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Abstract
1.	 We conducted a systematic review on the impacts of natural causes of variation 

or changes in flow magnitude (resulting from climatic variability and broad-scale 
drivers such as climate-induced change) on fish abundance and biomass in tem-
perate regions.

2.	 Following our systematic review protocol (Birnie-Gauvin et al., 2021), we ex-
amined commercially published and grey literature originally identified during a 
recent systematic map process (Rytwinski et al., 2020) and a systematic search 
update. Articles were screened using an a priori eligibility criteria, with consist-
ency checks performed at the title and abstract, and full text screening stages. All 
eligible articles were assessed for study validity. A narrative synthesis included 
all available evidence (300 studies from 219 articles), and meta-analyses (1863 
datasets from 193 studies) were conducted where appropriate.

3.	 Most studies were conducted in the United States (65%) on genera in the 
Salmonidae and Leuciscidae families (29% and 28%, respectively), and mainly in-
vestigated variation in flow magnitude, followed by droughts and floods.

4.	 We found that fish abundance and biomass responses to changes in natural flow 
magnitude were mainly negative, but analyses do not support clear generaliz-
able signals across all contexts (e.g. types of changes in flow magnitude, taxa, 
locations). When exploring reasons for heterogeneity in effect sizes, we found a 
detectable effect of intervention type on average fish abundance within the first 
year of the natural change in flow magnitude, with floods and droughts associ-
ated with overall negative responses. However, these patterns were more vari-
able when considering between-year variation or specific taxonomic responses.

5.	 Our results suggest that while immediate responses were more apparent and 
relatively consistent within specific types of natural events, fish populations may 
recover after such events (i.e. ≥2 years post-natural event); however, most studies 
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1  |  INTRODUC TION

The natural flow paradigm stresses that the various components of 
the flow regime (including magnitude, frequency, duration, timing, 
and rate of change of flow events) play an important role in main-
taining the ecological integrity and diversity of aquatic ecosystems 
(Bunn & Arthington, 2002; Olden & Poff, 2003; Poff et al., 1997). 
Wildlife, and fish in particular, have adapted over time to the nat-
ural dynamics of their environment, including changes in flow re-
gimes (Lytle & Poff, 2004). However, there is growing evidence of 
the potential negative consequences of altered flow regimes on flu-
vial ecosystems and the fisheries they support, including changes 
to physical habitat, habitat access, food supplies, behaviour, com-
munity composition, energy expenditure, and population dynamics 
(Clarke et al., 2008; Murchie et al., 2008). As such, the importance of 
this natural flow variability in maintaining healthy fluvial ecosystems 
has recently become a primary focus for water resource managers, 
indicating the need for a better understanding of flow-ecosystem 
response relationships for effective management of these systems 
(Gillespie et al., 2015).

At the request of a Canadian natural resource management 
agency and regulator (i.e. Fisheries and Oceans Canada, DFO), a 
systematic map was recently conducted (Rytwinski et al., 2020) to 
provide a summary of the existing literature base on the impacts of 
flow-regime changes on outcomes of freshwater or estuarine fish 
productivity in temperate regions. From this mapping exercise, 
11 potential subtopics (i.e. evidence clusters) were identified as 
areas that had sufficient coverage to allow systematic reviewing. 
Based on the presence of sufficient evidence and relevance of the 
topic to Canadian stakeholders, four of these evidence clusters 
were identified as priority candidates for full systematic reviewing: 
(1) the effect of alterations to flow magnitude due to hydropower 
production on fish abundance, (2) the effect of natural changes in 
flow magnitude on fish abundance, (3) the effect of alterations to 
flow magnitude due to hydropower production on fish community 
diversity and species richness and (4) the effect of natural changes 
in flow magnitude on fish community diversity and species rich-
ness. Since publication of the mapping exercise, evidence cluster 
(1) has been addressed with a systematic review (i.e. the effect of 

alterations to flow magnitude due to hydropower production on 
fish abundance; see Harper et al., 2022). Here, we present results 
of a systematic review addressing evidence cluster (2), the effect 
of natural changes in flow magnitude on fish abundance. Note, 
articles focusing on fish diversity responses to hydropower pro-
duction and natural changes in flow magnitude (i.e. related to evi-
dence clusters 3 and 4) were included in searches and screened for 
eligibility during the review process for evidence clusters 1 and 2; 
however, they were removed at the synthesis stage to be assessed 
in separate future systematic reviews due to time and resource 
constraints; focusing instead on the largest evidence clusters first 
(i.e., abundance). For further details on background, topic identi-
fication, stakeholder involvement, and our conceptual model, see 
our systematic review protocol (stage 1 registered report; Birnie-
Gauvin et al., 2021).

The primary objective of the systematic review is to clar-
ify, from the existing literature, how natural changes in flow 
magnitude (i.e. climatic variability and broad-scale drivers such 
as climate-induced change) affect fish abundance (including 
abundance, density, catch-per-unit-effort metrics) and biomass 
(including biomass and yield metrics) in temperate regions. 
Furthermore, we address the secondary question of: To what ex-
tent do factors such as fish taxa, natural change type, specific 
outcome metrics (e.g. fish abundance versus density), life history 
characteristics, study design and setting, influence the potential 
impact of changes in flow magnitude due to natural causes on 
fish abundance and biomass?

2  |  MATERIAL S AND METHODS

2.1  |  Search strategy

This systematic review followed detailed methods described in the 
systematic review protocol (stage 1 registered report) by Birnie-
Gauvin et al. (2021). In doing so, this review was performed fol-
lowing, as closely as possible, the guidelines of the Collaboration 
for Environmental Evidence (CEE, 2018), and conforms to ROSES 
reporting standards (i.e. detailed forms for ensuring evidence 

were short in duration (<2 years) and longer-term effects were more variable and 
may be context dependent.

6.	 To improve our understanding of species-specific and population-level effects, as 
well as time-lags in fish responses to natural changes in flow regimes, standard-
ized, long-term continuous monitoring both before and after a change in flow 
magnitude are needed to address knowledge gaps. Studies that focus on systems 
outside North America are recommended.

K E Y W O R D S
climate change, discharge, evidence synthesis, fish density, flow modification, high flow, low 
flow, seasonal variation
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syntheses report their methods to the highest possible standards; 
see Haddaway et al., 2018; and completed form in Rytwinski et al., 
2022a). This review examined commercially published and grey 
literature originally identified during the systematic map process 
(searches performed in 2017; see Rytwinski et al., 2020) and a 
systematic search update (targeting literature from 2017 to 2021 
using a subset of the search terms used for the systematic map; 
see Birnie-Gauvin et al., 2021 and Supporting Information 1 for full 
details and search results). No deviations were made from the pro-
tocol regarding our search strategy.

2.2  |  Article screening and study eligibility criteria

A total of 1368 relevant studies (i.e. an experiment or observation 
that was undertaken over a specific time period at particular sites 
reported as separate waterbodies that were not treated as replicates 
within a single article) from 1199 articles, published between 1940 
and 2017, were identified by the map exercise, with 188 cases con-
sidering natural flow magnitude alterations and fish abundance and 
41 considering fish biomass metrics. Furthermore, all cases that were 
identified in the mapping exercise to have evaluated fish abundance 
and biomass responses to a change in (i) an unspecified flow compo-
nent due to natural (109 cases), multiple (75), or unclear causes (18), 
or (ii) flow magnitude due to multiple (127) or unclear causes (77), 
were further screened for consideration to confirm whether any rel-
evant information could be used. All articles containing information 
on these potentially relevant cases were pre-screened by a single re-
viewer at full text prior to the data extraction stage using the specific 
eligibility criteria developed for this review (Table 1).

Articles identified in the updated search using the databases and 
the search engine were screened at two stages: (i) title and abstract, 
and (ii) full text. Articles found by other means for the updated 
search (i.e. searching bibliographies of recent relevant reviews, evi-
dence call-outs, etc.) were screened at full text. Prior to screening all 
articles, a consistency check was done at each stage on a subset of 
articles and discrepancies discussed; see Supporting Information 1 
for further details on consistency checks. All articles were screened 
according to the established eligibility criteria developed in con-
sultation with the Advisory Team (Table 1) and were only included 
when all criteria were met. A list of articles excluded at the full-text 
screening stage or during the data extraction stage, with reasons for 
exclusion, is provided in Supporting Information 2.

2.3  |  Study validity assessment

Relevant studies identified during full-text screening or during data 
extraction, were assessed for internal study validity using a review-
specific critical appraisal tool (see Supporting Information 3 for 
further details). This appraisal tool was made in consultation with 
the Advisory Team to ensure that it incorporated all components 
of well-designed studies and was informed by previous reviews 

(Harper et al., 2022; Macura et al., 2019; Martin et al., 2020). Study 
validity assessment took place at the same time as data extraction 
and was performed by a single reviewer following a consistency 
check (see Supporting Information 3). No studies were excluded 
based on study validity assessment; however, sensitivity analysis 
was used to investigate the influence of study validity categories 
when sufficient data were available (see ‘Quantitative synthesis: 
Formal meta-analysis’).

2.4  |  Data coding and extraction strategy

2.4.1  |  General data-extraction strategy

Following full-text screening, all articles identified as relevant from the 
updated search and those identified as relevant from the systematic 
mapping exercise underwent data extraction using a review-specific 
extraction form (see extraction sheet in Rytwinski et al., 2022b). If 
an article was deemed irrelevant after further screening at this stage, 
it was excluded from the review with justification (see Supporting 
Information 2). Attempts were made to identify supplementary arti-
cles and combine them with the most comprehensive article (i.e. pri-
mary source) during data extraction.

We extracted data on the following key variables: bibliographic 
information, study location and characteristics (e.g. geographic loca-
tion, climate, and waterbody name), study design details (e.g. study 
dates and study design), intervention/exposure and comparator de-
tails (e.g. floods, droughts; see Table 2 for definitions), outcome (i.e. 
abundance [abundance, density, or catch per unit effort, CPUE], or 
biomass [biomass or yield]), sampling method(s) (e.g. type and size 
of sampling units), species (or species groups) (e.g. genus and spe-
cies names; common and Latin names crosschecked with FishBase 
[Froese & Pauly, 2021] and Eschemeyer's Catalogue of Fishes [Fricke 
et al., 2020]) and life history stage, effect modifiers (see below under 
Section 2.5), and study validity assessment decisions. Coding within 
key variables was based on codes previously developed during the 
systematic map (Rytwinski et al., 2020) and expanded on through a 
partially iterative process as new options were encountered during 
scoping and extraction. Extraction was primarily based on informa-
tion contained within each article and associated supplementary 
files; however, for one variable, data were extracted from an ex-
ternal source to the article, based on the location reported by the 
author (i.e. climate zone [Köppen-Geiger classification (Kottek et al., 
2006: http://koepp​en-geiger.vu-wien.ac.at/)]) (but see also Section 
2.5 for two additional external cases).

Additionally, all articles included on the basis of full-text as-
sessment underwent quantitative data extraction when possible. 
Sample size (i.e. number of waterbodies/sites within a single wa-
terbody, years/months), flow magnitude alteration (i.e. flow magni-
tude before and after an extreme event such as a flood or drought) 
and outcome (i.e. reported abundance and biomass metrics) were 
extracted as presented in tables or text, and data from figures 
was extracted using data extraction software WebPlotDigitizer 

 26888319, 2023, 1, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/2688-8319.12216 by C

ochrane C
anada Provision, W

iley O
nline L

ibrary on [02/03/2023]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://koeppen-geiger.vu-wien.ac.at/


4 of 34  |    Ecological Solutions and Evidence RYTWINSKI et al.

TA B L E  1 Article inclusion and exclusion criteria summarized from the stage 1 registered report (Birnie-Gauvin et al., 2021). Further 
criteria for consideration that were developed post-publication of the stage 1 report are shown in italic font.

Included Excluded

Subject (population)

Any fish species in north (23.5°N–66.5°N) or south (23.5°S–66.5°S) 
temperate regions. This included any resident (i.e. non-migratory) 
or migratory fish species, including diadromous species (i.e. fish that 
migrate between fresh and saltwater). All life stages were considered. 
Populations included those that were once stocked (but are no longer 
being stocked or it was unclear if stocking was ongoing or occurred during 
study period) or alien and became established in the waterbody. Studies 
located in freshwater or estuarine fluvial (i.e. water moving via gravity) 
ecosystems, such as lakes, rivers, streams, wetlands and marshes

Fish species in tropical or polar regions. Studies in a completely marine 
ecosystem or in a waterbody that did not have any moving water (e.g. 
irrigation ponds). Studies related to altered flows in aquaculture, fish farms, 
or hatcheries

Intervention/exposure

Articles that described variability or a change in the magnitude of flow. 
Magnitude can be defined as the amount of water moving past a fixed 
location per unit time (Poff et al., 1997). Magnitude is therefore a 
measure of discharge, can refer to either relative or absolute discharge, 
and can be expressed in a variety of units. Natural causes of variation 
or a change in flow magnitude that directly (or near directly) affect fish 
were considered, including (i) those originating from climatic variation 
such as seasonal changes (e.g. rainfall, snowmelt, or ice), droughts and 
floods, that operate on annual or shorter time scales, or (ii) longer-term 
climate-induced changes in flow magnitude that would have delayed 
but potentially significant impacts on fish communities. These included 
natural (or near-natural) systems (i.e. those relatively unaffected by 
direct human pressure) as well as human-modified systems (as long as 
no anthropogenic changes in magnitude were made during the study 
period). Natural causes also included landslides and wildfires. Articles 
that reported unspecified multiple components affecting flow (i.e. 
do not report effects of components separately to isolate individual 
impacts of the flow components), were also included. A sensitivity 
analysis was carried out to investigate the influence of including such 
articles in the quantitative analysis

Studies that focused on other components of flow regime and did not 
also include an evaluation of flow magnitude (i.e. frequency, duration, 
timing [seasonality], rate of change, and surrogates thereof). Studies 
that only considered flow alterations due to anthropogenic causes 
(e.g. hydro-electric or nuclear facilities, dams without hydro, water 
withdrawal, land-use change, flow augmentation, or environmental 
flows). Studies that focused on drivers of change related to in-stream 
channel engineering, reduction in river length, construction of dikes, 
weirs, operation of hydropower plants and reservoirs, urbanization, 
transport infrastructure, deforestation, ditch construction, agricultural 
management practices, drainage of wetlands and agricultural areas, or 
construction of flood-retention basins

Comparator

Relevant comparators included: (1) similar sections of the same 
waterbody that are not affected by a naturally caused change in 
flow magnitude (e.g. upstream condition); (2) separate but similar 
waterbodies without a naturally caused change in flow magnitude; 
(3) before a naturally caused change in flow magnitude within the 
same waterbody; or (4) time-series data within the same waterbody. 
Studies that did not include a comparator

No studies were excluded based on a comparator (or lack thereof)

Outcome

Studies must have reported measured effects that indicate the potential 
for a change in fish abundance or biomass (i.e. direct flow-fish 
responses). Outcomes included those related to abundance, density, 
CPUE, biomass, and yield indices

Studies that evaluated some other direct response of fish productivity (e.g. 
growth, survival, or migration) or that considered indirect responses to 
altered flow. For example, if authors made an indirect link between the 
measured outcome of altered flow (e.g. growth of aquatic plants) and its 
‘potential’ impact on fish (e.g. abundance)

Study design

During protocol development, it was determined that many studies 
would likely not fit the typical Before/After (BA), Control/Impact 
(CI), Before/After/Control/Impact (BACI) or randomized controlled 
trial (RCT) structure. Therefore, we included all primary field-based 
studies that included quantification of fish abundance or biomass 
outcomes in relation to natural variability in flow magnitude, 
including the above-mentioned designs, as well as a reference 
conditional approach (RCA), normal range (NRange), and temporal 
(i.e. time series; TS) or spatial trend (S_TRENDS) designs. Several 
modifications of the standard BA and CI study designs were identified 
and included: (1) Before/During (comparing a before period to a period 
during an event (e.g. flood or drought) rather than after the event had 
finished); (2) During/After (comparing a during period to an after period 
but no true before data); (3) alternate-CI (ALT-CI: a CI design comparing 
two levels of intervention on different water bodies but neither 
experiencing no intervention); and (4) alternate-BA (ALT-BA: a BA design 
comparing two levels of intervention at different times but with no true 
Before or After period). Because designs 2–4 do not include an identified 
‘zero-control’, they were only considered in the narrative synthesis

Studies with a single point in time with no comparison to another site. 
Theoretical studies, review papers and policy discussions

Language

English at full text Any study that was not in English at full text
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(Rohatgi, 2019) when necessary. Articles not included in quanti-
tative extraction were those that did not allow for a quantitative 
assessment of the impact of changes in flow magnitude on a fish 
outcome (i.e. those that did not include an appropriate outcome 
type or comparator of no intervention; see Supporting Information 
4 for further details). Prior to independent data extraction, a con-
sistency check was performed by three reviewers on a subset of 
articles where comparisons of extracted data were made, and any 
discrepancies were discussed (see Supporting Information 4 for 
further details).

