem-scale responses
identified elsewhere (Capps et al., 2011; Beck & Hall, 2018).

Our data highlight possible thresholds of ecological
responses to gradients of abiotic or nutrient variables. Partial
dependency plots using BRT models can illustrate where
threshold-like non-linearities occur, especially for thresholds
that cannot be detected using other techniques. However,
statistically detecting thresholds may be compromised by
data gaps or uneven data coverage. As an example of a pos-
sible threshold, the relative importance of NO3

−-N for NDS
state LRRs decreased with ambient NO3

−-N concentration,
apparently reaching a lower asymptote at ca. 300 μg l−1

(Fig. 5). The lack of an increasing or decreasing trend in par-
tial dependency above this value suggests that NDS experi-
ments conducted in streams with ambient NO3

−-N levels
above this concentration will have little or no effect. Ecolog-
ical threshold responses to NO3

−-N of a similar magnitude
have been reported elsewhere (Keck & Lepori, 2012; Smith
et al., 2013), although the potential thresholds reported here
are not tailored to a specific dependent parameter (such as
productivity or biomass accrual), thus comparisons must be
made in this context. Such patterns are most credible where:
(i) there is comprehensive data coverage along the gradient of
interest, and (ii) the variable is highly influential in predicting
LRR values, as is the case for ambient NO3

−-N in the NDS
state variables analysed here (Fig. 5). Heterogeneity in the
relative importance and consistency of thresholds for specific
factors across different physicochemical settings has been
observed elsewhere, rendering general conclusions difficult
(Black, Moran & Frankforter, 2011). One fundamental chal-
lenge in identifying single-gradient thresholds is that ecolog-
ical properties respond to myriad environmental changes
simultaneously (Groffman et al., 2006). Partial dependencies
reported by BRT models attempt to address this challenge
by depicting the effect of the environmental gradient after
accounting for the average effects of all other variables in
the model (Elith et al., 2008). Other potential thresholds on
LRRs that might be drawn from our findings, but that must
be contextualized within the distribution of observations
along the gradient, include a positive effect on non-NDS
rate variables above �20�C mean temperature and
�150 μmol m−2 s−1 PAR (Fig. S3). By contrast, the most
influential variable in non-NDS state data (SRP, see
Fig. S4) exhibited non-monotonicity, which indicates that
a subset of studies likely exerted disproportionate influence
on the model. Furthermore, overrepresentation of ecologi-
cal investigations in temperate regions (Stroud &
Feeley, 2017) very likely limited the distributions of several
variables in our models, including mean water temperature

and latitude. Therefore, targeting tropical and high-
latitude sites for future nutrient-enrichment studies may
allow detection of thresholds that our data are not currently
able to resolve.

(6) Implications for water nutrient management

Our results are relevant to the ongoing development of
numerical nutrient criteria to prevent or reduce the impair-
ment of beneficial human uses of water bodies in the
U.S.A. and elsewhere (Stoner, 2011). One of the challenges
facing groups developing regional nutrient criteria is identify-
ing biological indicators that are sensitive to nutrient pollu-
tion (EPA, 2013). Our results show that both algae and
heterotrophic microbes respond to similar extents (34–43%
increase) to nutrient enrichment. Work in lakes has shown a
strong relationship between chlorophyll a concentration, a
common index of nuisance algal levels, and TN and TP con-
centrations (McCauley, Downing & Watson, 1989).
Although similar relationships have been developed for
streams and rivers (Van Nieuwenhuyse & Jones, 1996;
Biggs, 2000) these relationships were not as strong, perhaps
because of interactive effects of nutrients, light, turbidity
(and N and P associated with suspended sediments), and flow
on algal biomass in lotic systems (Dodds, Jones &
Welch, 1998). Evidence is growing that the biomass of pri-
mary producers, and of primary and secondary/tertiary con-
sumers, leaf litter breakdown rates, and microbial biomass
and activity are sensitive to nutrient pollution in streams
and rivers (present study; Woodward et al., 2012; Ferreira
et al., 2015; Rosemond et al., 2015).
Although responses of higher trophic levels can be used as

indicators of nutrient pollution (Woodward et al., 2012), it is
clear that more data are needed to quantify animal responses
to nutrient enrichment at large spatial and temporal scales.
Our results suggest that moderate nutrient inputs can stimu-
late fish production, but we caution that excessive nutrient
levels can drive algal blooms and increase microbial activity
leading to depleted oxygen levels and possible fish kills
(Paerl et al., 2004), and that nutrient enrichment may shift fish
communities to less-desirable species (Wang et al., 2007). The
similar LRRs reported here in rate (LRR range 0.28–0.58)
and state (0.30–0.65) variables across multiple trophic levels
suggest that development of numerical nutrient criteria could
move beyond reliance on chlorophyll a, and use multiple tro-
phic levels and process rates.
Our analyses indicate that streams with lower DIN and

