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Abstract 

Background: Eutrophication of freshwater ecosystems resulting from nitrogen and phosphorus pollution is a major 
environmental stressor across the globe. In this systematic review, we compiled and synthesized literature on sestonic 
and benthic chlorophyll a (chl-a) responses to total nitrogen (TN) and total phosphorus (TP) concentrations in the 
water column in streams and rivers to provide a state-of-the-science summary of nutrient impacts on these end-
points. This review was motivated by the need for comprehensive information on stressor-response relationships for 
the most common nutrient and biotic response measures used by state-level environmental managers in the United 
States to assess eutrophication of lotic ecosystems and support environmental decision making.

Methods: Searches for peer-reviewed and non-peer-reviewed articles were conducted using bibliographic data-
bases, specialist websites, and search engines. These returns were supplemented with citation mapping and requests 
for material from experts. Articles were screened for relevance using pre-determined eligibility criteria, and risk of bias 
was evaluated for each included article based on study type-specific criteria. Narrative summaries and meta-analysis 
were used to evaluate four primary stressor-response relationships: TN-benthic chl-a, TP-benthic chl-a, TN-sestonic chl-
a, and TP-sestonic chl-a. Potential effects of modifying factors and study validity on review conclusions were assessed 
via sensitivity and sub-group analysis and meta-regression.

Results: Meta-analysis of 105 articles, representing 439 cause-effect pairs, showed that mean effect sizes of both 
benthic and sestonic chl-a responses to TN and TP were positive. Of the four stressor-response relationships examined, 
TP-sestonic chl-a had the most positive relationship, followed by TN-benthic chl-a, TN-sestonic chl-a, and TP-benthic 
chl-a. For individual U.S. states, mean effect sizes for the four stressor-response relationships were mostly positive, with 
a few exceptions. Chlorophyll measurement method had a moderately significant influence on mean effect size for 
TP-sestonic chl-a, with chl-a responding more strongly to TP if fluorometry versus spectrophotometry was used. Year 
of publication had a significant negative effect on mean effect size, as did mean nutrient concentration for both ses-
tonic chl-a nutrient relationships. When the same study measured both TN and TP, chl-a tended to respond similarly to 
both nutrients. Sensitivity analysis indicated that conclusions are robust to studies with high risk of bias.
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Background
Nutrient pollution by nitrogen (N) and phosphorus 
(P)—defined here as nutrient concentrations higher 
than background or natural levels—is a major stressor 
of freshwater ecosystems, both globally and across the 
United States (U.S.) [1–6]. Nutrient pollution and result-
ing stressors (e.g., eutrophication, oxygen depletion) 
degrade ecosystem services worth more than $2.2  bil-
lion annually in the U.S. alone [7]. Despite recognition of 
nutrient pollution issues by scientists and stakeholders, 
rigorous synthesis of scientific evidence is still needed 
to inform nutrient-related management decisions, espe-
cially in streams and rivers [8].

Nutrient stressor-response relationships are compli-
cated by multiple interacting environmental factors, 
complex and indirect causal pathways involving diverse 
biotic assemblages and food web compartments, legacy 
(historic) nutrient sources such as agricultural sediments, 
and the naturally high spatiotemporal variability of lotic 
ecosystems [9, 10]. The complexity of stressor-response 
relationships and natural variability of ecosystems may 
result in inconsistent findings in the literature. For exam-
ple, chlorophyll a (chl-a) is a widely used measure of 
eutrophication, but the response of chl-a to nutrients 
often depends on environmental context. The ability to 
place individual study results in the context of a com-
prehensive evidence base and increasing the accessibility 
of evidence may support development of environmental 
decisions, such as state numeric nutrient criteria. In the 
U.S., important water quality decisions are made at the 
state level, and this review aimed to increase access to 
and understanding of the state-relevant evidence avail-
able in the literature.

Nutrient increases can affect biota in streams and riv-
ers through a variety of biological, chemical, and physi-
cal mechanisms [11]. Biota integrate nutrient impacts 
over time and may represent the ecological condition of 
a system more accurately than a snapshot of water chem-
istry measurements [12–15]. For example, primary pro-
ducer biomass integrates water quality conditions over 
time periods of several days to months and thus provides 

information about conditions affecting aquatic life over 
longer time scales. Environmental managers often use 
this biological information to evaluate impacts of chronic 
pollution (e.g., [16]), but this can be complicated because 
high spatiotemporal variability, across numerous envi-
ronmental factors, can mask links between nutrients 
and biota [17]. A synthesis of nutrient stressor-biologi-
cal response relationships and how these relationships 
are modified by other factors could aid environmental 
managers in both identifying impacted systems based on 
biota [18] and setting targets for maintaining or reviving 
healthy ecosystems [19–21].

Primary producers are one of the first ecological indi-
cators that respond to nutrient pollution in lotic systems 
[22]. Increases in primary producer biomass, particu-
larly algal biomass, are also associated with many of the 
negative human health and ecological consequences of 
eutrophication, such as hypoxia, reduced drinking water 
quality [23, 24] and altered species composition [6]. 
Chl-a is a photosynthetic pigment used to measure pri-
mary producer or algal biomass [25]. In streams and riv-
ers, researchers may sample benthic chl-a from bottom 
substrates or sestonic chl-a from the water column [25, 
26] to determine chl-a concentrations.

In this systematic review, we compiled and synthe-
sized literature on sestonic and benthic chl-a responses 
to total nitrogen (TN) and total phosphorus (TP) con-
centrations in the water column in streams and rivers 
to provide a state-of-the-science evidence base summa-
rizing nutrient impacts on these endpoints. TN and TP 
were selected for both practical and ecological reasons. 
This review was motivated by a need for comprehensive 
information on stressor-response relationships to aid 
water quality scientists at the U.S. Environmental Protec-
tion Agency (U.S. EPA) and state environmental agencies 
in better understanding the effects of nutrient pollution, 
and TN and TP are the most common nutrient measures 
used by environmental managers in the United States to 
assess eutrophication of lotic ecosystems [19, 21, 27, 28]. 
Although dissolved nutrient forms may be more available 
for immediate uptake by biota, total nutrient forms are 

Conclusions: This systematic review confirms that nutrients consistently impact primary producer biomass in 
streams and rivers worldwide. It builds on previous literature syntheses evaluating chl-a responses to nutrient concen-
trations and confirms that benthic and sestonic chl-a respond positively to nutrients across a range of stream and river 
conditions, but also points to limits on these relationships (e.g., potential saturation at high nutrient concentrations). 
Lack of consistent reporting of contextual data limited our ability to examine how moderating factors influenced 
these stressor-response relationships. Overall, we provide nutrient managers responsible for protecting the quality of 
lotic ecosystems with a comprehensive evidence base for chl-a responses to TN and TP concentrations in the water 
column.
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often more highly correlated with chl-a [22]. Dissolved 
forms may undergo rapid uptake and release by primary 
producers, such that concentrations of dissolved nutri-
ents in the water column may not represent true nutrient 
availability [29, 30]. In contrast, total nutrient forms may 
best represent trophic state and nutrient limitation in 
most lotic ecosystems because TN and TP account for N 
and P held within algae and sediment particles and thus 
represent integrated measures of biologically available 
nutrients [17, 30, 31].

Objective of the review
The primary question addressed by this review is: “What 
is the response of chl-a to TN and TP concentrations in 
lotic ecosystems?” The nutrient stressor (TN or TP con-
centration in the water column) and biotic response 
(chl-a) were chosen based on measures commonly used 
by U.S. state agencies to evaluate and make regulatory 
decisions about impairment of lotic ecosystems due to 
eutrophication. In several meetings held in 2016–2017, 
federal and state agency end users of the systematic 
review helped refine its scope, specific review questions 
and objectives, and modifying factors of interest. Based 
on these meetings, the primary review question consists 
of the following components:

Population: Lotic fresh waters, or mesocosms that 
mimic these systems, in any geographic location in the 
world.

Exposure: Concentration of TN or TP in the water col-
umn. We define TN as the sum of ammonia N, nitrate N, 
nitrite N, and organic nitrogen forms; we define TP as 
the sum of dissolved and particulate phosphorus forms.

Comparator: Control group (no added TN or TP, or 
low exposure to TN or TP) (for experimental studies); 
comparison to lower or higher TN or TP concentrations 
across a gradient (for observational studies).

Outcome: Chl-a concentration (sestonic, benthic, or 
other).

The secondary question addressed by this review is: 
“How are the relationships identified in the primary ques-
tion affected by other factors?” An initial list of potential 
modifying factors was developed in [32] and a final list is 
provided below (see “Methods”—“Potential effect modi-
fiers and reasons for heterogeneity”).

Methods
This review was conducted according to an a priori pro-
tocol [32] following the Guidelines for Systematic Review 
of the Collaboration for Environmental Evidence (v. 4.2) 
[33]. This review conforms to ROSES reporting stand-
ards [34] (Additional file 1). Deviations from the protocol 
were made due to specific situations encountered during 
the review and are detailed in the next section.

Deviations from the protocol
Search for articles

• As part of a larger project, we searched for arti-
cles from databases for two other ecological end-
points (macroinvertebrates and diatoms). Articles 
returned in these searches were screened together 
with chl-a returns (see below). These additional 
searches are documented in Additional file  2 and 
followed the original chl-a protocol [32] but with 
endpoint-appropriate keywords replacing chl-a 
keywords.