2.4.2  |  Data extraction considerations

During data extraction there were several considerations made in 
defining our database of information. First, when multiple studies 
were reported in a single article they were entered as independent 
lines in the database and assigned a Study ID. Furthermore, a single 
study could report separate relevant comparisons (i.e. multiple non-
independent datasets that share the same Study ID) (see Supporting 
Information 1, Table S1.8 for full definitions and Supporting 
Information 4 for full details). For quantitative analysis, we aggregated 

TA B L E  2 Types of interventions, flow-magnitude alterations considered (including direction and part of hydrograph) and their definitions. 
Definitions adapted from (Feldman, 2000; Gordon et al., 2004; Rytwinski et al., 2020; Smakhtin, 2001). Note that some alterations relate to 
not only magnitude but frequency and timing as well.

Intervention Code Description

Alteration to low flow 
magnitude

Increase_Low Increased seasonal or event low flow. This was related to changes in base flow, reported as 
changes to base flow, low flow, or minimum flow conditions

Decrease_Low Decreased seasonal or event low flow. This was related to changes in base flow, reported as 
changes to base flow, low flow, or minimum flow conditions. If authors indicated that the flow 
magnitude of an event was outside the normal range but compared the event to the mean or 
median flow prior to the event, Decrease_Low applied

Alterations to average 
discharges

Increase_
Discharge

Increased mean/median discharge. An increase in the mean or total flow magnitude for the flow 
period being considered

Decrease_
Discharge

Decrease mean/median discharge. A decrease in the mean or total flow magnitude for the flow 
period being considered

Alterations to high flow 
magnitude

Increase_High Increased seasonal or event high flow. This was related to changes in peak flow, reported as 
changes to peak flow, high flow, or maximum flow conditions. If authors indicated that the flow 
magnitude of an event was outside the normal range but compared the event to the mean or 
median flow prior to the event, Increase_High applied

Decrease_High Decreased seasonal or event high flow. This was related to changes in peak flow, reported as 
changes to peak flow, high flow, or maximum flow conditions

Alterations to short-
term variation of 
flow magnitude

Increase_Var Increased flow variability. Increases in short-term variation (reported as a change in magnitude 
that occurred over a period of hours or less than 1 day). For example, before the intervention, 
peaks occurred 2 times in a 24-h period, but after the intervention, occurred 4 times in 24 h

Decrease_Var Decreased flow variability. Decreases in short-term variation (reported as a change in magnitude 
that occurred over a period of hours or less than 1 day). For example, before the intervention, 
peaks occurred 4 times in a 24-h period, but after the intervention, only twice in 24 h

Alterations to winter 
flow magnitude (all 
types)

Increase_Winter Increased winter flow magnitude (including means, lows, highs or short-term variation). An 
increase in flows experienced during winter (i.e. a high flow event caused by winter snowmelt)

Decrease_
Winter

Decreased winter flow magnitude (including means, lows, highs or short-term variability). A 
decrease in flows experienced during winter (i.e. average discharge in winter in year 2 is less 
than in year 1) and could be caused by a variety of interventions including ice jams and low 
winter rains

Differences among 
measures flow 
magnitude

Difference Two different levels of flow magnitude compared to each other (i.e. ALT-CI). This was not 
applicable to multiple levels of flow (as would occur in a time series or spatial trend) but was 
used to compare two values of flow magnitude in the absence of a clear flow alteration or 
extreme event (i.e. two different rivers with different spring flows) and applied to differences 
between extreme events (i.e. flood to drought)

Changes to more than 
one flow magnitude 
alterations

Mixed More than one flow magnitude alteration occurred during the period of consideration (i.e. 
between the before and after periods a drought period was broken by a major flood). The After 
period was impacted by the cumulative effect of two or more changes in flow magnitude (i.e. 
Decrease_Low, Increase_High)

General changes to 
flow magnitude

N/A For trend study designs. Variation in flow through time (i.e. time series) or space (spatial trend) 
without a true Before or comparator level of flow magnitude. Variation was due to fluctuations 
in flow but not associated with a specific flow event (i.e. flood or drought). Fluctuations in flow 
magnitude may be daily, monthly, seasonal, or annual, or may be differences in flow magnitude 
among >2 spatial locations. Examples of causes included seasonality and climate change
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these datasets where applicable to reduce non-independence or se-
lected a single option for inclusion in analysis (see ‘Data preparation 
for quantitative synthesis’ below).

Second, in comparison to studies that evaluate the impacts of flow 
changes due to hydropower operations (reviewed in Harper et al., 
2022), we did not anticipate encountering many (if any) Control/Impact 
(CI) design studies investigating the impacts of flow magnitude changes 
on fish outcomes due to natural causes as it is difficult to foresee and 
thus plan for flood/drought events a priori. Instead, most studies use 
Before/After (BA), including Before/During (BD) designs. However, 
we also included cases where changes in fish outcomes were related 
to natural flow magnitude variation through time (i.e. time series [TS]) 
or across space (i.e. in different waterbodies within different flow-
magnitude values [S_TRENDS]). These cases were treated separately 
from BA/BD study designs for quantitative analyses.

For BA and BD studies, we considered temporal replication at two 
levels: (i) within-year (unit of replication = number of months) and (ii) 
interannual (unit of replication = number of years). For full details of 
calculations of within-year and interannual variation see ‘Before/After 
data extraction considerations’ section in Supporting Information 4.

Multi-year TS and S_TRENDS were considered when no clear 
intervention was indicated by the authors (e.g. flood or drought), but 
changes to fish outcomes were related to flow magnitude changes 
through time or across space. In these cases, the relationship be-
tween outcomes and flow magnitude alterations was extracted in 
terms of a correlation coefficient (either calculated by authors or 
by review team members if not reported), and in terms of the re-
ported maximum and minimum outcome variables, with associated 
flow magnitude values measured at the same time as the outcome. 
Unlike BA/BD study designs, studies could only be retained for 
quantitative synthesis if both quantitative measures of outcome 
(e.g. abundance or biomass) and flow-magnitude change were re-
ported. Either observed outcomes or predicted outcomes during the 
ecological sampling period were extracted, but if both were present 
for the same study, we selected observed outcomes for inclusion 
in analyses. In some instances, although authors reported a trend 
study, it was apparent that an extreme event had occurred and 
there was sufficient information to determine a comparator and in-
tervention period. If this occurred, studies were converted to a BA/
BD-style study to enable assessment of the impact of this interven-
tion (see ‘Flow magnitude data extraction considerations’ section in 
Supporting Information 4 for more details).

Third, to explore the influence of the degree of change in flow mag-
nitude, we extracted information on flow-magnitude changes. For full 
details of considerations made in defining flow-magnitude changes, 
see ‘Flow-magnitude data extraction considerations’ in Supporting 
Information 4. Interventions, such as floods and droughts, or changes 
in high and low flows, were identified based on author definitions. In 
general, floods and droughts were considered extreme events, occur-
ring outside the normal range of flow magnitude for the system or the 
temporal period (modified from Feldman, 2000; Gordon et al., 2004; 
Smakhtin, 2001), while changes to high and low flows were increases 
and/or decreases in maximum and minimum flow magnitudes, within 

the expected range of the system, but greater than flows that occurred 
in periods before or after the intervention (modified from Gordon et al., 
2004; Smakhtin, 2001; see also Supporting Information 4, Figure S4.4). 
When extracting information on flow magnitude, we considered both 
quantitative and qualitative definitions of change (increases/decreases; 
see Table 2 for definitions of changes) if quantitative data were unavail-
able. The extracted flow magnitude was dependent on study design, 
but we extracted flow-magnitude metrics that coincided with fish sam-
pling, unless otherwise stated by authors. This helped ensure that the 
fish present in the system at the time of sampling were likely to have 
interacted with the measured flow magnitude during their lifetime.

2.5  |  Potential effect modifiers and reasons for 
heterogeneity

For all articles included on the basis of full-text assessment, we recorded, 
when available, key sources of potential heterogeneity (Table 3a). 
During the review process, additional effect modifiers and reasons for 
heterogeneity were identified and extracted from the studies (Table 3b). 
When sufficient data were reported and sample size allowed, these po-
tential modifiers were used in meta-analysis (see Section 2.6.2 below) 
to account for differences among datasets via subgroup analysis (see 
Supporting Information 1, Table S1.8 for definitions of terms).

After consultation with the advisory team, there were effect 
modifiers that were originally identified in our protocol that were re-
moved from consideration for this review. Due to limitations in time 
and resources, we did not search external to the article for waterbody 
characteristics including: temperature (air or waterbody), gradient, or 
stream order, as they were often not reported within the primary ar-
ticles. Also, we did not include the type of comparator (i.e. spatial 
and/or temporal) because all studies that included a true comparator 
were temporal using either a BA or BD design (i.e. there were no CI 
or BACI study designs).

2.6  |  Data synthesis and presentation

2.6.1  |  Descriptive statistics and narrative synthesis

All relevant studies included on the basis of full-text assessments 
were included in a MS-Excel database with meta-data for each study 
(see Rytwinski et al., 2022b). All meta-data were used to develop de-
scriptive statistics and narrative synthesis of the evidence, including 
figures and tables. All studies were included in the narrative synthesis 
regardless of study validity assessments.

2.6.2  |  Quantitative synthesis

General approach and eligibility
We used three general approaches to quantitative synthesis de-
pending on the intervention type (i.e. flood, drought, high/low 
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    |  7 of 34Ecological Solutions and EvidenceRYTWINSKI et al.

flow changes, or natural variation through time/space), study de-
sign (i.e. BA/BD versus TS/S_TREND studies), and the availabil-
ity of information in relation to fish outcomes or flow-magnitude 
changes from studies (see Figure 1; Supporting Information 4, 
Figure S4.3). The first approach included studies that focused on 
fish outcomes of one (or a few) clearly defined intervention(s) 
(flood, drought, or high- or low-flow changes), and there was rep-
lication in the intervention and comparator groups (i.e. at least 
two sampling time periods [months and/or years depending on 
within-year or interannual variation] both before and during/after 
the natural event). Here, we used formal meta-analytical proce-
dures using the standardized mean difference effect size meas-
ure for quantitative synthesis (hereafter: formal meta-analysis). 
In doing so, summary and moderator effects were computed and 
tested from (i) individual study effect sizes using a standardized 
measure that required a temporal or spatial comparator, as well 

as replication in both the intervention and comparator groups, (ii) 
weighting individual effect sizes according to their reliability (i.e. 
standard error), and (iii) using random and mixed effects models 
(for estimating global and moderator effects, respectively) which 
partition within-study estimation error from true variation in ef-
fect sizes. This rigorous methodology is advantageous because 
it allows one to estimate summary effects and test for associa-
tions with factors that may cause variation among studies using 
the most reliable sources of information. It also allows for more 
confident conclusions to be drawn about how variation in fish 
responses is apportioned to different factors while accounting 
for the ‘noise’ created by within-study variation (Borenstein 
et al., 2010). As such, we placed higher emphasis on the results 
of analyses using this more formal approach.

To make use of the full evidence base, the second approach in-
cluded the same studies from the first approach above but also studies 

TA B L E  3 Sources of potential heterogeneity extracted from eligible studies.

Moderators Description

(a)

Waterbody type For example, stream, river, estuary

Freshwater ecoregion Freshwater Ecoregions of the World [FEOW], Abell et al. (2008); https://www.feow.org/

Land use in immediate 
surroundings

For example, natural lands, agricultural [including silviculture], developed lands [housing, commercial 
etc.] or combinations thereof

Type of intervention Drought, flood, high flows, low flows, other types of hydrological events [e.g. landslides], and variation 
[e.g. no event occurred during the study period, but natural variation or differences not linked to an 
event were present]

Presence of other flow component 
alterations

Frequency, duration, timing, rate of change, or surrogates of flow alteration, or any combinations of 
alterations; Yes: there are other alterations during the same time period as magnitude changes, 
and authors isolate impacts and/or account for such impacts in analysis; No: magnitude is the only 
flow regime alteration at site/time period; Unclear: the study does not specify a flow component or 
reports unspecified multiple components affecting flow

Sampling methods Active or passive gear [electrofishing, net samples, trapping], angling, telemetry, mark-recapture, visual, 
passive integrated transponders [PIT tags], multiple methods, or others

Monitoring duration Years

Life stage Egg: eggs, nests, and redds; larvae: larvae, alevins, free embryos; age-0: fry, parr [0+], age-0+, YOY; 
juveniles: age-1+, parr [1+], juvenile, fingerling [if specific developmental stage is not identified], and 
smolt; adult: adult, spawner, and kelt; mixed: assorted life stages

Outcome metric Abundance, density, CPUE, biomass, and yield

(B)

Major habitat types For example, temperate coastal rivers, temperate floodplain rivers and wetlands, montane freshwater; 
as defined by FEOW, WWF/TNC (2019); https://www.feow.org/globa​l-maps/major​-habit​at-types; 
these reflect groupings of ecoregions with similar biological, chemical, and physical characteristics 
and are roughly equivalent to biomes for terrestrial systems

Water regime For example, intermittent [temporary or seasonal streams/rivers/wetlands], perennial streams

Flow regime Named as such for the purposes of this review; e.g. free-flowing systems, regulated systems where 
water flows are regulated by dams or intensive land-use changes, mixed

Direction of flow magnitude 
changes

For example, increases/decreases in average, low, or high flow magnitude, increases/decreases in short-
term variation, variation through time or across space; see Table 2 for all types of changes and their 
definitions

The number of extreme events 
between sampling periods

For example, number of floods between Before and After periods

Duration of the event Months, years

Time since intervention Years; for BA designs only
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that lacked replication in either the intervention or comparator group. 
For such cases, we used a less formal meta-analytical approach with 
percent change as the measure for quantitative synthesis (hereafter: 
less formal meta-analysis).