higher light and temperature levels often show stronger biotic
responses to increased nutrient loading. Hence, streams with
these characteristics may be the most vulnerable to increased
nutrient loading. Our results suggest that several approaches
have the potential to mitigate the effects of nutrient pollution,
including reduction of nutrient inputs and actions that
increase shading or decrease water temperature (such as
planting of riparian vegetation, reduction of urban runoff ).
Furthermore, our results showed that increased nutrient
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inputs affected both algal and detrital-based food webs simi-
larly, suggesting that both must be addressed in regulatory
actions (Rosemond et al., 2015).

Recent debate has centred on whether regulation of both
N and P are equally effective strategies in protecting inland
waters from eutrophication (Schindler et al., 2008; Conley
et al., 2009), but our results, including those from whole-
stream experiments, suggest that both N and P individually
and in combination influence multiple trophic levels in
streams. Similar to previous studies, we found the strongest
enrichment responses when N and P were added together
(Francoeur, 2001; Elser et al., 2007; Beck et al., 2017), sup-
porting calls for numerical criteria for both N and P (Paerl
et al., 2004; Lewis, Wurtsbaugh & Paerl, 2011; Wurtsbaugh,
Paerl & Dodds, 2019).

V. CONCLUSIONS

(1) Increased nutrient loading to lotic ecosystems causes
an average 49% increase in biomass, abundance, and
activity rates across multiple trophic levels in both
autotrophic and heterotrophic food webs.

(2) Experiment type modulated the response of biotic
components to nutrient enrichment, with nutrient-
diffusing substrata (NDS) experiments showing weaker
responses than whole-stream or flume experiments.
We suggest that NDS be combined with experiments
at larger scales to increase our understanding of the
mechanisms driving biotic responses to excess
nutrients.

(3) Nutrient added (N, P, or both) affected the magnitude
of the response from biotic components, with the addi-
tion of N and P together generally leading to the stron-
gest responses. Our results provide strong support for
calls to consider both N and P in strategies to protect
aquatic ecosystems from eutrophication (Conley
et al., 2009).

(4) While experiment duration was not a clear factor
explaining response magnitude, most studies were less
than 60 days in duration. Given the surprises found in
the few multiyear nutrient-enrichment experiments to
date, we suggest that longer studies that follow the
responses of multiple trophic levels (primary pro-
ducers, heterotrophic microbes, primary consumers,
secondary and tertiary consumers, and integrated eco-
systems) are necessary.

(5) Contrary to our initial hypotheses, responses to nutri-
ent enrichment were similar across trophic levels, and
in autotrophic and heterotrophic food-web compo-
nents. Increased nutrient loading will alter multiple
food-web components in rivers and streams.

(6) In support of our initial hypotheses, the magnitude of
enrichment responses is highly contingent on environ-
mental conditions, such as ambient temperature, light,
and background nutrient levels. This information

could help to identify rivers or streams that are partic-
ularly vulnerable to increased nutrient loading, or
identify management practices that could help miti-
gate the biotic responses to excess nutrients.

(7) Future studies should examine how increases in nutri-
ents and other environmental variables (such as tem-
perature, light availability, organic matter quantity
and quality) interact to affect autotrophic and hetero-
trophic food webs. Humans are increasing nutrient
loading to rivers and streams and changingmany other
factors, thus a more mechanistic understanding of pos-
sible interactions among stressors is needed.
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Table S1. Summary of ln response ratio (LRR) and variance
(V) values across all 184 studies, 885 experiments, and 3450
numerical responses, with Z and P value statistics for each
group.
Fig. S1. Distribution of effect size (ln response ratio, LRR)
and variance for all control–treatment pairs, binned by
response category and sorted by effect size.
Fig. S2. Partial dependency plots for the most important
factors for boosted regression tree (BRT) models of rate

variables in nutrient-diffusing substrata (NDS)
experiments.
Fig. S3. Partial dependency plots for themost important fac-
tors for boosted regression tree (BRT) models of rate vari-
ables in non-nutrient-diffusing substrata (non-NDS)
experiments.
Fig. S4. Partial dependency plots for the most important fac-
tors for boosted regression tree (BRT) models of state variables
in non-nutrient-diffusing substrata (non-NDS) experiments.
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