• We were unable to search two websites on our 
original list for state-level environmental agencies 
(Kentucky Department of Environmental Protec-
tion, Puerto Rico Environmental Quality Board) 
due to broken links and lack of search capabilities.

• We conducted an initial title screen within End-
Note to remove document types that were clearly 
ineligible (e.g., Front Matter, Meeting Programs, 
Abstracts, Books Reviewed). Duplicate entries were 
identified and removed using EndNote’s algorithm 
followed by manual screening. Remaining arti-
cles were imported into the Rayyan software [35] 
(http:// rayyan. qcri. org/) for title/abstract screening, 
and Rayyan was used to identify additional dupli-
cates.

Article screening and eligibility criteria

• For title/abstract screening consistency, the proto-
col stated that a maximum of 200 articles would be 
screened by all reviewers; however, an error in the 
screening software omitted one of the selected arti-
cles from screening and, once discovered, the origi-
nal process could not be replicated with the same 
reviewers.

• Articles obtained through snowball searches were 
screened similarly to database search returns using 
Rayyan, except for a subset of articles that were not 
available in Web of Science Core Collection. These 
articles were screened, first at the title level and then 
at the abstract level, directly in MS Excel and eligibil-
ity decisions were recorded separately. Separate title 
and abstract level screening were justified because 
so many of the bibliography items were easily judged 
ineligible at the title level (e.g., statistics textbooks).

• We screened returns from two additional endpoints 
together with chl-a returns at the title/abstract level. 
At the full text level, we removed articles that only 

http://rayyan.qcri.org/


www.manaraa.com

Page 4 of 25Bennett et al. Environ Evid           (2021) 10:23 

reported effect sizes for macroinvertebrates or dia-
toms, as documented in the ROSES diagram.

• We did not attempt to digitize or extract raw data 
to calculate effect sizes ourselves for this review, 
due to the number of articles and thus level of 
effort involved. Articles with no effect size were not 
advanced for validity assessment, full data extraction, 
or meta-analysis.

Study validity assessment

• We slightly modified the validity assessment ques-
tions for observational field studies from those listed 
in the protocol to distinguish between intra-site visit 
sample replication (e.g., triplicate water samples esti-
mating nutrient concentrations) and repeated visits 
to the same site (see Table  2), both of which could 
reduce risk of bias as they increased.

Potential effect modifiers and reasons for heterogeneity

• Based on evaluation of highly relevant articles and 
consultation with stakeholders and experts, the 
modifying factors extracted for this review differed 
slightly from the list in the protocol.

Data synthesis and presentation

• We did not combine validity assessment ratings to 
create an overall risk of bias for each dataset, as 
stated in the protocol, but instead retained indi-
vidual characteristic ratings in a twofold sensitivity 
analysis. Additionally, sample size limited our abil-
ity to conduct sensitivity analysis to only observa-
tional field studies.

Search for articles
Search terms and filters
Bibliographic databases were searched using a combi-
nation of terms representing the nutrient stressors (TN 
or TP), the biological response (chl-a), and habitat- or 
study-specific terms (e.g., terms associated with types 
of lotic fresh waters and experimental stream studies) 
(Additional file  2). For example, the following search 
string was used for searching Web of Science Core Col-
lection: (benth* OR catchment OR watershed OR stream* 
OR creek* OR river* OR pool* OR “flood plain” OR 

floodplain OR riparia* OR ditch* OR lotic OR spring* OR 
seep* OR riffle* OR freshwater OR freshwaters OR “fresh 
water” OR brook OR “running water” OR headwater OR 
tributary OR mesocosm OR flume OR microcosm) AND 
(“total nitrogen” OR “total N” OR “total phosphorus” 
OR “total P”) AND (Chlorophyll OR “chlorophyll-a” OR 
“chl-a” OR “chl  a”). Databases varied in how they han-
dled search strings, so searches were adapted as needed 
(Additional file  2). All databases requiring a subscrip-
tion were accessed through the U.S. EPA Library, except 
SCOPUS and GreenFILE which were accessed through 
the University of Iowa. Books, book chapters, pamphlets, 
and conference abstracts were excluded from considera-
tion unless they were submitted through calls for addi-
tional information (see “Supplemental searches” below); 
although non-digital library resource limitations pre-
vented a full evaluation of these resources, they typically 
did not report sufficient primary data and results. No 
language restrictions were applied to database searches, 
and any other filters used for specific databases (e.g., 
excluding full text search to limit ineligible literature) are 
detailed in Additional file 2.

In addition to the main bibliographic database searches 
for chl-a identified in the original protocol, we conducted 
database searches for two other ecological endpoints 
(macroinvertebrates and diatoms) as part of a larger pro-
ject. Some of these articles contained chl-a responses 
that were not captured by the original chl-a search. These 
searches followed the original chl-a protocol [32] but 
with endpoint-appropriate keywords replacing chl-a key-
words. The database searches conducted for macroinver-
tebrates and diatoms are documented in Additional file 2.

Search limitations
All searches were conducted in English.

Databases
Sixteen bibliographic databases, representing peer-
reviewed, non-peer-reviewed, and unpublished mate-
rial, were searched in late 2016 and early 2017 to obtain 
articles for the review (Additional file 2). When databases 
limited the search results that could be viewed or down-
loaded, results were filtered by year, when possible, to 
obtain subsets for viewing and download. Due to limita-
tions on batch downloading of citations, three databases 
(DART, National Technical Reports Library, and Open-
Grey) were treated similarly to website searches and the 
first 50 items returned (for separate TN and TP searches) 
were examined (see “Specialist websites”; Additional 
file 3).
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Specialist websites
In addition to bibliographic databases, we searched 71 
specialist websites in early 2017 for eligible citations. 
These websites focused on environmental agencies at the 
federal, state and territory level and environmental non-
governmental organizations; the complete list of websites 
searched is provided in Additional file  3. We were una-
ble to search two websites on our original list for state-
level environmental agencies (Kentucky Department of 
Environmental Protection, Puerto Rico Environmental 
Quality Board) due to broken links and lack of search 
capabilities.

For each website (and for the databases DART, 
National Technical Reports Library, and OpenGrey), 
the first 50 items returned, sorted by relevance, were 
examined for each search. For websites without a search 
function, “publications” sections were examined to 
find documents. Because many websites do not accept 
Boolean search strings, separate searches were con-
ducted for TN and TP, and a smaller set of terms were 
used each of these searches. All website searches are 
documented in Additional file 3. Although the specialist 
website list is biased toward western countries, resource 
constraints limited our ability to search more broadly in 
non-English speaking countries. Supplemental searches 
(below) were used to increase capture of eligible articles 
from other countries.

Search engines
Searches using Google and Google Scholar were con-
ducted in late 2018, and the first 50 search results were 
examined for relevance. Separate searches were con-
ducted for TN and TP and each endpoint; search terms 
used for each search were documented (Additional file 3).

Supplemental searches
To supplement these searches, we sent requests for addi-
tional resources by email to colleagues with disciplinary 
knowledge and posted the same requests on ECOLOG-L, 
Twitter, and ResearchGate. We also requested resources 
from a list of published experts in the subject area, tar-
geting authors from multiple regions around the globe 
to fill potential gaps created by U.S./Western bias in 
academic databases (Additional file 4). “Snowball” (cita-
tion mapping) searches were also conducted, using a 
“test set” of journal articles and reports that we judged 
as highly relevant given our systematic review questions 
(Additional file 4). The “test set” was created by search-
ing the authors’ personal libraries for highly relevant 
articles until at least 15 papers for TN-chl-a and 15 for 
TP-chl-a were obtained; because many articles reported 
relationships for both TN and TP, the “test set” included 
a total of 17 articles. References that cited or were cited 

by these articles were compiled and any novel references 
not found during database searches were evaluated. Web 
of Science Core Collection and Google Scholar were used 
to identify articles that cited or were cited by the highly 
relevant articles.

Reference management
Articles returned by the search strategy were stored in 
an EndNote library. In a slight deviation from the proto-
col, we conducted an initial title screen within EndNote 
to remove document types that were clearly ineligible 
(e.g., Front Matter, Meeting Programs, Abstracts, Books 
Reviewed). Duplicate entries were identified and 
removed using EndNote’s algorithm followed by manual 
screening. Remaining articles were imported into the 
Rayyan software [35] (http:// rayyan. qcri. org/) for title/
abstract screening, and Rayyan was used to identify addi-
tional duplicates. Manual screening of remaining articles 
during full text screening also identified several dupli-
cates (see ROSES diagram).

Assessing search comprehensiveness
Comprehensiveness of the search strategy was assessed 
by determining whether all articles in the predetermined 
“test set” of highly relevant articles (Additional file  4) 
were returned by at least one of the search types in the 
overall search strategy (i.e., database, website, search 
engine, or supplemental searches). Sixteen (94%) of the 
“test set” articles were returned using the search strat-
egy, indicating that the search strategy was comprehen-
sive (Additional file  4). We also conducted “snowball” 
searches/citation mapping of the “test set” articles to 
ensure that eligible citations were captured in our search 
(see “Supplemental searches”).