The third approach included studies that focused on fish outcomes 
of flow magnitude variation through time (TS) or space (S_TREND) and 
there were no clearly defined intervention(s) as indicated by the authors 
or based on the reported data. In such cases, we calculated percent 
changes from the reported maximum and minimum outcome variables, 
with associated flow-magnitude values measured at the same time as 
outcome to explore quantitative flow-ecological relationships (hereaf-
ter: flow-ecological relationship analysis; see ‘Time-series and spatial 
trend data extraction considerations’ in Supporting Information 4).  
Unlike BA/BD study designs, studies could only be retained for flow-
ecological relationship analysis if both quantitative measures of fish 
outcome and flow-magnitude change were reported. As noted by 
McManamay et al. (2013), although these studies are expected to 
present variable changes in flow magnitude and thus, fish outcomes 
responses, they still may provide results informative to generalizing 
flow-ecology relationships.

Both the less formal meta-analysis and flow-ecological relation-
ship analysis approaches described above are similar in methodol-
ogy to previous reviews on this topic (e.g. McManamay et al., 2013; 
Piniewski et al., 2017; Poff & Zimmerman, 2010) with the use of a 
proportional change metric for quantitative synthesis. Results of these 
two analyses will be used to supplement and compare with the more 
formal meta-analysis, as well as the results of past reviews. Studies 
not considered in any of the above quantitative approaches (and thus 
only considered for narrative synthesis) were those that: (i) did not in-
clude comparator data (e.g. missing Before data for a fish outcome), (ii) 
did not report flow-magnitude data (TS or S_TREND studies), (iii) in-
cluded fish outcome and flow magnitude but for ≤1 year (TS studies), 

or (iv) only reported presence/absence or qualitative descriptions of 
fish outcomes.

Data preparation for quantitative synthesis
For formal meta-analysis using standardized effect sizes, measures of 
variability were converted to standard deviations when not reported 
as such (e.g. standard error or confidence intervals) using RevMan 
Calculator (Drahota & Bellor, 2008). If no variance was reported for 
group averages, standard deviations were obtained using mean value 
imputation (see Supporting Information 5). Variance imputation was not 
required for other quantitative synthesis approaches because variances 
are not used in those analytical procedures.

In preparation for the flow-ecological relationship analysis, 
the direction of the linear relationships between flow magnitude 
and ecological outcomes were determined for TS and S_TRENDS 
studies based on author-reported information or calculated from 
correlation coefficients (Pearson's r) by the review team when not 
provided. Comparisons were made among tables and figures if 
dataset extent matched or overlapped sufficiently for correlation 
analysis.

To reduce multiple effect size estimates from the same study (all 
quantitative synthesis approaches) and avoid giving studies with mul-
tiple estimates more weight in analyses (formal meta-analysis only), 
datasets were aggregated in a few instances when studies shared all 
other meta-data (see Supporting Information 5 for full details). Given 
one of our objectives was to determine whether generalized fish-
flow relationships could be identified from the available literature 
[which would include null hypothesis testing regarding heteroge-
neity parameters (e.g. Q test to determine whether individual effect 
sizes estimate a common population mean)], and our small database 
of studies for the formal meta-analysis in the within-year and in-
terannual replication type subsets, we were limited in our ability to 

F I G U R E  1 Flow diagram of quantitative synthesis approaches. Dashed rectangular boxes indicate studies that focus on fish outcomes of 
one (or a few) clearly defined intervention(s), whereas the dashed wavy box indicates studies that focus on fish outcomes of flow magnitude 
variation through time or space with no clearly defined intervention(s). Note, the total number of studies included in quantitative syntheses 
is the unique number of studies (among all approaches) because one study could be included in more than one approach, and the number of 
datasets is post-aggregation (see ‘Data preparation for quantitative synthesis’ and Supporting Information 5 for further details).
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use other approaches such as robust variance estimation or multi-
level meta-analysis (Hedges et al., 2010; Tanner-Smith et al., 2016; 
Tanner-Smith & Tipton, 2014; Tipton, 2013; Van den Noortgate 
et al., 2013).

Effect size calculation
Standardized mean difference: Because outcomes (i.e. abun-
dance, density, CPUE, or biomass, yield) were not always reported 
in comparable units or on the same scale, we used the standard-
ized mean difference, Hedges' g, as our effect size measure for 
studies with sufficient replication (e.g. BA and BD studies with 
≥2 replicates before and during/after), rather than raw mean dif-
ferences. Hedges' g was calculated using the steps in Borenstein 
et al. (2009), as shown below.

Starting with Cohen's d to account for differences in measure-
ments across studies (Cohen, 1977), we calculated the standardized 
mean difference by dividing the mean difference in each study (i.e. 
the difference between mean fish response to an intervention and the 
mean fish response to a lack of an intervention [the comparator]) by 
the study's pooled standard deviation: 

where XG1 was the mean of the group 1 (G1 = the comparator group) 
and XG2 was the mean of group 2 (G2 = the intervention group). Spooled 
was the pooled standard deviation of groups 1 and 2: 

where S  = standard deviation, and n is the sample size. The variance 
for d is given by: 

Then, to convert Cohen's d to Hedges' g, we used a correction fac-
tor that decreases small sample bias in d: 

 Finally, we calculated Hedges' g and the associated variance (Vg) as: 

 

From this, a negative Hedges' g indicates that fish outcomes (abun-
dance or biomass) are lower after the intervention than before. All ef-
fect sizes calculations were done in MS Excel.

Percent change: Before/After and Before/During designs: For any 
data set with quantitative outcome data, regardless of whether there 
was replication or not [either a mean (number of replicates >1) or total 
count (n = 1) for either the intervention or comparator groups], we 
calculated the percent change in species response to an intervention:

where XG1 and XG2 were the means (or total count if n = 1) of group 
1 (G1 = comparator group) and group 2 (G2 = intervention group) for 
BA/BD studies. Since percent change cannot be computed when 
XG1 = 0 , we added a small constant q = 0.01 to XG1 for each data 
set. Prior to statistical procedures, we transformed percent change 
values by taking the log((x/100) + 1), where x = percent change calcu-
lation from Equation 7 (this transformation was equivalent to the log 
response ratios used in Piniewski et al., 2017). However, we provide 
untransformed axis values for ease of interpretation when plotting 
results (i.e. percent change values from Equation 7). A negative value 
for percent change indicated that fish outcomes decreased in rela-
tion to flow magnitude change, while positive value indicated that 
fish outcomes increased in relation to a change in flow magnitude. 
Because log transformations cannot be computed when percent 
changes were ≤−100%, we truncated such cases to −99.999%. All 
percent change calculations were done in MS Excel.

Percent change: Time series and spatial trend designs: For time 
series and spatial trends, because it was not possible to determine 
a clearly defined intervention, we first determined the direction of 
the effect of natural variation on fish outcomes from either author 
reported information, or reviewer calculated Pearson's correlation 
coefficient (r) (i.e. linear relationship between the fish outcome and 
flow magnitude). Most studies presented linear relationships between 
gradients of flow magnitude and fish outcomes directly; however, not 
all studies did, leaving us to make comparisons among tables and fig-
ures to match the extent of flow magnitude data and fish outcomes. 
In such cases, we correlated the two variables across the entire range 
of measured values, assuming a linear relationship. We then used 
the extracted maximum and minimum reported fish outcomes as the 
values for each group (intervention and comparator) in the percent 
change equation (i.e. Equation 7 above). More specifically, if Pearson's 
r was positive, the maximum reported outcome was considered XG2 
in Equation 7, while if Pearson's r was negative, the maximum out-
come reported is used as XG1. Percent change in flow magnitude was 
then calculated separately using magnitude values corresponding 
to the maximum and minimum fish outcomes for each dataset (e.g. 
if the maximum fish outcome occurred in 2010, the associated flow 
magnitude was measured in 2010). Prior to analysis, we transformed 
the data by taking the log |x| for the absolute percent change val-
ues (where x = percent change calculation from Equation 7) for both 
the fish outcomes and flow magnitude alterations, and then retain-
ing the sign from the original percent change value, as was done in 
McManamay et al. (2013). All percent change calculations were done 
in MS Excel.

Quantitative synthesis
Formal meta-analysis: All formal meta-analyses (i.e. random effects 
and mixed-effects models) were conducted in R 4.1.1 (R Core Team, 
2021) using the rma.mv function in the metafor package (3.0-2) 

(1)d =
XG2 − XG1

Spooled
,

(2)Spooled =

√

(

nG2 − 1
)

S2
G2

+

(

nG1 − 1
)

S1
G1

nG1 + nG2 − 2
,

(3)Vd =
nG1 + nG2

nG1nG2
+

d2

2
(

nG1 + nG2
) .

(4)J = 1 −
3

4
(

nG1 + nG2 − 2
)

− 1
.

(5)Hedges′g = J × d,

(6)Vg = J2 × Vd .

(7)
(

XG2

)

−

(

XG1 + q
)

XG1 + q
× 100,
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(Viechtbauer, 2010). To determine if changes in flow magnitude had 
a effect on fish abundance and biomass outcome metrics on aver-
age (research question 1), fish responses were compared to con-
trols by conducting random-effects meta-analyses using restricted 
maximum-likelihood (REML) to compute weighted summary effect 
sizes for each outcome (i.e. abundance and biomass) within a given 
replication type (i.e. within-year and interannual temporal replication 
for BA/BD study designs) separately.

For within-year comparisons, models were developed for each of 
the first 5 years after a change in flow magnitude (i.e. comparing the 
most recent or only Before year with (i) After year-1 only, (ii) After 
year-2 only, (iii) After year-3 only, (iv) After year-4 only, and (v) After 
year-5 only, as well as the average of years 1–5 after a change in flow 
magnitude [see Supporting Information 5 for further details]). The first 
5 years after a change in magnitude were selected since there were 
insufficient sample sizes in the available evidence base beyond this 
time frame. There were sufficient sample sizes to investigate for this 
potential impact of a time-lag for fish abundance but not for biomass 
outcomes.

To further account for multiple non-independent data sets 
with the same study ID (e.g. different species), Study ID was in-
cluded as a random factor in each model. The summary effect size 
was considered significantly different from zero when the 95% 
confidence interval (CI) did not overlap with zero. Heterogeneity 
in effect sizes was calculated using the Q statistic, compared to 
the chi-square (χ2) distribution to determine if the total variation in 
observed effect sizes (QT) was more heterogeneous than expected 
due to sampling error alone (QE) (e.g. QT is significantly greater than 
expected from QE) (Rosenberg, 2013). A statistically significant Q 
indicates greater heterogeneity in effect sizes (i.e. individual effect 
sizes do not estimate a common population mean), which suggests 
there are differences among effect sizes that arise from causes 
other than sampling error. We produced forest plots to visualize 
mean effect sizes and 95% CI from each comparison using the for-
est function of the metafor package (3.0-2) (Viechtbauer, 2010). 
Summary effect sizes were used to identify general trends in the 
evidence base and the impact of the intervention. It is important 
to note that a lack of significance does not indicate no significant 
patterns within the evidence base. Furthermore, a lack of signifi-
cance can only be interpreted as a lack of evidence for an effect if 
there is no indication of heterogeneity.

Although we attempted to reduce publication bias by including 
data from available grey literature, publication bias could still impact 
results if publishing is biased towards a particular type of result, such 
as statistically significant outcomes. Therefore, we examined publi-
cation bias for global analysis models (as described above) by using 
funnel plots and fail-safe numbers (see Supporting Information 5 for 
further details).

To test for associations between effect size and moderators 
(research question 2), we used mixed-effects models for categor-
ical moderators, estimating heterogeneity using REML. We first 
evaluated the influence of intervention type on each outcome sub-
group separately. Then, we tested for associations between other 

moderators and effect sizes within intervention type subsets. We 
tested for associations within intervention subsets for two reasons. 
First, some moderators of interest were related to specific interven-
tion types (e.g. direction of flow magnitude changes, duration of the 
event). To reduce potential confounding effects of intervention type, 
associations between other moderators and effect sizes were eval-
uated separately for different interventions. Second, information on 
all moderators was not always provided in articles, and partly due 
to this, the distribution of moderators varied substantially between 
intervention types; therefore, to reduce the number of studies that 
would have needed to be excluded if testing for associations with 
all interventions combined, we instead test for associations within 
intervention type subsets.

We only performed analyses for moderators when there were 
sufficient combinable datasets (i.e. ≥3 datasets from at least 2 stud-
ies) for each moderator category (e.g. at least 3 datasets from at 
least 2 studies for each of the major habitat types within the subset 
of drought studies reporting an abundance outcome). When there 
were insufficient numbers of datasets for a particular moderator 
category, these datasets were deleted, reducing the number of cat-
egories available for investigation of that moderator. The only ex-
ception to this rule was combining datasets for ‘Not reported’ and 
‘Unclear’ categories when both were present for a particular moder-
ator. Furthermore, for two moderators, we categorized the original 
continuous variable into discrete time periods due to uneven distri-
butions, selecting categories in an effort to maximize the number of 
datasets in each (i.e. event duration [<6 months, ≥6 months but <1 
year, ≥1 year]; monitoring duration [<5 years, ≥6 years]).

When testing for associations between effect size and mod-
erators within intervention subsets, we used two approaches de-
pending on the size of the evidence base within each subset. First, 
because studies did not always report all moderators of interest, 
it was not possible to combine all moderators into a single model 
simultaneously, especially when sample sizes did not allow for this 
(e.g. within-year abundance for all intervention type subsets, inter-
annual abundance for drought subset [i.e. number of effect sizes 
(k) < 40 in all subsets]). Therefore, in such cases, we first conducted 
random-effects models (unmoderated models) using subsets of 
responses (e.g. a subset of abundance or biomass effect sizes for 
a given replication type) and intervention types (e.g. droughts, 
floods, low flows, high flows) that maximized the number of effect 
sizes that could be used to test the influence of the moderator of 
interest. We then used these subsets in mixed-effects models, in-
cluding the moderator of interest. To further account for multiple 
study comparisons within a study site, and species outcomes being 
reported for the same site, in all models, Study ID was included as 
a random variable. We restricted the number of fitted parameters 
(j) in any mixed model such that k/j was greater than five to ensure 
reasonable model stability and sufficient precision of coefficients 
(Vittinghoff et al., 2005). This limited the number of moderators 
and categories that could be included in a single model. Given that 
all moderators were highly correlated (see results of Pearson's χ2 
test of moderators; Supporting Information 6), it was not possible 
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to add more than one moderator into a given model, nor would 
sample size allow for this.

The second approach to test for associations between effect 
size and moderators within intervention subsets was used when 
the evidence base was relatively large (i.e. in the case of interan-
nual abundance for the flood subset with k = 127 effect sizes). Here, 
we first conducted χ2 tests to assess independence of moderators. 
When moderators within the intervention subset were confounded, 
and/or the distribution between moderator categories was uneven, 
we avoided these problems by constructing independent subsets of 
data in a hierarchical approach. When there was sufficient sample 
size within the intervention subset to include a moderator, we in-
cluded the moderator into the model individually, and in combination 
when possible, following the same rule as outlined above (i.e. k/j > 5).

For all moderator analyses, total heterogeneity (QT) was parti-
tioned into the heterogeneity explained by the model (QM) and het-
erogeneity not explained by the model (QE), error due to sampling; 
therefore, QT = QM + QE. The statistical significance of QM and QE were 
tested against a chi-square (χ2) distribution.

Sensitivity analyses were carried out to investigate the influence 
of: (i) study validity categories; (ii) imputing missing variances (i.e. re-
placing missing data with calculated substitute values); (iii) inclusion of 
studies where the waterbodies may be influenced by fish stocking; (iv) 
inclusion of BD studies with true BA studies; (v) inclusion of articles 
that did not specify a flow magnitude component or reported unspeci-
fied multiple components of flow; and (vi) inclusion of yearly averages, 
averaged for the Before or After period (i.e. averages of averages). In 
all analyses, the results were compared to the overall model fit to ex-
amine differences in pooled effect sizes; see Supporting Information 5 
for further details.

Less formal meta-analysis: All less formal meta-analyses were con-
ducted in R 4.1.2 (R Core Team, 2021) using the t.test, anova_test, and 
pairwise_t_test functions in the rstatix package (0.7.0; Kassambara, 
2021) and followed closely to those performed by Piniewski et al. 
(2017). Using the more inclusive evidence base, we determined if natu-
ral changes in flow magnitude had a significant effect on fish outcomes 
by conducting one-sample t-tests, where fish responses were compared 
to controls to compute unweighted summary percent change measures 
for each outcome (i.e. abundance and biomass) within a given replica-
tion type (i.e. within-year [After year-1 only] and interannual temporal 
replication for BA/BD study designs) separately. Testing here, the null 
hypothesis assumes that the mean percent change is equal to zero.

To test for associations between fish responses (log-
transformed percent changes) and moderators, we used one-way 
analysis of variance (one-way ANOVA). Similar to the formal anal-
ysis above, we first evaluated the influence of intervention type 
on each outcome subgroup separately. Then, we tested for asso-
ciations between other moderators (each separately) and percent 
changes within intervention type subsets. Here, we were testing 
the null hypothesis that categories in specific moderators are 
drawn from populations with the same mean values (e.g. com-
paring within-year abundance percent changes between drought, 
flood, and low flow subsets).

To then test whether the mean value of two categories within 
a particular moderator differed (e.g. between droughts and floods 
within the intervention moderator), we also conducted independent-
samples t-tests. Here, we were testing the null hypothesis that there 
was no difference between the mean of the two categories.

Similar to the formal analysis above, we only performed 
analyses for moderators when there were sufficient combinable 
datasets (i.e. ≥3 datasets) for each moderator category; deleting 
datasets that did not meet this sample size criteria. However, 
datasets did not have to come from at least two different studies 
(following methods used in Piniewski et al., 2017). Furthermore, 
unlike the formal analysis, we did not further account for multi-
ple study comparisons within a study, nor did we use a weighted 
analysis. Event duration was also categorized into discrete time 
periods (i.e. <6 months, ≥6 months but <1 year, ≥1 year); oth-
erwise, no further categorizations were made to all other time-
related moderators (i.e. monitoring duration, number of extreme 
events, and time since intervention).

Flow-ecological relationship analysis: All flow-ecological rela-
tionship analyses were conducted in R 4.1.2 (R Core Team, 2021) 
using the ggplot and cor.test functions in the ggplot2 and stats 
(basic R) package (3.3.3 and 4.1.2, respectively) (R Core Team, 
2021; Wickham, 2016) and followed closely those performed by 
McManamay et al. (2013). To visualize flow-ecological relation-
ships, we first plotted the log-transformed percent changes for 
each outcome (i.e. abundance and biomass) against the associated 
log-transformed percent changes in flow magnitude within a given 
trend-type study design separately (i.e. time series and spatial 
trends). We then further explored relationships between fish out-
comes and flow magnitude within each of the time series and spa-
tial trend subgroups by plotting separate responses by categories 
within potential moderators with sufficient samples (i.e. >5 data-
sets for a given moderator category) (e.g. stratified fish abundance 
responses to natural flow magnitude variability by plotting wa-
terbody types separately [estuaries, rivers, streams, reservoirs]). 
Spearman's rank correlations were used to assess direction and 
potential statistical associations between the two variables for 
each individual relationship (using the log-transformed values).

3  |  RESULTS

3.1  |  Literature searches and screening

A total of 300 studies from 219 articles met our inclusion criteria and 
were subsequently included for narrative synthesis, with 193 studies 
from 145 articles included in quantitative synthesis (see Supporting 
Information 7, Figure S7.1, for flow diagram of inclusion/exclusion 
process results). Article publication dates ranged from 1959 to 2021, 
with the majority (46%) published in the last decade. Although grey 
literature made up 40 to 50 percent of all articles from 1960 to 1999, 
for more recent decades (2000–2019), the proportion of all articles 
made up of grey literature was less than 10% (Supporting Information 7, 
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Figure S7.2). A database of these studies with descriptive meta-data, 
coding and qualitative/quantitative data is available in Rytwinski et al. 
(2022b).

3.2  |  Study validity assessment

Validity assessments of the 300 studies resulted in 347 individual 
projects (i.e. individual investigations within a study that differ with 
respect to ≥1 aspect of the study validity criteria) (see Rytwinski et al., 
2022c for assessment results). Most projects were assigned an overall 
‘Low’ study validity (303 projects; 87%), with the remaining assigned 
an overall ‘Medium’ study validity (44 projects; 13%). No project was 
assigned an overall ‘High’ study validity. Study validity did not ap-
pear to change over time (see Supporting Information 7, Figure S7.3). 
Among the 303 projects that received an overall ‘Low’ validity score, 
most did not include a true temporal or spatial comparator (81% of 
projects), lacked replication (90%), and/or lacked clear information 
to judge sampling methodology (29%). Among the 44 projects with 
‘Medium’ validity, all were BA studies with fish outcome data available 
for at least two experimental or observation units in the intervention 
period (i.e. ≥2 months/seasons during or post-intervention for within-
year replication, or ≥2 years during or post-intervention for interan-
nual replication), but either lacked consistent sampling in space and 
time (34%) and/or failed to provide quantitative data on flow magni-
tude changes (27%) (see Supporting Information 7, Table S7.1).

3.3  |  Narrative synthesis

Narrative synthesis was based on all 300 studies from 219 articles, 
regardless of study validity, that considered abundance (276 studies) 
and biomass (73 studies).

3.3.1  |  Study location

Studies occurred in 23 countries, with most studies conducted in the 
United States (65%), Australia (12%), and Canada (5%) (Figure 2; see 
also Supporting Information 7, Figure S7.4). All other countries had 
fewer than 10 studies each. A total of eight major habitat types were 
considered by studies in our database (i.e. groupings of ecoregions 
with similar biological, chemical, and physical characteristics), while 
60 different freshwater ecoregions were represented. The most 
common major habitat was temperate coastal rivers (137 studies; 22 
ecoregions), followed by temperate floodplain rivers and wetlands 
(78 studies; 13 ecoregions), temperate upland rivers (40 studies; 12 
ecoregions), and xeric freshwaters and endorheic (closed) basins (30 
studies; 7 ecoregions). All other major habitat types were represented 
by fewer than 12 studies each. Studies were conducted in a variety of 
waterbody types, most of which were in river systems (114 studies), 
followed by streams (91 studies) and estuaries (55 studies) (see also 
Supporting Information 7 for further descriptions of study locations).

3.3.2  |  Population

Most studies (75%; 259/300) conducted species-specific investi-
gations (i.e. provided data for individual species rather than data 
grouped/pooled over broader categories of species, genus or fam-
ily) and among these, 37% (97/259) considered only one species. A 
total of 124 families were investigated by studies considering the 
impact of natural flow magnitude changes on specific species, rep-
resenting 407 genera and 729 species (see Supporting Information 
7, Figure S7.6 for the top 10 families and their top studied genera). 
The most studied species were Salmo trutta (36 studies), Cyprinus 
carpio (27), Morone americana (16), Rutilus rutilus (13), and Squalius 
cephalus and Perca fluviatilis (12 studies each). A total of 29 studies 
reported data that were grouped across family, genus or species; 
these included 118 additional species not reported in species-
specific results (see Supporting Information 8 for a full species list).

3.3.3  |  Intervention

The most common interventions captured in our systematic review 
were variation in flow magnitude (173 cases), followed by droughts 
(55 cases) and floods (48 cases). There was no clear change in the 
proportion of studies considering any one type of flow interven-
tion over time (see Supporting Information 7, Figure S7.7). Studies 
investigating droughts considered mostly decreases in average dis-
charge and decreases in lowest flow magnitudes for the system (i.e. 
base flow), while for floods most often increases in highest flow 
magnitudes (Table 4). Interventions considering high and low flows 
were mostly changes to average discharge (increases or decreases, 
respectively). Variation was considered for temporal or spatial trend 
studies and therefore direction of flow magnitude change was un-
known and only fluctuations of flow magnitude were considered 
(162 cases), or for differences in flow magnitude not associated with 
a particular intervention (i.e. comparing one river's normal flow lev-
els to another, but without a drought or flood; 11 cases).

3.3.4  |  Study design

Most studies used a time series (TS) design (41% of cases), followed 
by true BA study designs (25%), and spatial trends (S_TRENDS; 12%) 
(Supporting Information 7, Figure S7.8). There were no BACI, true CI, 
RCT, RCA, or NRange study designs.

Monitoring duration was only summarized for true BA-type study 
designs and was considered as the number of years post-intervention 
for which fish outcomes were reported. Most true BA studies had 
monitoring durations of ≤5 years (63/83 cases; 76%). Only five cases 
had monitoring durations of more than 10 years and the maximum 
length of monitoring post-intervention was 12 years. Furthermore, for 
true BA studies most reported before data for ≤4 years prior to the 
intervention (66%), and only five cases had before data for more than 
10 years.
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    |  13 of 34Ecological Solutions and EvidenceRYTWINSKI et al.

3.3.5  |  Outcomes

Studies often recorded more than one fish response (i.e. both abun-
dance and biomass in the same study); however, most cases consid-
ered abundance (391/474 cases; 82%) (see Supporting Information 7, 
Figure S7.9). The most reported life stage for studies considering abun-
dance was juveniles (30 cases), and for biomass was adult fish (6 cases); 
however, many studies did not report fish life stage (41% and 49% 
of cases, respectively). Fish were sampled with a variety of sampling 
methods. Most cases for both abundance and biomass used gear-based 
techniques (e.g. electrofishing, gill-, fyke-, seine-netting, trapping) not 
including mark-recapture techniques (abundance: 210/283 cases; bio-
mass: 53/73 cases); see Supporting Information 7 for further descrip-
tions of sampling methods.

3.4  |  Quantitative synthesis

Of the 300 studies (from 219 articles) included in the narrative synthe-
sis, 193 unique studies (from 145 unique articles) with 1853 datasets, 
after aggregation, were included in our quantitative synthesis database 
(see Rytwinski et al., 2022d). Of these, 39 studies were used in formal 
meta-analysis to analyse within-year (19 studies with 181 datasets) 
and interannual (31 studies with 225 datasets) variation in fish abun-
dance and biomass responses, 68 studies were used in the less formal 
meta-analysis to analyse within-year (32 studies with 434 datasets) 
and interannual (55 studies with 281 datasets) variation in fish abun-
dance and biomass responses, while 126 studies were used in the flow-
ecological relationship analysis to investigate time series (102 studies 
with 438 datasets) and spatial trends (24 studies with 294 datasets) 
designs with fish abundance and biomass responses (Figure 1).

3.4.1  |  Formal meta-analysis

Global meta-analyses
Refer to Supporting Information 9 for all forest (i.e. summary plot of 
all effect size estimates), funnel (i.e. plot showing potential publication 
bias), and Cook's distance plots (i.e. plot indicating influence of effect 
sizes), as well as sensitivity analysis results for all global analyses.

Within-year variation: Abundance: Natural changes in flow mag-
nitude had a non-significant overall effect on fish abundance in post-
intervention year-1 (Hedges' g = −0.13, 95% CI −0.31, 0.05; Figures 3  
and 4a). Most effect sizes were negative (i.e. g < 0; 93 of 163), with 
the remainder showing neutral or positive responses (i.e. g ≥ 0) to 
changes in flow magnitude. Only 12 of the 163 effect sizes were sta-
tistically significant (i.e. had confidence intervals that did not overlap 
zero [8 negative and 4 positive effect sizes]; Supporting Information 9,  
Figure S9.1). The Q test for heterogeneity suggested significant 
heterogeneity between effect sizes (Q = 198.30, p = 0.028) that 
could be explored using mixed effects models (see section ‘Effects 
of Moderators—Within-year variation: Abundance’ below). There 
was no obvious indication of publication bias from the funnel plot 
(Supporting Information 9, Figure S9.2). However, the failsafe number 
was zero, suggesting the results from the random effects model may 
not be robust against potential publication bias. Results of all sensitiv-
ity analyses were comparable to the overall meta-analysis Supporting 
Information 9, Table S9.1).

To investigate the potential impact of a time-lag in within-year fish 
responses to changes in magnitude, we compared the effect sizes for 
subsequent years of sampling post-intervention to that of the over-
all mean weighted effect size for year-1 datasets. In all cases, there 
was no evidence of an overall effect of natural changes in magnitude 
on fish abundance; however, the trend in the overall mean weighted 

F I G U R E  2 Number of studies considering fish abundance and/or biomass metrics per country. Studies undertaken across more than one 
country are counted within each study country.
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effect sizes became increasingly positive with post-intervention years, 
except for post-intervention year-4 where a small decrease in aver-
age fish abundance in response to changes in flow magnitude was 
observed (Figure 5). Of the 133 species present in year-1, 22 spe-
cies were present in all five post-intervention years. When all post-
intervention years (1–5) were aggregated, the resulting overall mean 
weighted effect size was similar to that of year-1 alone (Figure 5).

Within-year variation: Biomass: Natural changes in flow mag-
nitude had a non-significant, overall effect on fish biomass in post-
intervention year-1 (Figures 4a and 6). Similar to abundance outcomes, 
most effect sizes were negative (i.e. g < 0; 11 of 18); however, none 
of the 18 effects were statistically significant. The Q test for hetero-
geneity did not suggest significant heterogeneity between effect sizes 
(Q = 18.10, p = 0.383). There was no obvious indication of publica-
tion bias from the funnel plot; however, the failsafe number suggested 
the results from the random effects model may not be robust against 
potential publication bias. Sensitivity analyses for biomass were not 
required as none of the identified potential methodological factors of 
concern were present in this subset (i.e. all datasets within this subset 
were medium validity, did not require variance imputation, there were 
no potential fish stocking cases, flow magnitude was specified, and 
used Before/After study designs).