Article screening and study eligibility criteria
Screening process
Before title/abstract screening all articles, consistency 
in applying eligibility criteria was evaluated on a subset 
of articles using the kappa statistic (values range from 
0 to 1, with 0 indicating no agreement and 1 indicating 
complete agreement [36]). Five reviewers who would be 
involved in subsequent screening assessed the same ran-
domly selected set of 199 articles (according to the pro-
tocol, a maximum of 200 articles would be screened by 
all reviewers; however, an error in the screening software 
omitted one of the selected articles from screening and, 
once discovered, the original process could not be rep-
licated with the same reviewers). Kappa was calculated 
in the ‘irr’ package in R [37, 38], using modifications for 
more than two raters [39]. Kappa was 0.585, meeting the 
moderate or high standard set in the protocol for pro-
ceeding with screening [32, 33]. Reviewers discussed 

http://rayyan.qcri.org/


www.manaraa.com

Page 6 of 25Bennett et al. Environ Evid           (2021) 10:23 

screening decisions to resolve disagreements for the ini-
tial subset and made notes to inform future decisions. 
During title/abstract screening of the rest of the retrieved 
articles, any questions or disagreements about the eligi-
bility of an article that could not be resolved by referring 
back to notes on the initial subset were discussed.

The eligibility criteria (see below) were used to identify 
articles that were topically relevant or contained relevant 
data, based on review of the title and abstract. Abstracts 
of non-English language articles were translated using 
Google Translate to assess relevance. Any article for 
which there was uncertainty about its relevance was 
included for full text screening. Articles obtained through 
snowball searches were screened similarly to database 
search returns using Rayyan, except for a subset of arti-
cles that were not available in Web of Science Core Col-
lection. These articles were screened, first at the title level 
and then at the abstract level, directly in MS Excel and 
eligibility decisions were recorded separately. Separate 
title and abstract level screening were justified because 
so many of the bibliography items were easily judged 
ineligible at the title level (e.g., statistics textbooks). Arti-
cles obtained through website and other supplemental 
searches were screened during those searches by examin-
ing title/abstract/summary and full text when necessary, 
and information on the number of returns and eligible 
articles was recorded separately (see ROSES diagram).

We conducted title/abstract screening of three sets 
of database ecological endpoint searches (chl-a, mac-
roinvertebrates, diatoms) together because of the large 
number of duplicate articles and because some articles 
contained chl-a responses that were not captured by the 
original chl-a search.

Following evaluation of all titles and abstracts, full text 
screening occurred simultaneously with data extraction 
and validity assessment. As full text articles were exam-
ined for data extraction and validity assessment, any 
article judged to be ineligible was added to a list along 
with the justification based on eligibility criteria (Addi-
tional file 5). Consistency during full text screening was 
addressed by frequently convening three reviewers to 
discuss the strategy and resolve any questions. This was 
done prior to and during initial phases of data extrac-
tion to refine data capture and improve consistency. Two 
additional reviewers were added partway through the full 
text screening and data extraction steps of the review; 
these additional reviewers were added to the frequent 
discussions noted above to ensure eligibility decisions 
were consistent. Overall, approximately 11% of the 2253 
records that advanced to full text screening and data 
extraction were screened for eligibility by more than one 
independent reviewer.

Eligibility criteria
The  criteria in Table 1 were used to identify eligible lit-
erature. We did not impose any language or date restric-
tions during screening.

Multiple articles using same underlying data
For cases in which multiple articles used the same or 
similar underlying data (e.g., a dissertation and one or 
more published articles from that dissertation), the fol-
lowing criteria (listed in order of priority) were used to 
select a single source: the article with the more com-
plete underlying data, the version published as a peer-
reviewed journal article, or the most recent version. 
The duplicative article was used to fill in gaps in meth-
odology or contextual information where possible.

Unobtainable articles
Attempts to obtain full text of all articles not excluded 
during the title/abstract screening process were made 
using available library resources or by contacting authors. 
Articles for which full text was not obtainable are listed 
in Additional file 5. Where possible, full texts of eligible 
non-English language articles were also translated using 
Google Translate; however, some articles could not be 
reliably translated. All non-English articles considered 
eligible based on title/abstract screening but that were 
not able to be fully translated are also listed in Additional 
file 5.

Articles with no effect size
During full text screening we discovered that more arti-
cles than anticipated reported raw or averaged data on 
TN or TP and chl-a but did not report a calculated effect 
size—that is, they did not provide a quantitative measure 
of the strength of the relationship between TN or TP and 
some measure of chl-a. In a deviation from the protocol 
[32], we did not attempt to digitize or extract raw data to 
calculate these effect sizes ourselves for this review, due 
to the number of articles and thus level of effort involved. 
Thus, effect size became a de facto eligibility criterion. 
Articles with no effect size were not advanced for validity 
assessment, full data extraction, or meta-analysis but are 
listed in Additional file 5.

Study validity assessment
Datasets from articles that advanced to full text screen-
ing and extraction were assessed for validity and risk 
of bias. Validity assessments were based on a detailed 
guide developed before extraction began, as well as 
notes generated by reviewers in discussions through-
out the data extraction process (Additional file  6). In 
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an article, there could be one dataset (e.g., generated 
from one mesocosm experiment) or many datasets 
(e.g., generated from field samples taken in five states 
that were analyzed separately). Aspects of validity and 
risk of bias from published critical appraisal frame-
works in environmental science and medicine [40–42] 
were examined to develop a review-specific validity 
assessment approach [43]. For each dataset within an 
article, aspects of validity contributing to a “low” or 
“high” risk of bias were rated, based on specific crite-
ria for three study designs: (1) observational field stud-
ies, which typically sampled chl-a along a gradient of 
nutrient concentrations; (2) mesocosm experiments; 
and (3) field experiments (e.g., Before-After-Control-
Impact designs [44]) (Table  2, Additional file  7). We 
slightly modified the questions for observational field 
studies from those listed in the protocol to distinguish 
between intra-site visit sample replication (e.g., tripli-
cate water samples estimating nutrient concentrations) 
and repeated visits to the same site (see Table 2), both 
of which could reduce risk of bias as they increased. We 
also recognize that our validity assessment approach 
combines aspects of random and systematic error. As 
with data extraction, we assessed accuracy in validity 
assessment by having a reviewer not involved in the 
initial validity assessment independently assess validity 

for 25% of the studies evaluated by other reviewers; 
reviewers then discussed and resolved any differ-
ences. In a slight deviation from the protocol, we did 
not combine ratings to create an overall risk of bias for 
each dataset, but instead retained individual character-
istic ratings for the sensitivity analysis. Validity results 
for all datasets included in the narrative synthesis and 
meta-analysis are in Additional file 8.

Data coding and extraction strategy
Data were extracted from articles that were considered 
eligible after full text screening. A data extraction tem-
plate was created in MS Excel and used by all review-
ers, with some modifications made after extraction was 
tested on an initial subset of articles. Each reviewer 
read the full text of articles and manually entered infor-
mation into the Excel spreadsheet based on a detailed 
guide developed before extraction began and updated 
by reviewers in frequent discussions throughout the data 
extraction process (Additional file 6). The data extraction 
strategy focused on quantitative and qualitative informa-
tion about each cause-effect pair—that is, each specific 
reported relationship between TN or TP and benthic 
or sestonic chl-a—as well as environmental factors that 
could modify the relationship. The direction and strength 

Table 1 Detailed eligibility and exclusion criteria used to determine study eligibility in the systematic review

a We included some search terms that may capture studies in lentic habitats related to flowing systems (e.g., floodplain, riparian) in an attempt to obtain eligible 
studies that might otherwise be missed. We recognize that there is some uncertainty with the lotic/lentic distinction (e.g., flowing freshwater springs) and liberally 
included such articles at the title/abstract screening if otherwise eligible

Eligibility criteria Exclusion criteria

Population (unit of study)a

Lotic fresh waters anywhere in the world
Mesocosms made to mimic lotic freshwater systems

Lentic or non-fresh waters (wetlands, lakes, reservoirs, ponds, oceans, 
estuaries)

Exposure (environmental variable to which population is exposed)

Exposure to total nitrogen (TN) or total phosphorus (TP) measured as 
concentration (e.g., mg/L)

Exposure only to other nutrients, or nitrogen and phosphorus not reported 
as TN or TP

Comparators (control or alternative intervention)

Comparison to sites or treatments with lower or higher levels of TN or TP 
across a gradient
Comparison to control group (no or background TN or TP) or to lower or 
higher levels of TN or TP in experimental studies

Studies of single sites (without sampling across time) or those without 
comparison to lower or higher levels of TN or TP

Outcomes (eligible outcomes resulting from exposure)

Concentration of benthic or sestonic chlorophyll a, measured as mass per 
area or volume (e.g., µg/cm2, mg/m2, µg/L)

Studies examining only TN or TP with no data on biological responses
Studies examining other biological effects

Study type

Experimental studies in mesocosms or field sites
Field-based, observational studies

Studies examining only TN or TP with no data on biological responses
Studies examining only biological effects other than chlorophyll a

Publications (types of sources used)

Study must contain original data
Study must contain sufficient detail on methodology to assess study 
validity

Articles with no original data (e.g., editorials, reviews)
Articles without sufficient information to evaluate pertinent relationships 
(chlorophyll a response to TN or TP) or study validity (e.g., methodology)
Retracted articles
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of these relationships formed the basis for meta-analysis 
and narrative summary of the review results.

Authors were contacted if an article indicated that an 
effect size was calculated but its value was not reported 
(e.g., for non-significant associations or effect sizes for 
which only direction was reported). Limited informa-
tion (some contextual details about the studies but no 
additional effect sizes) was gained as a result of author 
contacts.