Interannual variation: Abundance: The overall mean weighted ef-
fect size for abundance when considering interannual BA studies was 
not statistically significant (Figures 3 and 4a). There were nearly as 
many positive effect sizes (93) as negative (96) and most individual 
effect sizes were not statistically significant (176 of 189). The Q test 
for heterogeneity suggested that there was significant heterogeneity 
between effect sizes (Q = 421.12, p < 0.0001) that could be explored 
using mixed effects models (see section ‘Effects of Moderators—
Interannual variation: Abundance’ below).

Interannual variation: Biomass: There was no detectable effect 
of natural changes in flow magnitude on overall fish biomass when 
considering interannual BA studies (Figures 4a and 6). Similar to 
abundance outcomes, there were a similar number of positive as 
negative effect sizes (18 each), and most individual effect sizes were 
not statistically significant (31 of 36). The Q test for heterogeneity 
suggested significant heterogeneity between effect sizes (Q = 67.02, 
p = 0.0009). The funnel plot of asymmetry suggested possible evi-
dence of publication bias towards studies with larger sample sizes 
showing positive effects of flow magnitude change. Furthermore, 
the failsafe number suggested the results from the random effects 
model may not be robust against potential publication bias.

Effect of moderators
Within-year variation: Abundance: To address the question, 
to what extent does intervention type influence the impact of 
changes in flow magnitude due to natural causes, there were 
only sufficient sample sizes (i.e. ≥3 datasets from at least 2 stud-
ies) to include the following interventions for fish abundance: 
(1) Drought; (2) Flood; and (3) Low flow (Figure 3). There was a 
statistically significant effect of intervention type on average ef-
fect sizes detected (QM = 17.13, p = 0.0002, k = 99; Supporting 
Information 9, Table S9.4A), with droughts and floods associated 
with decreases in average fish abundance and low flows with in-
creases in fish abundance after the intervention compared to be-
fore (Figures 3 and 7a). Furthermore, fish abundance responded 
differently to low flow than to both floods and droughts (i.e. 95% 
confidence intervals did not overlap among the low flow subset 
and other intervention types; Figure 7a). There was no significant 
heterogeneity remaining in the moderated model (QE = 95.56, p = 
0.493; Supporting Information 9, Table S9.4A).

TA B L E  4 Frequency of alterations to flow magnitude and type of intervention. Decreases and increases in flow magnitude could occur 
for the average (Discharge), highest flows (High), lowest flows (Low) and winter flows experienced in a system. For direction of change, 
Difference: comparisons between two levels of flow magnitude; Mixed = two directions of flow magnitude alteration occurred for an 
intervention; N/A: no specific direction of change as flow magnitude fluctuated. For intervention types, combined: comparison between two 
interventions (i.e. drought; flood); other: other types of intervention (i.e. tropical storms); variation: fluctuation in flow magnitude with no 
clearly defined natural event.

Alteration to flow magnitude Intervention

Direction of change
Component 
of flow Drought Flood

High 
flow Low flow Combined Other Variation Unclear

Decrease Discharge 24 2

High 2

Low 24

Increase Discharge 13 5 1

High 34 1 2

Low 2 1

Winter 3

Difference 3 13 11

Mixed 3

N/A 1 2 162

Unclear 1
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Drought: There were only sufficient sample sizes and variation to 
permit meaningful tests of the influence of the following moderators 
(and factor levels therein) within the drought subset: (1) Major hab-
itat type (Temperate coastal rivers, Temperate floodplain rivers and 
wetlands); (2) Direction of magnitude change (Decrease_Discharge, 
Decrease_Low); (3) Event duration (<6 months, ≥1 year); (4) Presence 
of other flow components (Yes, No); and (5) Outcome metric 
(Abundance, Density). For all moderators considered, we found no 
detectable effect on average effect size from univariate mixed-effects 
models (Supporting Information 9, Table S9.4B). Additionally, most 
moderators were highly correlated (see results of Pearson chi-square 
test; Supporting Information 6, Table S6.1).

Flood: There were only sufficient sample sizes and variation to 
permit meaningful tests of the influence of the following moder-
ators (and factor levels therein) within the flood subset: (1) Major 
habitat type (Temperate coastal rivers, Temperate floodplain rivers 

and wetlands); (2) Waterbody type (Estuary, River); (3) Flow regime 
(Free-flowing systems, Regulated systems, Not reported/Unclear); 
(4) Direction of magnitude change (Increase_Discharge, Increase_
high); and (5) Outcome metric (Density, CPUE). For all moderators 
considered, we found no detectable effect on average effect size 
from univariate mixed-effects models (Supporting Information 9, 
Table S9.4C).

Low flow: There were insufficient sample sizes or variation to per-
mit meaningful tests of the influence of potential effect modifiers 
within the low flow subset.

Within-year variation: Biomass: The influence of factors was not 
investigated owing to inadequate sample sizes.

Interannual variation: Abundance: To address the question, to 
what extent does intervention type influence the impact of changes 
in flow magnitude due to natural causes, there were only suffi-
cient sample sizes to include the following interventions for fish 

F I G U R E  3 Summary flow chart of formal meta-analyses and results addressing our two main research questions related to fish 
abundance outcomes. Boxes indicate potential effect modifiers (thick solid lines), subset categories under consideration (dashed boxes), or 
subsets not under consideration (regular boxes). Greyed effect modifiers were associated with fish abundance responses. Underlined value 
indicates statistically significant effect at the p < 0.05 level, but with an asterisk (*) a moderately significant effect at the p < 0.1 level. k: 
number of data sets (i.e. effect sizes); Hedges' g: weighted mean effect size; CI: 95% confidence interval.
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abundance: (1) Drought; and (2) Flood (Figure 3). There was no de-
tectable effect of intervention type on average effect sizes (QM = 
0.27, p = 0.606, k = 151; Figure 3 and 7c), and there was still signifi-
cant heterogeneity remaining in the moderated model (QE = 214.87,  
p = 0.0003; Supporting Information 9, Table S9.5A).

Drought: There were only sufficient sample sizes and variation to 
permit meaningful tests of the influence of the following moderators 
(and factor levels therein) within the drought subset: (1) Direction of 
magnitude change (Decrease_Discharge, Decrease_Low); (2) Presence 
of other flow components (Yes, No); and (3) Monitoring duration 

F I G U R E  4 Average effect size by temporal replication type for fish outcomes using different quantitative synthesis approaches: (a) formal 
meta-analysis using standardized mean difference (Hedges' g) effect size measures, and (b) less formal meta-analysis using a percent change 
measure. Values in parentheses are the number of effect size estimates. Error bars indicate 95% confidence intervals. A positive mean value 
(to the right of the dashed zero line) indicates that the fish outcome (abundance or biomass) was higher after an intervention than before. 
95% confidence intervals that do not overlap with the dashed line indicate a significant effect (at the p < 0.05 level).

F I G U R E  5 Comparison of overall weighted effect size for within-year BA abundance studies one (k = 163), two (k = 47), three (k = 33), 
four (k = 27), and five (k = 22) years post-intervention and when After years 1–5 were aggregated. Models were developed for each of the 
first five years after a change in flow magnitude (i.e. comparing the most recent or only Before year with After year-1 only, After year-2 only, 
After year-3 only, After year-4 only, and After year-5 only), as well as the average of years 1–5 after a change in flow magnitude. See Figure 4 
for explanations.
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(<5 years, ≥6 years). For all moderators considered, we found no de-
tectable effect on average effect size from univariate mixed-effects 
models, and there was still significant heterogeneity remaining in all 
moderated models (Supporting Information 9, Table S9.5B).

Flood: There were only sufficient sample sizes and variation to 
permit meaningful tests of the influence of the following moderators 
within the flood subset: (1) Major habitat type (Temperate coastal riv-
ers, Temperate floodplain rivers and wetlands, Xeric freshwaters and 
endorheic basins); (2) Waterbody type (Estuary, River); (3) Direction of 
magnitude change (Increase_Dischange, Increase_High); (4) Presence 
of other flow components (Yes, No); (5) Monitoring duration (<5 years, 
≥6 years); and (6) Outcome metric (Abundance, Density, CPUE). To 
avoid issues of confounding factors and/or uneven distributions be-
tween moderator categories, we constructed independent subsets of 
data in a hierarchical approach, given that the sample size for the flood 
subset allowed us to do so. Due to high correlations between major 
habitat type and other moderators (Supporting Information 6, Table 
S6.2), we removed major habitat type from further consideration. 
Furthermore, due to remaining high correlations and uneven distri-
bution between: (1) direction of magnitude change and monitoring 
duration, the influence of these moderators were investigated within 
the subset of river studies only; (2) outcome metric and both direction 
of magnitude change and monitoring duration, outcome metric was 
investigated with the increased high flow subset. For all moderators 
(and combinations thereof) considered, we found no detectable ef-
fect on average effect size from mixed-effects models, and no signif-
icant heterogeneity remaining in any moderated models (Supporting 
Information 9, Table S9.5c–e).

Interannual variation: Biomass: To address the question, to what 
extent does intervention type influence the impact of changes in 

flow magnitude due to natural causes, there were only sufficient 
sample sizes to include the following interventions for fish biomass: 
(1) Drought; and (2) Flood (Figures 6 and 7c). There was no detect-
able effect of intervention type on average effect sizes (QM = 0.70, 
p = 0.402, k = 30) and there was still significant heterogeneity re-
maining in the moderated model (QE = 64.83, p < 0.0001). There 
were insufficient sample sizes and variation to permit investigations 
of other moderators within the drought and flood subsets.

Taxonomic analysis
We investigated impacts of natural changes in flow magnitude on fish 
abundance within separate intervention types for fish families with 
sufficient sample sizes. Note, sample sizes were too small for analys-
ing biomass responses by taxa.

Within-year variation: Abundance: There were only sufficient 
sample sizes to investigate impacts of within-year changes to flow 
magnitude on abundance for three temperate freshwater fish 
families for drought studies (i.e. Centrarchidae, Leuciscidae, and 
Salmonidae) and one family for flood studies (Salmonidae). No fam-
ily had statistically significant overall responses to these event types 
(Figure 8a). The families Centrarchidae and Leuciscidae had overall 
negative-trending responses to droughts, while Salmonidae had an 
overall negative-trending response to floods but a mean positive-
trending response to droughts. Based on the Q test of heterogene-
ity, there was no significant heterogeneity among effect sizes for 
any of the families for a given intervention type, suggesting it was 
not meaningful to explore potential reasons for heterogeneity; in 
any case, sample sizes would not allow for this.

Interannual variation: Abundance: There were only sufficient 
sample sizes to investigate impacts of interannual changes to flow 

F I G U R E  6 Summary flow chart of formal meta-analyses and results addressing our two main research questions related to fish biomass 
outcomes. See Figure 3 for explanations.
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magnitude on abundance for two temperate freshwater fish families 
for drought studies (i.e. Leuciscidae and Salmonidae) and ten fami-
lies for flood studies (i.e. Carangidae, Catostomidae, Centrarchidae, 
Cyprinidae, Haemulidae, Ictaluridae, Leuciscidae, Mugilidae, 
Salmonidae, Sciaenidae, Sparidae). Droughts and floods had non-
significant overall effects on the abundance of Leuciscidae and 
Salmonidae families (Figure 8b). For the other fish families for which 
there was only information to investigate the influence of floods on 
average effect sizes, overall abundance responses were mixed; how-
ever, there were no statistically significant effects of floods for any 
family (Figure 8b). Further, and similar to within-year changes to flow 
magnitude, there was no significant heterogeneity among effect sizes 
for any of the families for a given intervention type to suggest inves-
tigation of moderators was necessary.

3.4.2  |  Less formal meta-analysis

Global meta-analyses
Less formal analyses based on percent changes suggested that 
natural changes in flow magnitude had negative, and statistically 
significant, overall effects on fish abundance and biomass in post-
intervention year-1 for within-year temporal variation analyses (i.e. 
59% and 97% decrease in fish outcomes after magnitude changes 
than before, respectively). Mean percent changes for fish abun-
dance and biomass in interannual analyses were also negative (i.e. 
49% and 72% decrease in fish outcomes after magnitude changes 
than before, respectively); however, the latter only marginally dif-
ferent than 0 (p < 0.1) (Figure 4b; Supporting Information 10, Table 
S10.1A).

F I G U R E  7 Average effect size by intervention type for fish outcomes using different quantitative synthesis approaches [i.e. formal meta-
analysis using standardized mean difference effect size measures (a, c), and less formal meta-analysis using a percent change measure (b, d)] 
for within-year BA studies (top panels) and interannual BA studies (bottom panels). See Figure 4 for explanations.
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Effect of moderators
Within-year variation: Abundance: To address the question, to 
what extent does intervention type influence the impact of changes 
in flow magnitude due to natural causes, there were sufficient sam-
ple sizes (i.e. ≥3 datasets) to include the following interventions 
for fish abundance: (1) Drought; (2) Flood; (3) Low flow; and (4) 
High flow (Figure 7b). There was a statistically significant effect of 
intervention type on average percent change detected (F = 20.26, 
p < 0.0001, k = 394; Supporting Information 10, Table S10.1B). The 
mean percent change for droughts was negative (30% decrease in 
abundance) but not significantly different from 0. However, floods 
and high flows were significantly associated with decreases in av-
erage fish abundance and low flows with an increase in fish abun-
dance after the intervention compared to before (71%, and 99% 
decrease vs. 169% increase, respectively; Figure 7b). Furthermore, 
fish abundance responded differently between floods, high flows, 
and low flows (i.e. 95% confidence intervals did not overlap among 
these intervention types, Figure 7b, but see also Supporting 
Information 10, Figure S10.1 for independent sample t-test results) 
but not between floods and droughts.

Drought: There was a significant effect of waterbody type and a 
marginally significant effect of major habitat type on average per-
cent change detected (F = 4.33, p = 0.018, k = 46, and F = 2.20, 
p = 0.098, k = 55, respectively; Supporting Information 10, Table 
S10.2A). Rivers and streams were associated with decreases in av-
erage fish abundance and estuaries with an increase in fish abun-
dance after droughts compared to before (79%, and 18% decrease 
vs. 115% increase, respectively); however, only the mean percent 
change for rivers was significantly different from 0 (Supporting 
Information 10, Figure S10.2A). Temperate coastal rivers, tropical 
and subtropical coastal rivers, and xeric freshwaters and endorheic 
(closed) basins major habitat types were associated with decreases 

in average fish abundance and temperate floodplain rivers and wet-
lands with an increase in fish abundance after droughts compared to 
before (55%, 54%, and 86% decrease vs. 35% increase, respectively); 
however, only the mean percent change for xeric freshwaters was 
significantly different from 0, and only marginally (p < 0.1; Supporting 
Information 10, Figure S10.2B). Note, only temperate study locations 
were deemed relevant to this review; however, some waterbodies 
were classified as being from the tropical and subtropical coastal 
rivers major habitat type by the resource we used (i.e. Freshwater 
Ecoregions of the World, WWF/TNC, 2019). There was no detect-
able effect of any other moderator considered, including study va-
lidity, on average percent changes in fish abundance (Supporting 
Information 10, Table S10.2A).

Flood: There were significant effects on average percent change 
detected for the following moderators: (1) Study validity (at the p < 0.1 
level); (2) Major habitat type; (3) Waterbody type; (4) Water regime; (5) 
Flow regime; (6) Land-use in the immediate surrounding; (7) Direction 
of flow change; and (8) Event duration (see Supporting Information 
10, Table S10.2B). Both low and medium validity studies were asso-
ciated with decreases in average fish abundance but for the former, a 
much stronger negative effect (87% and 51% decrease, respectively; 
Supporting Information 10, Figure S10.3A). Similar to responses to 
droughts, average percent change in abundance for temperate coastal 
rivers major habitat type was negative (84% decrease); however, es-
timated responses for temperate floodplain rivers and wetlands (38% 
decrease) and xeric freshwaters and endorheic (closed) basins major 
habitat types (3582% increase) were in opposite directions compared 
to droughts (Supporting Information 10, Figure S10.3B). Furthermore, 
average percent change in fish abundance differed between finer scale 
habitat attributes and event characteristics, such as: (i) estuaries and 
rivers (97% decrease vs. 40% increase; Supporting Information 10, 
Figure S10.3C); (ii) intermittent and perennial water regimes (254% 

F I G U R E  8 Average effect size using abundance outcomes by fish family for different intervention types (droughts and floods) and using 
different temporal analyses (a) within-year and (b) interannual. See Figure 4 for explanations.
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increase vs. 82% decrease; Figure S3D), (iii) free-flowing and regulated 
flow regime systems (170% increase vs. 93% decrease; Figure S3E), (iv) 
waterbodies surrounded by agricultural land and a mixture of agricul-
ture and natural lands (98% vs. 64% decrease; Figure S3F), (v) increased 
mean/median discharge (Increase_Discharge) and increased seasonal 
or event high flow (Increase_High) (95% vs. 44% decrease; Figure S3G), 
and (vi) event durations of <6 months and >6 months but <1 year (43% 
increase vs. 98% decrease; Figure S3H). There were no detectable ef-
fects on average percent changes in fish abundance for other modera-
tors considered (i.e. presence of other flow components, fish life stage, 
or outcome metric; Supporting Information 10, Table S10.2B).

Low flow: There was insufficient variation to permit meaningful 
tests of the influence of potential effect modifiers within the low flow 
subset.

High flow: There was insufficient variation to permit meaningful 
tests of the influence of potential effect modifiers within the high flow 
subset.

Within-year variation: Biomass: The influence of intervention type 
on biomass responses to natural changes in flow magnitude could not 
be tested as there was only sufficient sample size for one type, floods, 
which showed a significant 98% decrease in biomass following the 
event than before (Figure 7b).

Flood: There was insufficient variation to permit meaningful tests 
of the influence of potential effect modifiers within the flood subset.

Interannual variation: Abundance: To investigate whether the 
impact of changes in flow magnitude due to natural cause varied by 
intervention type, there were sufficient sample sizes to include the 
following interventions for fish abundance: (1) drought; (2) flood; (3) 
low flow; and (4) other (Figure 7d). There was no detectable effect of 
intervention type on average effect sizes (F = 0.42, p = 0.74, k = 241; 
Supporting Information 10, Table S10.1B and Figure S10.4).

Drought: No detectable effects were found on average effect sizes 
for any of the moderators considered (Supporting Information 10, 
Table S10.3A).

Flood: No detectable effects were found on average effect sizes 
for any of the moderators considered (Supporting Information 10, 
Table S10.3B).

Low flow: There was insufficient variation to permit meaningful 
tests of the influence of potential effect modifiers within the low flow 
subset.

Other: There were insufficient sample sizes to permit meaningful 
tests of the influence of potential effect modifiers within the other 
subset.

Interannual variation: Biomass: The influence of intervention type 
on biomass responses to natural changes in flow magnitude was inves-
tigated with the following interventions for fish biomass: (1) drought, 
(2) flood and (3) other (Figure 7d). There was no detectable effect of 
intervention type on average effect sizes (F = 1.46, p = 0.25, k = 39; 
Supporting Information 10, Table S10.1B and Figure S10.5).

Drought: There were insufficient sample sizes to permit meaning-
ful tests of the influence of potential moderators within the drought 
subset.

Flood: There was insufficient variation to permit meaningful tests 
of the influence of potential moderators within the flood subset.

Other: There were insufficient sample sizes to permit meaningful 
tests of the influence of potential moderators within the other subset.

3.4.3  |  Flow-ecological relationship analysis

Global meta-analyses
When plotting the percent changes of fish outcomes against the asso-
ciated percent changes in flow magnitude from natural flow variation 
for all cases, in general, fish responses were variable in time series 
studies regardless of the measured outcome (i.e. abundance or bio-
mass; Figure 9a). For spatial trend studies, fish abundance responses 
to natural flow magnitude changes were predominantly positive (i.e. 
increases in abundance to increases in flow magnitude); however, bio-
mass responses were more variable (Figure 9b).

Effect of moderators
Time series: There were sufficient sample sizes to further explore in-
dividual relationships between percent change in fish outcomes and 
flow magnitude within categories of the following moderators for time 
series studies: (1) major habitat type; (2) waterbody type; (3) water re-
gime; (4) flow regime; (5) land-use in immediate surrounding; (6) pres-
ence of other flow component alterations; and (7) outcome metric. 
Fish abundance responses showed a significant positive correlation 
with natural flow magnitude within rivers, and a negative correlation 
within estuaries (Figure 10a). Furthermore, fish biomass showed a sig-
nificant positive correlation with natural flow magnitude when there 
were no other flow regime component alterations reported in the 
waterbody; however, fish biomass showed non-significant responses 
when there were other flow regime components alterations taking 
place at the same time as changes in magnitude (Figure 10b). There 
were no other significant patterns detected for other individual rela-
tionships investigated (see Supporting Information 11, Figure S11.1).

Spatial trends: There were sufficient sample sizes to further ex-
plore individual relationships between fish outcomes and flow mag-
nitude within categories of the following moderators for spatial trend 
studies: (1) major habitat type, (2) waterbody type, (3) water regime 
(abundance only), (4) flow regime, (5) land-use in immediate surround-
ing, (6) presence of other flow component alterations and (7) outcome 
metric. Similar to time series studies, fish abundance responses showed 
a significant positive correlation with natural flow magnitude within 
rivers but showed no significant pattern within streams (Figure 11a). 
Furthermore, fish abundance responses showed significant positive 
correlations with natural flow magnitude: (i) within temperate flood-
plain rivers and wetlands major habitat type, (ii) waterbodies that were 
intermittent, (iii) waterbodies that included other flow regime compo-
nent alterations in addition to changes in magnitude and (iv) outcomes 
related directly to abundance (Figure 11b–d, respectively). There were 
no other significant patterns detected for other individual relation-
ships investigated (see Supporting Information 11, Figure S11.2).
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4  |  DISCUSSION

We present what we believe to be the first comprehensive review 
that systematically and quantitatively evaluated the existing evidence 
base on the impacts of natural causes of variation or changes in flow 
magnitude on fish abundance and biomass in temperate regions. This 
synthesis of available evidence suggests that overall fish abundance 
and biomass responses to changes in natural flow magnitude were 
mainly negative but our analyses do not provide support for clear gen-
eralizable signals across all contexts. We found strong support that 
fish were responding (in terms of abundance) differently to natural 
events considered in our analyses, with consistently negative re-
sponses to floods and droughts within the first year of the natural 
change in flow magnitude. However, these patterns were less evident 
when considering interannual variation. We discuss these findings 
below by first comparing the methods of the three quantitative ap-
proaches used, as well as their results in relation to the overall impacts 
of natural changes and reasons for heterogeneity in fish responses. 
We also provide a detailed and reflective discussion of the limitations 
of review methods and the evidence base itself. We then conclude 
with some recommendations and points of consideration for manage-
ment agencies and researchers.

4.1  |  Comparison of quantitative synthesis  
approaches

In addressing our two research questions (i.e. how do natural changes 
in flow magnitude affect fish abundance and biomass in temperate 
regions, and to what extent do factors influence the potential impact 
of these changes), we attempted to make use of the entire evidence 

base by using three quantitative synthesis approaches that varied in 
their level of rigour and potential reliability. The first approach, the 
formal meta-analysis, made use of a more rigid framework with well-
documented meta-analytical methods unused in previous syntheses 
on this topic. Though many studies were excluded from this formal 
approach because they lacked a comparator (i.e. no reference or base-
line condition using before or control site information), and/or repli-
cation, this rigorous approach provides more robust estimates and is 
recommended for future reviews.

Some may argue that although these excluded studies were con-
sidered to be less reliable sources of information (i.e. susceptible to 
bias and/or had inadequate study designs), they could further con-
tribute useful information to the comprehensive knowledge base on 
the subject, when accompanied with an appropriate consideration for 
study validity. Therefore, in our second meta-analytical approach (less 
formal meta-analysis), we performed a more basic synthesis, using a 
less robust effect size measure (i.e. percent change), that allowed for 
the inclusion of datasets that lacked replication (but still included a 
comparator). In doing so, the number of datasets included in quantita-
tive synthesis increased from 406 using the more formal meta-analysis 
approach to 715 datasets in the less formal meta-analysis. Here, each 
effect size was treated equally in the analyses (unweighted), as this 
approach was more in line with statistical methods used by previous 
syntheses on this general topic (e.g. Poff & Zimmerman, 2010 [an-
thropogenic flow changes]; McManamay et al., 2013 [anthropogenic 
and natural]; Piniewski et al., 2017 [natural]), although we reduced 
multiple effect size estimates from the same study by aggregating de-
pendent datasets prior to analysis.

Our third meta-analytical approach (flow-ecological relationship anal-
ysis) included studies that focused on fish outcomes of natural flow magni-
tude variation through time or across space Unlike studies used in the two 

F I G U R E  9 Relationships between percent changes in flow magnitude and percent changes in fish responses for natural flow variation 
studies according to different fish outcomes (abundance and biomass) within: (a) time series studies and (b) spatial trend studies. Rho 
represents Spearman's rank correlation coefficients; p-values for statistical significance (p < 0.5). Note, data points are plotted, and 
correlations obtained using the log-transformed percent changes for both variables; however, axes values are untransformed for ease of 
interpretation.
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previous approaches, there was no clearly defined event such as a flood 
or drought for which a clear comparator could be identified. Furthermore, 
because some of these studies were not investigating relationships be-
tween gradients of flow magnitude and fish outcomes directly, it made ex-
tracting and calculating effect sizes challenging. Therefore, here too, in an 
attempt to make use of this evidence and provide results informative to 
generalizing flow-ecological relationships, we calculated percent changes 
from the reported maximum and minimum outcome variables, with as-
sociated flow magnitude values to explore quantitative flow-ecological 
relationships (i.e. assuming here the maximum fish outcome values repre-
sented more optimal conditions at a given time or site, to minimum out-
come values considered less optimal). This analysis allowed us to make use 
of an additional 732 datasets; however, these sources were considered of 

lower validity for addressing our review questions given that they lacked 
a true comparator (and replication), and as such, we apply caution when 
interpreting results below. This approach of using different quantitative 
synthesis methods allows readers to make informed decisions based on 
their particular needs, context and application.

4.1.1  |  How do natural changes in flow magnitude 
affect fish abundance and biomass in temperate 
regions?

In general, the less formal meta-analyses supported formal meta-
analytical results when comparing summary impacts of natural 

F I G U R E  1 0 Relationships between percent changes in flow magnitude and percent changes in fish responses for time series studies 
according to (a) waterbody types for fish abundance responses and (b) presence or absence of other flow component alterations for fish 
biomass responses. See Figure 9 for explanations.
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changes in flow magnitude on fish abundance and biomass within a 
given temporal replication type in that the estimated responses were 
predominantly negative (Figure 4). However, average fish responses 
from formal analyses were all non-significant (i.e. their 95% confi-
dence intervals overlapped with the line of no effect), whereas average 
percent change responses were all significant (but for one case, only 
marginally significant at the p < 0.1 level). To further investigate (post-
hoc) whether this difference in results between the two approaches 
was due to the quantitative approach or the inclusion of additional 
studies that lacked replication in the less formal meta-analyses, we 
ran the less formal analyses using the same datasets included in the 
formal meta-analysis. Summary effect sizes and significance levels 

were found to be similar in less formal analyses when using all possible 
datasets compared to the same subset of effect sizes used in the for-
mal meta-analyses (see Supporting Information 12, Figure S12.1). This 
suggests that results of the less formal meta-analyses were robust to 
the inclusion of studies that lacked replication, and that the difference 
between results in terms of statistical significance is due to differ-
ences in the two quantitative synthesis approaches. Taken together, 
results from both analyses provide some evidence that on average 
fish responses to changes in natural flow magnitude were mainly 
negative (i.e. when combining floods, droughts, high/low flows for all 
species but separately for abundance and biomass outcomes); how-
ever, they do not provide support for clear generalizable signals since 

F I G U R E  11 Relationships between percent changes in flow magnitude and percent changes in fish abundance responses for spatial trend 
studies according to (a) waterbody types and (b) major habitat types, (c) water regimes (INT: intermittent; PER: perennial), (d) presence or 
absence of other flow component alterations, and (e) outcome metrics. See Figure 9 for explanations.
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the overall heterogeneity of effect sizes in the formal meta-analyses 
showed significant between-study variation in most models (i.e. effect 
sizes did not estimate a common population mean). Thus, investiga-
tions into the influence of moderator variables on overall effect sizes 
was indeed warranted. The only previous review to evaluate summary 
effects of natural magnitude changes on fish was McManamay et al. 
(2013), who reported responses to be highly variable, noting though 
that they combined a variety of ecological responses (e.g. abundance, 
diversity, reproduction).

When considering the flow-ecological relationship analysis, fish 
responses were variable in time series analysis, but there was some 
evidence suggesting fish abundance responded positively to increases 
in natural flow magnitude across spatial comparison studies (Figure 9). 
Aside from McManamay et al. (2013), no previous reviews (to our 
knowledge) have attempted to include information on the impact of 
differing flow magnitudes from primary studies where there was not a 
clearly defined natural event. While we performed separate summary 
analyses for studies that did report a clearly defined event and those 
that did not, McManamay et al. (2013) included both study types 
together.

4.1.2  |  To what extent do factors influence the 
potential impact of changes in flow magnitude due to 
natural causes on fish abundance and biomass?