One to five reviewers participated in data extrac-
tion from all eligible articles. To assess accuracy in data 
extraction, a reviewer not involved in initial data extrac-
tion independently extracted data for 25% of studies, 
and any differences were resolved and used to improve 
extraction consistency. Extracted data from eligible arti-
cles are provided in Additional file 8 and in ScienceHub, 
U.S. EPA’s open access data repository (https:// catal og. 
data. gov/ harve st/ epa- scien cehub).

Potential effect modifiers and reasons for heterogeneity
The secondary objective of this review was to exam-
ine the apparent variability in nutrient stressor-
response relationships in lotic ecosystems that could 
be explained by moderating factors. Factors that poten-
tially modify stressor-response relationships were 
extracted from eligible articles when these factors were 
examined in the original article. Based on evaluation 
of highly relevant articles and consultation with stake-
holders and experts, the modifying factors (which differ 
slightly from Bennett et al. [32]) included:

• ecoregion;
• latitude;
• climate;
• elevation;
• stream channel width;
• watershed area;
• spatial extent;
• temporal extent;
• stream gradient;
• water discharge;
• water velocity;
• nutrient concentration range (lowest and highest 

TN and/or TP);
• existing background nutrient concentrations, 

including  NH4, TKN, and SRP;
• dissolved organic carbon;
• dissolved oxygen;
• water temperature;
• canopy cover/light availability;
• pH;
• alkalinity;
• sediment/turbidity; and

• conductivity.

For articles with sites in the conterminous United 
States that did not explicitly identify ecoregion, we 
assigned Level III Eco-region(s) using available infor-
mation in the article. Geographically broad datasets 
(e.g., statewide or regional sampling) without more 
specific maps or locational information could not be 
categorized by ecoregion. Other relevant modifying 
factors were recorded as they were encountered during 
screening and data extraction. Methodological modi-
fiers, such as chlorophyll type (benthic vs. sestonic), 
extraction method, measurement method [25, 45], and 
fraction of water sample used for nutrient measure-
ment (filtered, unfiltered), were also recorded and fac-
tored into whether and how data were analyzed (see 
“Review findings”). Although our data extraction strat-
egy encompassed a large number of potential modify-
ing variables (Additional file  8), analyses were limited 
based on the number of studies reporting any single 
variable (see “Review findings” below).

Data synthesis and presentation
To synthesize data from the systematic review, we first 
described the evidence base across all 151 articles. We 
also narratively summarized cause-effect pairs included 
in the meta-analysis (105 articles) and calculated sum-
mary statistics about their associated modifying factors. 
We then followed Assink and Wibbelink [46] to con-
duct a three-level meta-analysis on effect sizes for the 
extracted cause-effect pairs that could be converted to a 
standard measure (Pearson’s correlation coefficient). This 
three-level meta-analytic model was fit separately for 
each of the four stressor-response combinations of TN 
or TP coupled with benthic or sestonic chl-a (i.e., TN-
benthic chl-a, TP-benthic chl-a, TN-sestonic chl-a, and 
TP-sestonic chl-a).

Pearson’s correlation coefficient ( −1 ≤ r ≤ 1 ), which 
quantifies the strength of the linear relationship between 
TN or TP and chl-a, was used as the effect size of inter-
est. Whenever possible, published equations were used to 
convert other reported statistical measures to Pearson’s r 
[47]. Some reported effect sizes could not be converted 
to Pearson’s r and therefore could not be incorporated 
into meta-analysis (e.g., multiple regression R2 if stand-
ardized slope was not provided; see Additional file 9). For 
the few articles with experimental studies that manipu-
lated nutrient concentrations and reported differences in 
chl-a concentration between control and TN and/or TP 
treatment groups, we calculated raw mean differences 
(control vs. treatment) using the escalc function in the 
metafor package in R and the following input variables 

https://catalog.data.gov/harvest/epa-sciencehub
https://catalog.data.gov/harvest/epa-sciencehub
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for the control and treatment groups: mean, standard 
deviation, and sample size [47, 48].

Only cause-effect pairs with sufficient information were 
included in the three-level meta-analytic approach, pro-
posed by Assink and Wibbelink [46]. This approach uses 
a random-effects model to account for variance in three 
levels due to articles containing one or more effect sizes. 
The levels of variance are sampling variance (level one), 
the variance between effect sizes extracted from the same 
article (level two), and the variance between effect sizes 
regardless of the articles (level three). Unlike random-
effects models, a fixed-effects meta-analysis assumes 
one true effect size, τ , underlies all studies within and 
among articles and the variation in observed effect sizes 
is entirely due to sampling error, which also assumes that 
the observed effect sizes have an approximately normally 
distributed sampling distribution around τ . By contrast, 
the proposed multilevel random-effects model allows τ to 
vary randomly across articles. In the proposed random-
effects model, it remains possible that all studies within 
and among articles share a common τ , but it is also pos-
sible that the effect size will vary from article to article 
[49]. Put differently, instead of allowing for one τ , the ran-
dom effects model allows for a series of true effect sizes, 
τ1, . . . , τN , where N  is the total number of unique articles. 
Without loss of generality, the model assumes multiple 
effect sizes from an arbitrary study k , 1 ≤ k ≤ N  , to form 
well-behaved sampling distributions around τk . Random 
effects models are appropriate for making unconditional 
inferences about a random sample of obtained datasets 
[48, 50, 51].

Prior to model fitting, we evaluated the relative impor-
tance of the three levels of variance to determine whether 
a more complex model is necessary. This approach was 
preferred to others (such as randomly selecting a sin-
gle representative effect size from each paper) because 
multiple effect sizes within articles often shed light on 
the influence of environmental context. We examined 
the impacts of modifying factors and sub-groups (the 
four stressor-response combinations) individually using 
sub-group analysis and meta-regression when possible. 
Ideally, we would have preferred to start with a fully ran-
dom model and use a systematic or stepwise process to 
select the most important modifying factors and their 
interactions [52]. However, due to the numerous factors, 
interactions, and missing data, the most feasible option 
for this study was to analyze each individual modera-
tor as a single fixed effect. We again followed the step-
by-step tutorial in [46] for examining the moderating 
effects of individual categorical and continuous factors. 
The approach in [46] combines the random-effects meta-
analytic model with fixed-effects (the modifying factors 
themselves)—called a mixed-effect model. As one might 

expect, the true effect size is allowed to vary randomly 
from article to article, but the moderator is assumed to 
have a true fixed effect that remains constant across all 
articles. Models were fit in the R version 4.0.2 package 
metafor [48]. Forest plots and sub-group plots were cre-
ated using the packages metafor and metaviz [48, 53].

A Fisher’s z-transformation ( z = 1

2

z = [ln (1+ r)− ln (1− r)] ) was used to improve nor-
mality and variance for the meta-analysis models [54, 
55] but raw r values were used for forest plots for ease of 
interpretation.

Sensitivity analysis
Risk of bias characteristics (Table  2, Additional file  7) 
were treated as factor levels in a sensitivity analysis to 
explore the impact of validity on effect sizes [33]. For 
each risk of bias characteristic, datasets were rated as 
either exhibiting an unclear, low, or high risk of bias. 
Then, ratings for a dataset were assigned to the one or 
more effect sizes that were based on that dataset. In a 
slight deviation from the protocol, we did not combine 
ratings to create an overall risk of bias for each dataset, 
but instead retained individual characteristic ratings in 
a twofold sensitivity analysis. Furthermore, sample size 
limited our ability to conduct sensitivity analysis to only 
observational field studies, using the risk of bias charac-
teristics in Table 2.

First, we visually inspected the 14 risk of bias charac-
teristics using kernel density estimator (KDE) plots for 
each stressor-response relationship. For each characteris-
tic, two estimated distributions were produced and com-
pared using KDEs: (1) the distribution of all effect sizes, 
and (2) the distribution of all effect sizes excluding those 
that were rated high risk of bias. If these two distribu-
tions are similar to one another, this would indicate that 
our conclusions are robust to high risk of bias effect sizes.

Next, we fit a random forest model to each of the four 
stressor-response relationships to understand which 
characteristics best predicted effect size. We omitted the 
sample size characteristic because “high” risk datasets 
with sample sizes < 10 were not included in the meta-
analysis. A random forest model is a type of bagging 
routine that fits a large number of minimally correlated 
decision trees. As is true with many bagging routines, a 
random forest works by fitting a tree to m bootstrapped 
samples of the original data [56]. In an effort to de-cor-
relate bagged trees, nodes (or splits) are determined 
by exploring only a random subset ( psub ) of the over-
all number of predictors, p . Typically, psub ≈ p

/

3 , and 
when psub = p , we have standard bagging. By compar-
ing variable importance extracted from each of the four 
random forest models (one for each stressor-response 
relationship), we were able to determine what risk of 
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bias characteristics have the largest influence on effect 
size. Any risk of bias characteristics that display a large 
influence on effect sizes need to be examined more 
thoroughly.

Publication bias was assessed using funnel plots com-
paring study effect sizes with sample size using the meta-
for and metaviz packages in R [48, 53].

We summarize the components of our meta-analysis 
using the checklist from Koricheva and Gurevitch [57] 
(Additional file 10).