For both the formal and less formal meta-analyses, average fish abun-
dance varied among intervention types when considering within-year 
variation, but no such effect was detected for any other analyses 
(Figure 7; Supporting Information 9, Tables S9.4A & S9.5A; also see 
Table 5 for results summary). Furthermore, in formal meta-analysis, 
intervention type explained much of the variation in fish abundance 
effect sizes for within-year analysis, with little residual heterogene-
ity remaining in the model (Supporting Information 9, Table S9.4A). 
For both quantitative approaches using within-year variation studies, 
floods and droughts were associated with overall negative changes 
in fish abundance, with a larger negative impact for floods than 
droughts. Interestingly, low flows (i.e. in these included cases, all de-
creases in low flow magnitude outside the normal range compared 
to the mean flow magnitude prior to the event) were associated with 
overall positive change in fish abundance, and the magnitude of this 
average response was larger than that of both floods and droughts in 
both the formal and less formal analyses, but seemingly more variable 
in the less formal analysis (Figure 7). It is unclear why decreases in 
low flow magnitude would result in an overall positive change in fish 
abundance, but the included cases were from only two studies, lo-
cated in different countries (Middle Rhone River, France [Fruget et al., 
2001] and Savannah River, US [Martin & Paller, 2008]); the former 
providing multiple species-specific abundance responses to low flows 
while the latter included a single density response from a combined 
24 species. High flows (increases and/or decreases in maximum flow 
magnitudes, related to changes in peak flow, reported as changes to 
peak flow, high flow, or maximum flow conditions) were estimated to 

have a large negative effect on within-year fish abundance; however, 
all effect sizes, each representing a different species, were from a sin-
gle study from Florida USA (Paperno & Brodie, 2004), thus caution 
should be taken when interpreting this result.

There are a few previous reviews that explored fish abundance 
responses to natural changes in flow magnitude for comparison with 
our results. For instance, McManamay et al. (2013) investigated quan-
titative relationships between natural flow changes and ecological 
responses in the south Atlantic region of the United States and re-
ported variable fish responses to floods, high flows and lows flows, 
and predominantly negative responses to droughts. Similarly, Maxwell 
et al. (2019) using a more qualitative approach and a global review 
scope, reported extreme events like floods and droughts to have gen-
erally negative impacts on fish population size. Our less formal meta-
analysis approach followed closely to those performed by Piniewski 
et al. (2017), and thus comparisons of our results are most appropri-
ate. Piniewski et al. (2017), focusing on extreme events in Europe, re-
ported a significant negative effect of droughts on fish density (k = 6 
datasets), but no significant effects of floods on fish abundance (k = 8) 
or density (k = 6); however, the mean value for abundance suggested 
a positive-trending response to floods. In comparison, we found no 
significant effect of droughts (albeit a negative mean effect size) and 
a significant negative effect of floods on fish abundance for within-
year studies (Figure 7; Table 5). Differences among our results may 
be due in part to our larger geographical scope and thus larger sample 
sizes for analyses. For example, our drought subset for within-year 
fish abundance studies included studies mostly from the USA (k = 48 
datasets), but also from Australia (k = 7) and the United Kingdom (k = 
6), whereas our flood subset included countries from four continents 
(i.e. Oceania [95], Africa [33], North America [14], and Europe [12]).

Except for the within-year abundance analysis, formal meta-
analyses suggested that significant heterogeneity remained in mixed-
effects models including intervention type as a moderator. Therefore, 
additional moderators were tested in our quantitative syntheses to 
explore reasons for heterogeneity within different interventions sepa-
rately. Unfortunately, due to insufficient sample sizes and/or variation, 
we were unable to investigate factors within different interventions 
for biomass responses with either replication type (within-year or in-
terannual; Figure 6), using either quantitative approach (formal or less 
formal meta-analyses). For formal meta-analysis, no detectable asso-
ciations were found between any factor investigated within a given in-
tervention type and average fish abundance for either within-year or 
interannual analyses (Figure 3; Supporting Information 9, Tables S9.4 
& S9.5). Interestingly, for the interannual analysis on fish abundance 
responses, much of the variation in effect sizes appeared to be due to 
droughts (Q = 77.13, p < 0.0001) rather than floods (Q = 127.40, p = 
0.261); however, none of the considered moderators explained this 
heterogeneity in effect sizes for droughts, suggesting that some other 
(untested) factor(s) may be responsible.

In contrast, for the less formal meta-analysis, several moderators 
were found to be associated with average effect sizes for within-
year abundance studies (summarized in Table 5), including: (i) water-
body type (droughts), (ii) major habitat type (droughts and floods), 
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TA B L E  5 Comparison of results between formal meta-analyses and less formal meta-analyses. Moderators (italics) that are in bold were 
significantly associated with fish responses. Underline subset categories indicates a statistically significant effect at the p < 0.05 level, but with 
an asterisk (*) a moderately significant effect at the p < 0.1 level. Underlined subset categories with [−] indicate an overall average decrease in 
fish outcome with natural changes in flow magnitude; [+] indicates an overall average increase in fish outcome with natural changes in flow 
magnitude. k: number of datasets (i.e. effect sizes); Hedges' g: weighted mean effect size; CI: 95% confidence interval; NR, not reported.

Analysis Formal meta-analysis Less formal meta-analysis

Within-year Abundance

Intervention type Intervention type

Drought* [−] Hedges' g: −0.20 (CI: −0.40, 
0.01); k = 35

Drought −30% (CI: −62, 30); k = 61 Waterbody type (streams vs rivers [−] vs. 
estuaries)

Major habitat type (temperate coastal rivers vs 
tropical and subtropical coastal rivers vs 
temperate floodplain rivers and wetlands vs 
xeric freshwaters and endorheic basins* [−])

Flood [−] Hedges' g: −0.36 (CI: −0.60, 
−0.11); k = 30

Flood [−] −71% (CI: −87, −38); k = 154 Waterbody type (rivers vs estuaries [−] vs. 
multiple)

Major habitat type (temperate coastal rivers 
[−] vs. temperate floodplain rivers and 
wetlands vs temperate upland rivers vs xeric 
freshwaters and endorheic basins [+])

Water regime (perennial [−] vs. intermittent vs 
NR/unclear [−])

Flow regime (free [+] vs regulated [−] vs mixed 
[−] vs NR/unclear)

Surrounding land-use (natural+agriculture [−] vs 
agriculture [−] vs natural vs NR/unclear)

Direction of flow magnitude change (Increase_
high vs Increase_discharge [−])

Event duration (<6 m vs >6 m<1 year [−] vs not 
reported/unclear [−])

Study validity (low [−] vs medium)

Low flow [+] Hedges' g: 0.38 (CI: 0.11, 
0.65); k = 34

Low flow [+] 169% (CI: 38, 426); k = 116 N/A

High flow [−] −99% (CI: −100, −94); k = 63 N/A

Interannual Abundance

Intervention type Intervention type

Drought Hedges' g: 0.01 (CI: −0.35, 
0.37); k = 24

Drought −23% (CI: −72, 109); k = 53 No detectable effects of moderators

Flood Hedges' g: 0.13 (CI: −0.15, 
0.41); k = 127

Flood [−] −55% (CI: −74, −22); k = 148 No detectable effects of moderators

Low flow −59% (CI: −91, 75); k = 34 N/A

Other −1% (CI: −38, 58); k = 6 N/A

Within-year Biomass

N/A N/A

Flood [−] −98% (CI: −100, −84); k = 36 N/A

Interannual Biomass

Intervention type Intervention type

Drought Hedges' g: −0.60 (CI: −2.95, 
1.75); k = 9

Drought −14% (CI: −39, 21); k = 12 N/A

Flood Hedges' g: −2.44 (CI: −6.03, 
1.16); k = 21

Flood −90% (CI: −99, 23); k = 21 N/A

Other [+] 16% (CI: 3, 30); k = 6 N/A
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(iii) water regime (floods), (iv) flow regime (floods), (v) surrounding 
land-use (floods), (vi) direction of flow magnitude change (floods), (vii) 
event duration (floods) and (viii) study validity (floods). These analy-
ses provide some support that droughts result in negative average 
effects on fish abundance studied in rivers, and more broadly in the 
xeric freshwaters and endorheic (closed) basin major habitat type 
compared to other waterbody and major habitat types where mean 
effects were not significantly different from zero (noting here that all 
seven responses from xeric habitats were rivers, suggesting the sig-
nificant effect of this habitat type could be due to a correlation with 
waterbody type). Floods resulted in negative average effects on fish 
abundance for (i) estuaries, (ii) temperate coastal river major habitat 
type, (iii) perennial systems, (iv) regulated systems, (v) waterbodies 
mostly or partially surrounded by agricultural lands, (vi) studies spec-
ifying increases in discharge, (vii) flood events that last >6 months 
but <1 year in duration and (viii) studies assessed as having low va-
lidity (highly susceptible to bias) and positive average effects on fish 
abundance for xeric freshwaters and endorheic basin major habitat 
type, compared to other categories considered (Table 5; but see also 
Supporting Information 10); however, many of these factors were 
highly correlated (Supporting Information 6). For example, of the 34 
responses captured for floods in estuaries, 32 were regulated tem-
perate coastal river habitats that specified increases in discharge. 
These correlations among factors makes interpretation challenging 
and sample sizes would not allow us to explore multiple factors at 
once, unfortunately limiting our ability to determine the relative im-
pact of each moderator on overall mean effect sizes. Most previous 
reviews, given their relatively small sample sizes, were unable to ex-
plore the influence of many moderators for comparison. However, 
McManamay et al. (2013) found some evidence that the occurrence 
of floods and high flows in an unconstrained coastal plain stream may 
have less negative impacts to river communities than in a floodplain-
constrained upland stream. Our results do not appear to support 
this finding when considering a broader geographical scope, albeit 
recognizing that we did not differentiate between constrained and 
unconstrained systems.

The flow-ecological relationship analysis on time series studies pro-
vided some support that natural changes in magnitude in rivers may be 
less of a disturbance to fish abundance but more of a disturbance in es-
tuaries, compared to streams or reservoirs, where no relationships were 
apparent (Figure 10a). This finding of potentially less negative conse-
quences for rivers than streams for fish abundance was also found with 
spatial comparison studies (Figure 11a). The investigations of natural 
magnitude across space also suggested positive correlations with fish 
abundance (i.e. higher abundance in sites with higher magnitude) for 
temperate floodplain river and wetland habitat types, waterbodies that 
were intermittent, waterbodies that included other flow regime com-
ponent alterations in addition to magnitude changes, and studies that 
measured abundance (rather than density or CPUE), compared to the 
other categories within the different considered moderators (Figure 11). 
Note however, interpretation of these findings should be accompanied 
with appropriate consideration for study validity as studies used here 

were all considered lower validity due to inadequate study designs for 
fully addressing our review questions.

Taxonomic responses to floods and droughts varied across fam-
ilies but were all non-significant (Figure 8). While most mean abun-
dance responses for considered families were trending negative to 
droughts, mean responses to floods were quite variable across fam-
ilies, indicating that specific families, genera or species may not re-
spond consistently to natural changes in flow magnitude, presumably 
linked to family-level environmental constraints and requirements. 
However, caution should be taken when interpreting these results 
for most taxonomic groups because sample sizes were small, and we 
were unable to explore potential moderators.

4.2  |  Limitations of review methods

We attempted to minimize potential biases in our review methodol-
ogy throughout the systematic review process. Our diverse advisory 
team including stakeholders and topic experts from academia, gov-
ernment, industry and a non-profit organization, helped us identify as 
many relevant studies as possible, minimizing familiarity bias. While we 
identified 300 relevant studies, 193 of which were eligible for quan-
titative analysis, we acknowledge that our review does not represent 
the entirety of the knowledge base on the subject. Efforts were made 
to obtain all relevant materials to decrease availability bias; only one 
publication could not be found (Supporting Information 2). One im-
portant consideration of our review is that it was limited to English 
language literature. Although this captures most articles available, we 
acknowledge there may also be additional, valuable articles and grey 
literature not published in English. While there is some evidence in 
medical science that restricting reviews to English-language literature 
has little impact on the effect estimates and conclusions of reviews 
(e.g. Dobrescu et al., 2021; Nussbaumer-Streit et al., 2020), others 
have suggested that ignoring non-English-language studies may bias 
outcomes of ecological meta-analyses (e.g. Konno et al., 2020). There 
were relatively few articles excluded from the systematic map on lan-
guage at full text (61/2412 articles; Rytwinski et al., 2020) and only 
six excluded on language during this review (e.g. Chinese, Japanese; 
Supporting Information 7, Figure S7.1). It is unclear whether these arti-
cles would have been deemed relevant based on our inclusion criteria.

There was no obvious indication of publication bias from any 
formal meta-analyses on fish abundance (Supporting Information 9, 
Figure S9.2 & S9.14); however, there was possible evidence of pub-
lication bias, for fish biomass in interannual studies, towards studies 
with larger sample sizes showing positive effects of flow magnitude 
change (Figure S9.19). It is interesting to note that all but one article 
within this subgroup were from commercially published sources. It 
is unclear how many additional grey literature sources in the form 
of internal reports may exist that were not accessible to our review 
team (especially in the last two decades where grey literature made 
up less than 10% of studies identified; Supporting Information 7, 
Figure S7.2).
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4.3  |  Limitations of the evidence base

Of the 300 studies included in this review, 107 were excluded from all 
quantitative syntheses due to the use of either qualitative (e.g. pres-
ence/absence) or semi-quantitative (e.g. presence/quantitative value) 
outcomes in the intervention and/or comparator groups, making ef-
fect size calculation impossible. Because we used three quantitative 
synthesis approaches, we were able to make use of as much of the 
available quantitative evidence as possible. However, if we had only 
used the more well-documented formal meta-analysis approach, as is 
typically done in most systematic reviews, we would have had to ex-
clude an additional 154 studies (with a total of 1447 datasets) because 
they (i) lacked replication in both the intervention and comparator 
groups and/or (ii) did not include a comparator. The former issue was 
common because most studies did not report within-year responses 
(i.e. data for each month or season of sampling reported separately 
for each sampling year), instead providing single data points, sums or 
averages across within-year sampling without also providing within-
year fish outcomes over several years. As a result, we were unable 
to analyse variability through time effectively. Reporting quantitative 
fish outcomes and providing raw or finer-scale sampling data (i.e. via 
online data repositories or journal appendices), rather than pooling 
data across samples, would provide opportunities to improve future 
(systematic) reviews.

For the formal and less formal meta-analyses, we did not quantify 
the amount of flow magnitude change (i.e. ΔQ, where Q is discharge) 
because many articles did not report sufficient quantitative informa-
tion to do so (e.g. authors only provided measures of flow during/fol-
lowing a change in magnitude and not also prior to the event, or used 
qualitative descriptions of magnitude changes rather than quantitative 
values). The issue of insufficient reporting of flow data has also been 
identified in previous reviews on the general topic of flow-fish rela-
tionships (e.g. Harper et al., 2022; Piniewski et al., 2017). We felt our 
qualitative descriptions of flow changes based on author descriptions 
allowed us to adequately categorize flow changes and thus capture 
more studies for quantitative analyses than would otherwise have been 
possible. We did, however, quantify percent changes in flow magnitude 
from values associated with the maximum and minimum outcome vari-
ables for our flow-ecological relationship analyses when information 
on both variables were sufficiently reported in articles. These analyses 
provided some statistically supported patterns between categories of 
moderators and fish responses (e.g. fish abundance showed a signif-
icant positive correlation with natural flow magnitude within rivers, 
and a negative correlation within estuaries). Furthermore, we did not 
observe any obvious ‘threshold’ relationships that would be partic-
ularly useful in a management context (see Arthington et al., 2006). 
However, given that these analyses were based on study designs that 
did not include a true comparator, and that flow magnitude change 
was calculated in relation to the reported maximum and minimum fish 
outcome values and, therefore, does not necessarily represent the full 
range of flow variation experienced within the study, we do not feel 
these analyses can accurately or robustly assess and identify thresh-
olds. Attempting to identify thresholds was not an intended goal of 

our flow-ecological relationship analyses nor did we attempt to do so 
using relevant quantitative tools. However, as variation in flow mag-
nitude increases as a result of climate change, identifying thresholds 
that could inform management or conservation actions will become 
increasingly important. This will only be possibly from a quantitative 
synthesis sense if the evidence base is improved with more information 
that would enable such analyses.