Review findings
Review descriptive statistics
Literature searches across all three biological endpoints 
(chl-a, diatoms, and macroinvertebrates) returned an ini-
tial set of 26,751 articles. More than 2200 of these returns 
were screened at the full-text level to identify articles 
reporting a calculated effect size between TN or TP 
and at least one of the biological endpoints (Fig. 1). This 
review includes only the chl-a endpoint and draws from 

151 articles that reported an effect size between TN or 
TP and chl-a (Additional file 9). An additional 1060 arti-
cles were excluded because they (1) reported cause and 
effect variables but did not formally analyze their cor-
relation (904 articles) or (2) only reported an effect size 
for diatom or macroinvertebrate endpoints (156 articles) 
(Additional file 5); these articles are not considered fur-
ther in this review.

Of the 151 chl-a articles, there were 873 identified 
cause-effect pairs. The most reported type of effect size 
for chl-a was R2 from simple linear regression (n = 325), 
followed by Pearson’s r (n = 221) and Spearman rank 
(n = 182). Less commonly reported measurements were 
Kendall’s tau, partial correlation coefficient, slope coeffi-
cient, R2 from multiple regression, and mean difference, 
among others (a total of 145).

Of the 873 cause-effect pairs, a total of 849 were judged 
for risk of bias based on observational field criteria, 15 
cause-effect pairs were judged based on experimental 

Records from Google/Google Scholar
n = 92

chlorophyll = 17 
diatom & macroinvertebrate = 75 

SE
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Records from cita�on mapping
n = 3,398

chlorophyll = 1,078 
diatom & macroinvertebrate = 2,320 

Records from specialist websites
n = 690

chlorophyll = 252 
diatom & macroinvertebrate = 438 

Records from databases
n = 22,488

chlorophyll = 10,081 
diatom & macroinvertebrate = 12,407 

Records from expert requests
n = 83

TOTAL RECORDS
n = 26,751

Records excluded at full text level (no effect size)
n = 904

Records excluded at �tle-abstract level
n = 12,026

Unretrievable full texts
n = 57

transla�on = 31; not found = 26

Records excluded at full text level (ineligible)
n = 1,042

record type = 87; popula�on = 151; outcome = 168; exposure = 636

Records only repor�ng diatom or macroinvertebrate 
effect sizes

n =156

Duplicates
n = 12,415

Records a�er duplicates removed
n = 14,336

Records included in narra�ve synthesis & meta-analysis
n =105

Records not included in meta-analysis
n = 46

Records included in review descrip�ve sta�s�cs
n =151

Records a�er �tle-abstract screening
n = 2,253

Records a�er full text screening for eligibility
n = 1,211

Fig. 1 ROSES diagram [34] showing the searching, screening, and synthesis process for the systematic review of the effects of TN and TP on 
chlorophyll a in lotic ecosystems. See “Search for articles” section for detailed description of each search type conducted (top of diagram). 
“Translation” (in the Unretrievable full texts box) indicates articles we were unable to translate adequately enough to assess relevance and extract 
data. Critical appraisal is not shown as a separate step in the diagram because all articles included in the review underwent critical appraisal (i.e., no 
articles were excluded from the review based on critical appraisal results)
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mesocosm criteria, and 9 cause-effect pairs were judged 
on field experiment criteria.

Narrative synthesis
Of the 151 articles and 873 cause-effect pairs comprising 
the full database, our narrative and quantitative synthe-
ses use 105 articles and their 439 cause-effect pairs. The 
remaining 434 cause-effect pairs were not incorporated 
into the meta-analysis for the following reasons: miss-
ing results data (e.g., 355 cause-effect pairs were missing 
a quantitative effect size); use of analytical methods with 
unknown error distribution; or sample size < 10 (Addi-
tional file  9). Metadata and/or details about nutrient 
stressors, chl-a responses, and factors affecting the rela-
tionship between nutrients and chl-a were not reported 
for all cause-effect pairs, and so many of our results are 
based on fewer than 439 cause-effect pairs. Alternately, 
some cause-effect pairs could be assigned to multiple 
values for a metadata field (e.g., state, if the correlation 
was calculated based on data from 2+ U.S. states) and so 
totals may exceed 439.

Publication date ranged from 1980 to 2017. Actual 
sample collection dates ranged from 1976 to 2017. The 
most common temporal duration of sample collection for 
a cause-effect pair was at a single point in time (n = 162, 
37% of cause-effect pairs), followed by months (n = 135, 
31%) and then years (n = 116, 26%). However, when we 

resolved inconsistent extractions by multiple reviewers 
(see “Article screening and study eligibility criteria” sec-
tion), we noticed that one area in which there was par-
ticular disagreement was the temporal duration field.

There were 144 cause-effect pairs based on samples col-
lected outside of the U.S., while 295 of them were based 
on samples collected inside of the U.S. Only 34 out of 50 
total U.S. states plus the District of Columbia had at least 
one cause-effect pair for one of the stressor-response 
relationships (Fig. 2). Of the states with ≥ 1 cause-effect 
pair, the number per state ranged from 1 (Connecticut, 
Kansas, North Carolina) to 35 (Arkansas, Idaho), with a 
median of 12.

Level III ecoregion could be assigned for 253 out of the 
293 cause-effect pairs in the conterminous U.S. Cause-
effect pairs existed for 63 out of 85 ecoregions. Of the 
ecoregions with ≥ 1 cause-effect pair, the number per 
ecoregion ranged from 1 (three ecoregions) to 37 (Ecore-
gion 39-Ozark Highlands) with a median of 12. Over half 
the cause-effect pairs were based on regional scale sam-
ples (n = 258, 59%). The next most common spatial scale 
was drainage basin (n = 137, 31%). Most cause-effect 
pairs were measured in a temperate climate (n = 311, 
74%). The next most common climate was tropical/sub-
tropical (n = 65, 15%).

Most cause-effect pairs were generated from field 
observational-type studies (n = 435, 99%), except two 

Fig. 2 Evidence availability and mean effect sizes for the U.S. (states and the District of Columbia). Maps show the number of cause-effect pairs (N) 
included in the narrative synthesis and meta-analysis for the stressor-response relationships: a TN-benthic chl-a, b TP-benthic chl-a, c TN-sestonic 
chl-a, and d TP-sestonic chl-a. White stars indicate effect sizes < 0
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cause-effect pairs from a mesocosm study and two cause-
effect pairs from a modeling study based on field obser-
vational data.

Of the 439 cause-effect pairs, the cause was TP for 251 
(57%), TN for 173 (39%), and TN:TP for 15 (3%). The 
effect was sestonic chl-a for 227 (52%), benthic chl-a for 
203 (46%), other chl-a for 9 (2%). “Other” chl-a included 
floating algae mats or a mixture containing both sestonic 
and benthic chl-a. Counts for the four main stressor-
response relationships (excluding TN:TP and other chl-a 
because of low sample size) are found in Fig. 3.

The cause and effect minimum and maximum were 
reported often (> 300 cause-effect pairs reported each). 
The range of mean TN concentration on which cause-
effect pairs were based was 0.351–6.82  mg/L. The 
range for mean TP concentration was 0.008–2.2  mg/L. 
Mean benthic chl-a concentration varied from 6.16 to 
12,879  mg/cm2. Mean sestonic chl-a concentration var-
ied from 0.000215 to 8.889  mg/L. Complete summary 
statistics for minimum, mean, median, and maximum 
values for cause and effect variables can be found in 
Additional file 11.

The most common type of effect size in the meta-anal-
ysis subset was Pearson’s r (n = 172, 39%). The next most 
common effect sizes were converted to Pearson’s r for the 
meta-analysis and included: R2 from simple linear regres-
sion (n = 157, 36%), Spearman rank correlation coeffi-
cient (n = 108, 26%) and two Kendall tau measurements. 
The R2 from simple linear regressions were excluded 
from the meta-analysis at a higher rate than the others, 
because sometimes the directionality of the effect could 
not be ascertained.

A total of 344 (78%) of cause-effect pairs indicated a 
positive effect between nutrients and chl-a and 93 (21%) 
indicated a negative effect. The meta-analysis subset 
appears to underrepresent relationships that were char-
acterized as no effect (n = 2, 0.4%) compared to the full 
database (17%); the apparent discrepancy could be for 
several reasons. For instance, there could be a differ-
ence between our very strict definition of no effect (effect 
size = 0) for the meta-analysis subset versus a potentially 
more broad statistical interpretation of no effect (effect 
size had a calculated confidence interval that overlapped 
zero) reported by authors in articles in the full data-
base. While no conclusions should be drawn about the 
directionality of relationships from these descriptive 
comparisons, we report them as evidence of potential 
underreporting and incomplete reporting of no effect 
results which is a common challenge in science [58].

In addition to nutrient (cause) and chl-a (effect) con-
centrations, we extracted information on instream 
physical and chemical modifying factors (see 
“Methods”—“Potential effect modifiers and reasons for 
heterogeneity”). We extracted minimum, mean, median, 
and maximum values for each factor when possible 
(except elevation, latitude, and longitude, for which we 
only extracted minimum and maximum) and present 
summary statistics in Additional file  11. Overall, we 
extracted at least one measurement for all 83 possible 
modifying factor values. The most reported modifying 
factor values were water temperature minimum, water 
temperature maximum, and watershed area maximum, 
with over 200 cause-effect pairs reporting information 

TN and Benthic Chlorophyll

TN and Sestonic Chlorophyll

TP and Benthic Chlorophyll

TP and Sestonic Chlorophyll

86

82

106

137

Stressor-Response Relationship                     nn

1.3−1.0 −0.5 0.0 0.5
Pearson correlation (r)

0.35 [0.27, 0.42]
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r [95% CI]

1.0

Fig. 3 Summary forest plot of the four stressor-response relationships. Forest plot shows mean effect size and 95% confidence intervals for two 
nutrient types (TN and TP) and two chlorophyll a types (benthic and sestonic) included in the meta-analysis
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associated with each. In general, the least reported modi-
fying factor values were medians.

A total of 437, 2, and zero cause-effect pairs were 
judged for risk of bias based on the observational field, 
experimental mesocosm, and field experiment frame-
works, respectively. For observational field datasets, 
none were judged to have a low risk of bias for all char-
acteristics. The maximum number of low ratings was 11 
(observed for only 1 cause-effect pair). Most cause-effect 
pairs had 5–9 low risk of bias ratings. Conversely, no 
observational field datasets were judged to have a high 
risk of bias for all characteristics. The maximum number 
of high ratings was 8. Most cause-effect pairs had 3–5 
high risk of bias ratings.

Experimental papers
Five articles included mesocosm or field manipulation 
experiments that tested the effects of nutrient additions 
or reductions on chl-a. Outside of these five articles, 
we could not include many experimental studies in our 
analysis because the articles did not report TN and TP 
concentrations in the water column. Only one of these 
articles measured sestonic chl-a, the rest measured ben-
thic chl-a. Most measurements of benthic chl-a were 
taken from artificial substrates added to mesocosms, 
while one study used rocks from an in-stream flow-
through system. One of the experiments was conducted 
in New Zealand, while the remaining experiments were 
conducted in the U.S. We obtained 13 raw mean differ-
ences between control (no nutrient additions or reduc-
tions) and treatments (additions or reductions in N, P, or 
both). Sources of nutrients included experimental chemi-
cal enrichments or wastewater. Of the 13 raw mean dif-
ferences, 8 were effect sizes of TP and benthic chl-a with 
a mean difference of 0.26  µg/cm2 (± 0.23 95% CI) chl-a 
between control and treatment. The mean difference for 
TN and benthic chl-a was 6.99  µg/cm2 ± 1.42 95% CI, 
although this was based only on 3 effect sizes (Additional 
file 12).

Data synthesis
Our primary research question is, “What is the response 
of chlorophyll a to total nitrogen and total phosphorus 
concentrations in lotic ecosystems?” The lotic ecosys-
tems captured by this review include streams and rivers 
varying in size and other characteristics that we hypoth-
esized could moderate the response of chl-a to nutri-
ents. These characteristics include physical (e.g., channel 
width, water depth, canopy cover), chemical (e.g., range 
of nutrient concentrations), and biological (e.g., benthic 
and sestonic algal taxa) components of the ecosystem. 
The relative importance of benthic and sestonic algae in 
the structure and function of small, open canopy streams 

likely differs from that in large, turbid rivers [59–61]. 
These differences likely influenced systems in which 
researchers measured benthic and/or sestonic algae for 
their studies. For example, while sestonic chl-a study sites 
spanned a large range of channel widths, from 60 cm to 
800  m wide, the range for benthic chl-a study sites was 
only 30 cm to 60 m. Similarly, sestonic chl-a study sites 
were up to 24  m deep, while benthic chl-a study sites 
were less than 4  m deep. Despite this variability among 
sites at which benthic and sestonic chl-a were assessed, 
the mean effect sizes of both TN and TP on benthic and 
sestonic chl-a were positive (Fig. 3).

Of the four primary stressor-response relationships, 
TP-sestonic chl-a was the most positive (r = 0.40), fol-
lowed by TN-benthic chl-a (r = 0.35), TN-sestonic chl-a 
(r = 0.25), and TP-benthic chl-a (r = 0.24). Pairwise com-
parisons showed whether the effect sizes for the four 
stressor-response relationships differed from each other. 
Holding chl-a type constant, benthic chl-a responses 
to TN vs. TP differed (p = 0.01), as did sestonic chl-a 
responses (p = 0.0003). Holding the nutrient constant, 
response to TP also differed between benthic vs. sestonic 
chl-a (p < 0.0001), but response to TN did not (p = 0.42). 
TN:TP had a much weaker relationship with benthic and 
sestonic chl-a and much greater variation around the 
mean effect size (Additional file 13). Because of the low 
sample size of TN:TP and other chl-a (e.g., floating algae 
mats) measurements, we excluded these cause-effect 
pairs from the meta-analysis.

Within the U.S., mean effect sizes were largely posi-
tive for all states and stressor-response relationships 
(Fig.  2). The few exceptions with slightly to moderately 
negative effect sizes were: Iowa, Oregon, and Wash-
ington for TP-benthic chl-a (r = − 0.11, − 0.09, − 0.01, 
respectively); Florida, Illinois, Indiana, Iowa and Oregon 
for TN-sestonic chl-a (r = − 0.2, − 0.87, − 0.22, − 0.19, 
− 0.26, respectively); and Oregon for TP-sestonic chl-a 
(r = − 0.40).

Reasons for heterogeneity
The three-level random-effects model accounts for sam-
pling variance (level 1), the variance between effect 
sizes extracted from the same study (level 2), and the 
variance between studies (level 3) [46]. For all four 
stressor-response relationships, less than 45% of the 
total response variance was attributable to within-study 
sampling variance (level 2). Despite this fact, the within-
study sampling variance (level 2) was non-negligible for 
all stressor-response relationships excluding TN-benthic 
chl-a (p = 0.6). A larger percentage of the total response 
variance was attributable to differences in effect sizes 
between studies (level 3, 43–81%) than either the sam-
pling variance (level 1) or the within-study variance 
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(level 2). The estimated variance allocations for each 
relationship can be found in Additional file  12. All four 
stressor-response relationships also displayed a signifi-
cant amount of between-study variability. These results 
indicate that both within-study and between-study vari-
ability are non-negligible, implying that the three-level 
model is necessary to adequately represent the variance 
structure [46].

After determining that the three-level random effects 
model was necessary, we then proceeded to test the 
effect of potential moderating factors (both categori-
cal and continuous) on mean effect size for each of the 
four stressor-response relationships (Additional file  13). 
Moderating factors were tested individually using the 
mixed effects model described in “Potential effect modi-
fiers and reasons for heterogeneity” section. In total, we 
conducted 376 separate hypothesis tests (88 to 100 tests 
per stressor-response relationship). At the α = 0.05 sig-
nificance level, we would expect about five percent (~ 19) 
of these 376 tests to yield a false rejection of the null 
hypothesis due to multiple testing. Thus, relationships 
with p < 0.05 should be cautiously interpreted as potential 
ecological patterns of interest for deeper investigation.

Chlorophyll measurement method had a moderately 
significant effect on mean effect size for TP-sestonic 
chl-a  (F1,80 = 3.045, p = 0.085): chl-a appeared to respond 
approximately twice as strongly to TP if fluorometry ver-
sus spectrophotometry was used, and the other stressor-
response relationships consistently showed the same 
trend (Fig. 4). Spatial extent of sampling had a significant 
impact on TN-sestonic chl-a  (F3,78 = 2.648, p = 0.055) 

and TP-sestonic chl-a mean effect sizes  (F4,134 = 2.597, 
p = 0.039). For TN- and TP-sestonic chl-a, regional spa-
tial extent had higher effect sizes than drainage basin. 
Temporal extent of sampling had a significant effect only 
on TP-benthic chl-a mean effect sizes  (F4,102 = 4.177, 
p = 0.004). The longest temporal extent (years) had lower 
effect sizes than the shortest temporal extent (snapshot) 
(Additional file  13). The mean effect sizes of both spa-
tial and temporal extent were consistently positive for 
the best represented categories (i.e., regional and drain-
age basin for spatial extent; snapshot, years and months 
for temporal extent) (Additional file 13). Climate did not 
have a significant effect on mean effect size for any of the 
four primary stressor-response relationships.

We had sufficient sample size (n ≥ 10) to test the effect 
of 272 out of 420 continuous moderators. Of those, 26 
(9.6%) meta-regression models (across the four stressor-
response relationships analyzed) revealed a significant 
influence of a moderating factor on effect size at the 
p < 0.05 level. Few moderators had a significant effect on 
effect size for all four relationships. The complete set of 
meta-regression plots and test statistics not included in 
the main text can be found in Additional file 13.

The most notable continuous moderator is year of 
publication, which had a significant negative effect on 
mean effect size for all four primary stressor-response 
relationships (Fig.  5). Because these trends are con-
sistent across all four stressor-response pairings, it is 
likely that these results are not merely a consequence 
of greater probability of significant results by chance 
because of multiple testing. These findings do appear to 

Fig. 4 Forest plots showing the influence of chlorophyll a measurement methods on mean effect size for the four stressor–response relationships
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be driven by a few correlations reported in earlier years 
that tended to be large and positive. More recently, 
the range of correlation values has widened, and the 
mean effect size has decreased. When restricted to the 
subset of cause-effect pairs reported since 2000, the 
effect of year was significant only for TP-benthic chl-a 

 (F1,90 = 5.039, p = 0.027). Other continuous moderators 
with p < 0.05 for TP-benthic chl-a included watershed 
area, water depth, conductivity, and turbidity; those 
for TN-benthic chl-a included conductivity and longi-
tude; those for TP-sestonic chl-a included gradient and 
nutrient concentration; those for TN-sestonic chl-a 

Fig. 5 Meta-regression plots showing the influence of publication year on effect size for the four stressor-response relationships. Effect size is 
plotted as Z-transformed Pearson correlation. Each circle is an effect size with the diameter representing total variance. Solid black line is the linear 
regression line and dotted black lines are 95% confidence interval
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included watershed area, channel width, and nutrient 
concentration (Additional file 13).

The effect of mean nutrient concentration was nega-
tive and significant for both TN-sestonic chl-a and TP-
sestonic chl-a. As the concentration of TN increased, 
sestonic chl-a became less correlated with TN. Simi-
larly, as TP increased, sestonic chl-a became less corre-
lated with TP (Fig. 6). This suggests that at some point, 
sestonic chl-a stops responding to additional TN and 
TP due to nutrient saturation or limitation by another 
environmental variable that is correlated with nutri-
ents, such as light or turbidity [62, 63]. The patterns for 
benthic chl-a were harder to interpret. Benthic chl-a 
did not show the same tendency to become nutrient 
saturated when looking at mean nutrient concentration 
(although extreme values may have influenced the rela-
tionship), but did show a negative, though insignificant, 
relationship with median nutrient concentration (Addi-
tional file 13).

For articles reporting responses of chl-a to both TN 
and TP, we also examined the degree to which these 
responses exhibited similarity in magnitude and direc-
tion. To limit improper pairing of TN and TP effect sizes, 
we conservatively merged data for TN and TP based on 
the citation identifier, chl-a type (benthic, sestonic) and 
sample size. Across chl-a types, most responses to TN 
and TP appeared in the upper, right quadrant of the plot 
(Fig. 7). This shows that in places and times where chl-a 

responded positively to TN it also tended to respond pos-
itively to TP. We tested a few hypotheses to understand 
the pattern of responses, especially those with inverse 
relationships between TN and TP in the upper left and 
lower right quadrants of Fig. 7. The inverse relationships 
could not be explained by nutrient concentrations, tur-
bidity, or discharge (Additional file  13, “Experimental 
papers” section). The most negative TN response had 
the largest channel width (500  m). The most negative 
response to both TN and TP was associated with the 
highest turbidity (> 785 NTU). Having no response (near-
est to Pearson correlation = 0) to both TN and TP was 
associated with the highest discharge (> 2400  m3/s).

We plotted Z-transformed correlation coefficients 
against sample size to look for evidence of publication 
bias. In the case of all four stressor-response relation-
ships, we saw no evidence that either (1) small effect sizes 
were missing or (2) studies with small sample sizes were 
missing (Fig. 8).

To test the sensitivity of our conclusions to the under-
lying validity of data, we constructed a random forest 
model based on 13 risk of bias characteristics for observa-
tional field datasets for each of the four stressor-response 
relationships. Overall, the model for bias characteris-
tics in TN-benthic chl-a explained the most variation 
in effect sizes (R2 = 0.485). According to the normalized 
increase in mean square error, the most important char-
acteristics in the model were “Clarity and Detail,” “Study 
Timeframe,” and “Randomization” (Table 3). Using kernel 
density estimation (KDE), we examined plots comparing 
all effect sizes (regardless of risk of bias rating) against 
only effect sizes with a low or unclear risk of bias. For the 
characteristic “Clarity and Detail,” we found the plots to 
overlap almost completely (Fig.  9a). This indicates that 
cause-effect pairs with a high risk of bias for “Clarity and 
Detail” do not drive that characteristic’s overall impor-
tance in the random forest model; those with an unclear 
risk of bias likely do. In contrast, the KDE plots for “Study 
Timeframe” and “Randomization” do not completely 
overlap. When removing high risk of bias cause-effect 
pairs, the central tendency of the distribution remains 
similar but the range contracts (Fig.  9a). For the mean 
effect size of TN-benthic chl-a, we conclude that our 
results are unlikely to be sensitive to underlying validity.

The random forest models for the three other stressor-
response relationships explained less variation in effect 
sizes (Table  3; TN-sestonic chl-a: R2 = 0.245; TP-ses-
tonic chl-a: R2  = 0.186; TP-benthic chl-a: R2  = 0.161). 
In general, this indicates results for these three stressor-
response relationships are even less sensitive to under-
lying validity than TN-benthic chl-a. For TN-sestonic 
chl-a, the most important characteristic was “Within 
Site Replication,” for TP-sestonic chl-a it was “Pairing 

Fig. 7 Plot showing the effect size for TN and TP when measured in 
the same article. Effect sizes were matched within an article based on 
chlorophyll type (benthic, sestonic) and sample size
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Fig. 8 Funnel plots for the four stressor-response relationships

Table 3 Results of random forest models for each of the four stressor-response relationships

Values in cells represent normalized increase in mean square error (MSE) for each risk of bias characteristic in the model. Larger numbers correspond to risk of bias 
characteristics having greater importance in the corresponding model. Risk of bias characteristics are ordered by mean MSE across models

Risk of bias characteristic TN benthic R-squared: 
0.485

TN sestonic R-squared: 
0.245

TP benthic R-squared: 
0.161

TP sestonic R-squared: 
0.186

Mean

Clarity and detail 0.149 0.113 0.123 0.082 0.117

Study timeframe 0.114 0.079 0.162 0.113 0.117

Uncertainty 0.089 0.116 0.137 0.095 0.109

Gradient definition 0.087 0.090 0.085 0.113 0.094

Reporting bias 0.092 0.109 0.077 0.090 0.092

Randomization 0.099 0.056 0.117 0.072 0.086

Confounding 0.093 0.101 0.057 0.089 0.085

Pairing nutrient response 0.086 0.068 0.049 0.122 0.081

Within site replicates 0.041 0.121 0.058 0.076 0.074

Sample replicates 0.073 0.050 0.099 0.037 0.065

Attrition bias 0.069 0.050 0.032 0.050 0.050

Detection bias 0.009 0.048 0.000 0.057 0.028

Research aim consistency 0.000 0.000 0.004 0.004 0.002
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Nutrient and Response,” and for TP-benthic chl-a it was 
“Study Timeframe.” Interestingly, the KDE plots for each 
of these most important characteristics show that remov-
ing high risk of bias cause-effect pairs contracts the dis-
tribution on the negative side (Fig.  9b–d), indicating 
effect sizes that are large and negative may rely on data 
that is of lower validity.

Review limitations
Limitations of review methodology
Our review ultimately included 151 articles across the 
years 1980–2017. Ideally, this review would also include 
more recent articles. A Web of Science Core Collec-
tion search for literature published since 2018, using 
the search string for chl-a described in Additional file 2 
(search performed 10/16/20), returned 289 published 
articles—slightly over 2% of our original database search 
returns for chl-a. Although this cursory search provides a 
very rough estimate of potentially eligible, recently pub-
lished articles, it does suggest that the relatively small 
volume of newer literature would likely have a relatively 
minor effect on our review conclusions.

We conducted our searches in English. This may have 
contributed to the geographic unevenness noted below.

The protocol for this review included a step for extract-
ing data from articles that presented information on TN 
or TP and chl-a but did not statistically analyze their cor-
relation [32]. Our intention was to extract raw or sum-
mary nutrient and chl-a concentrations and calculate 
correlations. Once the pool of records with no effect size 
was assembled, we decided there were too many to effi-
ciently include them in this review (Fig.  1). As a result, 
those articles remain a potential source of stressor-
response information that is untapped (Additional file 5).

Limitations of statistical methods
Generally, these meta-analytic techniques are thought 
of as relatively robust [46]. Using a multi-level approach, 
we can distinguish between sampling variance, the vari-
ance between effect sizes extracted from the same study, 
and the variance between effect sizes from the studies 
themselves. However, the moderator analyses contained 
herein are limited by the fact that they are only built to 
identify linear relationships between potential mod-
erators and the response. Furthermore, all moderator 
analyses are restricted to individual variables and do not 
consider interactions between multiple moderating fac-
tors acting simultaneously.

Limitations of evidence base
The evidence base for this review has several notable 
limitations. First, evidence was not geographically com-
prehensive or evenly distributed. Cause-effect pairs were 
mostly assigned to the U.S., with just 33% assigned to the 
rest of the world. Within the U.S., there were gaps in evi-
dence for states in the Plains and Intermountain West, 
as well as in the Northeast (Fig. 2). These gaps for states 
within the U.S. are important, because state governments 
are largely responsible for setting nutrient management 
goals for streams and rivers within their borders. It is 
possible that articles with no effect size reported (905 
articles) could contain valuable data for filling these iden-
tified gaps. Regardless, this review can be used to identify 
regions or habitats with a particular dearth of data.

Second, our analysis of continuous moderating factors 
was hampered by (1) lack of reporting of this contextual 
information and (2) inconsistency in how this contextual 
information was reported when present. For the subset 
included in the meta-analysis, nearly all of  the continu-
ous moderating factors that we attempted to extract were 
reported for < 50% of cause-effect pairs, some for much 
less than half. The lack of and inconsistency in reporting 
contextual variables affected our ability to analyze the 
influence of all continuous moderating factors. In addi-
tion, even when the sample size was high enough, meta-
regressions were sometimes influenced by the presence 
of one or a small number of extreme values or outliers. 
It is also well understood that environmental variables 
interact with each other, but we were unable to test the 
interaction of moderating factors in this review.

Finally, although field and mesocosm experiments were 
explicitly captured in our eligibility criteria, they made up 
a very small portion of our evidence base. Experiments 
provide a strong causal form of evidence and an impor-
tant complement to observational studies. However, we 
found that experimental articles rarely reported meas-
urements of total nutrients in the water column, which 
was an essential piece of information for this review. A 
recent review analyzing experimental nutrient additions 
more broadly, in terms of both nutrient stressors and 
biotic endpoints, examined 184 studies [64]. Elsewhere, 
we have encouraged researchers to include total nutri-
ent measurements that can be relevant for environmental 
decision-making [27].

Review conclusions
Implications for policy/management
This systematic review provides nutrient managers 
responsible for protecting the quality of lotic ecosys-
tems with a comprehensive evidence base of benthic 
and sestonic chl-a responses to total nutrient concen-
trations in the water column. It builds on previous 
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literature syntheses evaluating benthic and sestonic 
chl-a responses to nutrient concentrations [8, 65, 66], 
but focuses on nutrient measures most typically relevant 
to state-level nutrient managers. In the U.S., nutrient 
managers for individual states—the level at which many 
important water quality decisions are made—can use the 
results of this systematic review to understand and assess 
the evidence available in the literature that is relevant to 
their streams and rivers. In cases where evidence is lack-
ing, nearby states with similar waters have applicable 
information.

Our review showed that the overall response of benthic 
chl-a and sestonic chl-a in streams and rivers to TN and 
TP is positive. This finding is based largely on observa-
tional studies, given the limited number of experimental 
studies that met our eligibility criteria. However, a simi-
lar meta-analysis of experimental nutrient additions in 
streams and rivers also reported positive response ratios 
among primary producers, as well as other trophic lev-
els [64]. Although overall responses were positive, there 
were articles that showed a negative relationship for 
some nutrient and chl-a combinations. Although lack 
of data limited our ability to explore moderators that 
could be driving these negative relationships, we found 
that cause-effect pairs with “high” risk for key risk of bias 
characteristics across the four stressor-response relation-
ships tended to have negative values. Further develop-
ment of observational studies with both comprehensive 
reporting of moderating factors and low risk of bias may 
aid in clarifying conditions under which chl-a responses 
to total nutrient concentrations in the water column are 
more variable.

We found that the method used to measure chl-a in 
stream and river samples could affect the strength of 
association between total nutrients and chl-a. While the 
difference between the mean effect sizes for fluorom-
etry and spectrophotometry-measured samples was not 
statistically significant, the clear and consistent pattern 
for all four stressor-response relationships was notable 
(Fig.  4). There are several plausible reasons for the dif-
ference. Fluorometry tends to have a lower detection 
limit, so a stronger correlation could be observed if more 
accurate chl-a measurements are generated by fluorom-
etry at lower nutrient concentrations [67, 68]. Another 
possibility is that spectrophotometry measurements are 
more sensitive to sample variability (e.g., changes in algal 
species composition at different nutrient concentrations), 
resulting in a weaker correlation between nutrients and 
chl-a. Regardless, the observed pattern highlights the 
importance of reporting measurement methods when 
publishing chl-a concentrations. In addition, this obser-
vation should induce caution for programs that monitor 
or analyze chl-a. Chl-a measurement method may be an 

additional factor to consider when combining data from 
different projects or laboratories or developing standard 
protocols.

We found that effect size was negatively correlated 
with publication year (Fig. 5). Temporal instability in the 
body of evidence for a given ecological or evolutionary 
question, as well as different reasons for instability and 
its implications, have been identified previously [69]. 
A number of these reasons could apply to our system-
atic review, including early publication bias and a wider 
variety of environmental contexts included in later years. 
While it is possible that the overall conclusions of this 
systematic review could prove to be altered by literature 
going forward, we have some indication of temporal sta-
bility from 2000 to 2017 (see “Review findings”).

In articles that report relationships between chl-a 
and both TN and TP, chl-a tends to show similar, posi-
tive responses (Fig.  7). Co-limitation by nitrogen and 
phosphorus has been demonstrated in numerous other 
studies, including those focused on experimental manip-
ulations [65, 70, 71]. Our results indicate that observa-
tional studies also support the importance of controlling 
both nitrogen and phosphorus to limit eutrophication 
responses. Further examination of studies or sites in 
which chl-a responds positively to one nutrient but 
negatively to the other (e.g., studies in the upper left 
or lower right quadrants of Fig.  7) may help nutrient 
managers identify site-specific factors influencing the 
relative importance and specific roles of nitrogen and 
phosphorus.

Finally, we observed that the response of sestonic chl-a 
weakened as the mean concentration of both TN and 
TP increased (Fig. 6). Scientists and managers have long 
recognized that biota vary in their sensitivity to different 
environmental stressors [72, 73]. Taxa may also display 
contrasting response shapes (e.g., linear vs. S-shaped vs. 
parabola; [74, 75]). In agreement with primary studies, 
our review indicates that in the most eutrophic streams 
and rivers, sestonic chl-a is unlikely to be a useful bio-
logical measurement for tracking the impact of nutrients 
[76]. In those places, managers should consider other 
metrics to monitor condition. In contrast, we did not 
observe a clear pattern in benthic chl-a response across 
the range of mean TN and TP. In accordance with the 
Nutrient-Algal Biomass Conceptual model, we would 
not necessarily expect such a pattern [63, 77] due to the 
different environments in which benthic and sestonic 
algae tend to dominate (and thus be measured). Our 
review included responses from streams that ranged 
from oligotrophic to eutrophic and that encompassed 
many stream habitat types, all of which may have ben-
thic algae communities that fail to respond to variation in 
nutrient concentration as a result of nutrient saturation 
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or confounding environmental factors such as canopy 
cover, according to the model. For both benthic and ses-
tonic algae, responses to nutrients will be influenced by 
other environmental parameters (e.g., turbidity, light, 
discharge, grazer density) that affect algal assemblages 
both independently of and interactively with nutrients. 
Our results suggest that the usefulness of benthic chl-a 
as a biological indicator of nutrient impacts may be more 
context-dependent and influenced by study design and 
environmental factors.

Implications for research
Our review confirms that primary producers respond 
positively to nutrients across a range of stream and river 
conditions. Future research could explore the more 
nuanced patterns we observed, such as potential thresh-
olds associated with the growth of primary producers 
in lotic ecosystems. For example, sestonic chl-a displays 
nutrient saturation or some other form of limitation at 
high TN and TP concentrations (Fig. 6). Our review also 
shows trends for other moderating factors, although 
these trends tend to differ across the individual stressor-
response relationships. Few moderating factors showed 
similar influence on effect sizes in terms of significance 
and directionality across all four stressor-response rela-
tionships analyzed. There were some exceptions. For 
example, there were directionally similar, though insignif-
icant, trends with minimum pH across all four stressor-
response relationships (Additional file  13). We may 
attribute this general pattern to acidification acting as an 
overriding and fast-acting stressor on algal communities 
[78, 79]. Some of the limits to primary producer growth 
have direct application to nutrient management goals. 
Others would provide synthetic evidence addressing 
fundamental questions about aquatic ecosystems. Our 
review also prompts more mechanistic questions about 
the interactions among structural and functional com-
ponents of aquatic ecosystems. Future research focused 
on underlying ecological processes to explain why we 
observed the patterns we did would provide additional 
insights that could be useful for management of nutrient 
pollution.

This review included cause-effect pairs from observa-
tional and experimental studies. Unfortunately, many 
cause-effect pairs from experimental studies had to be 
left out because TN or TP concentrations in the water 
column were not reported. Future experimental work 
would generate much-needed and strong evidence for 
how total nutrients affect growth of primary producers, 
as long as total nutrient concentration is reported.

The ability to conduct analysis of and see trends in 
moderating factors was affected by which factors were 
reported in the literature and in what form (e.g., range, 

mean, median). Future meta-analysis of these moderating 
factors would benefit from more complete and consistent 
reporting in the literature [80]. Such reporting is made 
possible when authors publish supplemental and/or digi-
tal files of summary statistics and raw datasets.

A potential, as yet untapped source of data and infor-
mation that could address some of the research impli-
cations we have mentioned are the 904 articles that 
presented information on TN or TP and chl-a but did not 
statistically analyze their correlation. Extracting raw or 
summary nutrient and chl-a concentrations and calculat-
ing correlations could enhance evidence about stressor-
response relationships (Additional file 5).

Chlorophyll a is a valid biological measurement that 
can be used in management of rivers and streams, but 
there are many other metrics for measuring biological 
condition. In our searching and screening process, we 
captured articles that reported the effects of total nutri-
ents on diatoms and macroinvertebrates (Fig.  1). Data 
from these articles about diatoms and macroinverte-
brates will be used in the future to conduct meta-analysis 
and synthesize evidence in a similar way to the current 
review in order to understand how these other important 
biological indicators respond to nutrients across a broad 
range of conditions in streams and rivers.

Finally, systematic reviews are typically most effective 
when the questions are specific and well defined (i.e., 
closed-framed questions) [33]. With more and better 
searching, screening, and data extraction tools (e.g., 
http:// syste matic revie wtools. com/), it will be possible 
to survey literature more broadly in a shorter period of 
time. The result could be more reviews like ours, with 
many effect sizes and diverse potential modifying fac-
tors. Advances in methods for data synthesis and analy-
sis will likely need to accompany reviews like this. For 
instance, because our review included observational 
field data, mesocosm experiments, and field experi-
ments, we developed sets of risk of bias characteristics 
that were applicable to each data source. In addition, we 
devised a new, efficient way to conduct sensitivity anal-
ysis of a large number of effect sizes. Future research on 
systematic review methods could focus on how best to 
draw conclusions from larger datasets of environmental 
evidence.
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