The available evidence base on this topic was deemed to be of 
generally low study validity. Of the datasets included in quantitative 
syntheses, 62% had ‘Low’ validity, while the remainder had ‘Medium’ 
validity. When considering only those included in the formal meta-
analysis, the percentage of ‘Medium’ validity studies was higher (i.e. 
65%). Despite the relatively low validity of included studies, sensitiv-
ity analyses suggested that results were likely robust to the inclusion 
of studies with lower validity (Supporting Information 9). Improving 
study designs by including temporal and spatial replication, provid-
ing quantitative data on flow magnitude changes, and increasing rep-
lication would aid in improving internal validity of primary studies. 
However, we acknowledge that flow variability from natural events 
may not be as predictable as flows downstream from a peaking hy-
dropower facility so there will always be inherent challenges with ex-
perimental design.

We were unable to draw clear conclusions of long-term effects 
of natural changes in flow magnitude on fish abundance or biomass. 
This was because many interannual studies included in quantitative 
synthesis were based on relatively short-term monitoring (i.e. 65% 
of data sets included in formal meta-analysis only had 2 years post-
intervention monitoring), limiting our ability to investigate resilience 
and recovery of fish populations to natural disturbances. This issue 
has been noted in previous reviews as well (e.g. Maxwell et al., 2019). 
Instead, this synthesis is largely based on more direct, immediate re-
sponses that quantitatively characterize fish resistance (i.e., capacity 
of fish to withstand the stresses of a disturbance) to natural changes 
in flow magnitude. Interestingly, within-year responses to changes 
in natural flow magnitude tended to result in more negative fish re-
sponses overall within a given outcome type compared to interannual 
responses, suggesting fish may be more susceptible to negative im-
pacts of magnitude changes within the immediate time frame of an 
event (i.e. lower mean monthly abundance within the first year fol-
lowing an event compared to the year before the event), compared to 
average fish responses over the years following the event (i.e. com-
paring yearly averages before and after the event). Indeed, although 
the overall mean effect sizes were all non-significant in global analy-
ses, we did see a trend in the overall mean weighted effect sizes for 
within-year fish abundance which became increasingly positive with 
post-intervention years (Figure 5). These results may provide some 
evidence (albeit weak) for the capacity of fish populations to recover 
from such disturbances. Furthermore, significant heterogeneity was 
observed between effect sizes remaining in the interannual models, 
suggesting other (untested) factors could be causing this variation. 
For example, if fish respond differently after a few years following 
a hydrological event, short-term studies may not capture changes in 
fish outcomes such as population size, especially if only the adults of 
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long-lived species are monitored for relatively short periods post in-
tervention (Lyon et al., 2021). Although we attempted to collect in-
formation on species life stage, many studies did not report relevant 
information to allow for further investigation in interannual analyses. 
There may be a need for future meta-analyses that account for spe-
cies/population-specific time-lags arising from changes in natural flow 
magnitude. Presumably the timing of events such as flood or drought 
will have differential impacts (e.g. during versus after the spawning 
period; Detenbeck et al., 1992) but such information is not always 
reported either. As noted by Maxwell et al. (2019), information from 
long-term studies will be critical for improving predictions of species 
responses to events like floods and drought, thus these studies should 
be supported.

We originally intended to investigate the influence of factors re-
lated to waterbody characteristics (e.g. stream gradient, stream order, 
water temperature, pH) but these were rarely reported for sampling 
sites in articles. The importance of these variables in influencing eco-
logical responses to changes in flow regime have been previously 
noted (e.g. McManamay et al., 2013; Poff & Ward, 1989; Poff & 
Zimmerman, 2010), consequently, we recommend reporting such in-
formation in publications (or through additional files or online data 
repositories) to aid in future reviews.

There was evidence of geographic but not taxonomic bias in 
the available evidence base. Most datasets for quantitative synthe-
sis were from North America (41%), of which 94% were from the 
United States, potentially limiting interpretation of review results to 
other geographic regions. Similar geographical biases were identi-
fied in the systematic map (Rytwinski et al., 2020) and in reviews on 
anthropogenic impacts of flow magnitude alterations (Harper et al., 
2022). Taxonomic bias, however, was less evident. Impacts of natural 
changes in flow magnitude were evaluated for a large diversity of fish 
families (total of 124), the most common being Leuciscidae represent-
ing 15% of all datasets, followed by Salmonidae with 9%. In total, 437 
fish species were represented in quantitative syntheses, with 53 spe-
cies having more than 10 datasets, suggesting interpretation of results 
may not be limited by taxa.

5  |  CONCLUSIONS

5.1  |  Implications for policy/management

Our results suggest that overall fish abundance and biomass re-
sponses to changes in natural flow magnitude were mainly negative 
but our analyses do not provide support for clear general responses 
across all contexts (e.g. types of changes in flow magnitude, taxa, 
locations). Our findings of a lack of generalizable and transfer-
able relationships between flow magnitude and fish responses are 
consistent with previous reviews that have focused on direct an-
thropogenic causes of flow alterations (Harper et al., 2022; Poff & 
Zimmerman, 2010), suggesting that regardless of the cause of flow 
changes (natural or anthropogenic), or if only focusing on a spe-
cific flow component (i.e. magnitude), generalizations may not be 

possible. This lack of a generalizable relationship however should 
not be taken as evidence that changes to flow magnitude have little 
effect on fish abundance and biomass, as our analyses show that 
context matters. Indeed, when stratifying studies into subgroups, a 
few patterns emerged.

First, we found strong support that fish were responding (in terms 
of abundance) differently to natural events considered in our analyses, 
with consistently negative responses to floods and droughts, and pos-
itive responses to decreases in low flows within the first year of the 
natural change in flow magnitude. In relation to the latter, attempting 
to look more closely at the included low flow studies (of which there 
were only two), did not provide clarity for this unexpected result. As 
such, caution should be taken when interpreting these results until 
further research is conducted on the impacts of low flows on fish 
outcomes.

Second, these patterns from the within-year variation analysis 
were less evident when considering interannual variation. This sug-
gests that while immediate responses (i.e. within the first-year post-
intervention) were more apparent and relatively consistent within 
specific types of natural events, fish populations may recover after 
such events (i.e. ≥2 years post-natural event). Indeed, in a review 
of case studies on the recovery of temperate-stream fish from dis-
turbance, Detenbeck et al. (1992) found that population recovery 
times following pulse disturbances (i.e. floods, droughts, chemical 
spills, construction activity, nonchemical organism removal) varied 
between 0.08 and 6 years following such disturbances, with over 
60% of systems studied showing population recovery within 3 years. 
Furthermore, our review suggested that longer-term effects (i.e. 
≥2 years post-intervention) of natural changes in flow magnitude were 
more variable and may be context dependent. Unfortunately, due to 
small sample sizes, we were limited in our ability to explore this vari-
ability to discern any further contextual patterns (e.g., investigate at 
finer regional or taxonomic scales/levels). If management/conserva-
tion decisions are urgent (i.e. waiting for more primary studies to allow 
for such investigations is not an option), the outputs of this systematic 
review provide managers with a comprehensive evidence base that 
they can use to assess the available evidence that is relevant to their 
specific contexts and/or regions (i.e. attempt to use what evidence 
is available now). For example, managers could search the database 
of included studies (see Rytwinski et al., 2022b) for specific species, 
regions, or freshwater systems of interest to identify available pri-
mary studies captured on this topic. Using the extracted information, 
including quantitative measurements of the impact when available 
(i.e. direction and magnitude of a fish response in relation to a nat-
ural change in flow magnitude), along with the results of the study 
validity assessments, managers can assess the available evidence to 
help guide their management/conservation decisions. Furthermore, 
the outputs of this review could help managers with planning other 
activities in more managed systems. For instance, knowing how a 
particular species (or group of species) responds to a natural event 
such as a drought, can help in conservation planning to mitigate other 
impacts (e.g. manage the amount of water allowed to leave a system 
for other uses), or allow managers to decide whether to augment the 
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system with environmental flows within the same or following season 
(Acreman et al., 2014).

Third, there is some evidence suggesting that differing natural 
flow magnitudes in rivers (over time and across space) may be less of 
a disturbance to fish abundance than in other waterbody types (e.g. 
streams, estuaries, reservoirs); however, there may be high uncer-
tainty associated with these results owing to inadequate study de-
signs of the primary studies used in these analyses.

Lastly, results from this systematic review are important in char-
acterizing fish responses to climate induced alterations in flow mag-
nitude, supporting management and conservation efforts that could 
mitigate negative impacts. Recent guidance, referred to as ‘Climate-
Smart Conservation Practice’ (Brown et al., 2022) has been developed 
to integrate climate change into the planning and adaptive man-
agement of conservation projects. A key element of this integrated 
approach—which is based on the widely used Conservation Standards 
(CMP, 2013)—is the development of ‘climate-smart’ situation models 
linking current and future climate threats and conventional (human) 
threats to management/conservation targets. Outputs from our re-
view could be useful to those using this climate-smart framework if 
they want to identify potential relationships between climatic vari-
ables/threats and target fish to develop management strategies to 
mitigate the negative effect of climate and/or other anthropogenic 
threats.

5.2  |  Implications for research

5.2.1  |  Improving study designs and reporting

The principal goal of any systematic review is to ensure conclusions 
drawn are correct. If bias is present in primary studies, their results 
will be incorrect. Subsequently, if a systematic review is based on 
incorrect evidence, the results of the quantitative analysis will also 
be incorrect (Boutron et al., 2022; Rytwinski et al., 2021). The avail-
able evidence base on this topic was deemed to be of relatively low 
validity due to limited comparators, replication and justified sampling 
methodology within the studies and cases assessed. While results did 
not appear to be influenced by the inclusion of lower validity studies 
in the formal meta-analysis, it is important to note that there were 
no studies assessed to have high validity based on our assessment 
criteria. It is unclear though how or if the inclusion of higher validity 
studies (if some existed) would have influenced our review findings. 
Reflecting further on our assessment criteria post-hoc, we do feel 
that, while certain criteria were likely representative of what would 
be feasible in the real world [e.g. to score ‘High’ on replication, a BA 
study design would only require ≥2 years post-intervention (interan-
nual variation), or ≥2 months/seasons post-intervention (within-year 
variation)], some criteria may be more difficult to achieve when study-
ing impacts of natural flow changes in the field [e.g. scoring ‘High’ on 
study design, required the use of both temporal and spatial compara-
tors in a BACI design or randomized control trials (RCT)]. For instance, 
capturing data before a natural change in flow such as an extreme 

flood or drought requires either knowledge of when the event will 
occur or a fortuitous choice of sampling sites (De Palma et al., 2018). 
Therefore, designing a study with a spatial comparison(s), in addition 
to pre-event data, would be very difficult to achieve as there is no or 
very limited advanced planning possible for extreme weather events, 
likely making full BACIs unrealistic (though not impossible, see below). 
Drawing from issues we encountered during quantitative synthesis 
and common features of studies in our evidence base, we recommend 
the following best practices for improving future study designs and 
reporting.

First, one of the only ways to capture pre-event data (and spatial 
comparisons) is to maintain regular, long-term monitoring programs 
at sites for the sake of monitoring. If an extreme event were to fortu-
itously occur at those monitored sites, data would then be available to 
investigate the impact(s) of the event. When assessing fish responses 
to flow magnitude alterations, long-term monitoring both before and 
after the change in flow would facilitate improved understanding of 
population-level effects and time-lags in responses. This is especially 
important for longer-lived species or those returning to critical hab-
itats (e.g. spawning). Furthermore, as noted by Harper et al. (2022), 
efforts should be made to minimize gaps between sampling years, 
and to ensure sampling occurs in multiple seasons. From a quantita-
tive perspective, a minimum of two years before and two years after 
are needed to calculate a standardized effect size measure such as 
Hedges' g for use in a more formal meta-analysis. However, longer 
time periods (i.e. >2 years before and after) are highly encouraged to 
improve the precision of effect estimates and our understanding of 
temporal dynamics of fish recovery following natural events. Previous 
studies have suggested that recovery of fish metrics were found 
within 3 years following pulse disturbances in most studied systems 
(e.g. natural and anthropogenic pulse disturbances [Detenbeck et al., 
1992]; anthropogenic pulse disturbance [Rohr et al., 2021]); however, 
maximum time to recovery was longer for some systems/contexts 
(e.g. depending on timing of disturbance relative to spawning season, 
presence of barriers to migration, frequency of disturbance). From an 
ecological perspective then, these studies provide some evidence that 
at least three years of monitoring should be undertaken following an 
event. Therefore, while there may be limited control over how many 
years of pre-event data are captured during regular or long-term mon-
itoring, if an extreme event fortuitously occurs at these sampling sites, 
monitoring of fish responses should continue for at least three years 
following that natural event to properly facilitate investigations of its 
impact on fish responses.

Second, in the rare case that prior knowledge exists in the timing 
of an event or where suitable before data is available retrospectively, 
BACI design usage should be encouraged (as others have advocated 
before, e.g. Christie et al., 2019; De Palma et al., 2018). For instance, 
through simulation, Christie et al. (2019) demonstrated that BACI (and 
randomized control trials) are far more accurate than BA, CI and after-
only designs. When correctly estimating true effect's direction and 
magnitude to within ±30%, BACI designs performed 2.9–4.2 times 
better than BAs, 3.2–4.6 times versus CIs and 7.1–10.1 times versus 
after-only designs (depending on sample size). They suggested this 
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was because increasing sample size improved BACI design accuracy, 
but only increased the precision (not accuracy) of simpler designs 
around biased estimates.

Third, develop standardized monitoring to ensure methodologies 
are applied consistently over time and space. This is especially crucial 
for long-term studies. Included in this development should be consid-
erations for seasonality of sampling and choice of outcome metrics. 
For instance, fish abundance is affected by the emergence of young 
of the year (YOY) and is much lower in spring than in fall in most tem-
perate systems. Future studies/monitoring programs should avoid this 
potential confounding issue in study design by sampling fish at the 
same time of year. Furthermore, if within-year comparisons are being 
made before and after a flow event, and fish abundances are changing 
within seasons, (a) using other metrics instead of abundance (i.e. bio-
mass, richness) or (b) excluding YOY from abundance comparisons if 
they are recruited to the sampling gear during the study period is con-
sidered. Although standardized methods have tended to be developed 
at local or provincial/state levels in North America and Europe (Bonar 
et al., 2017), progress is ongoing in the development and adoption of 
national- and continent-wide standards for fish sampling (e.g. Bonar 
et al., 2009; European Commission, 2015; European Committee 
for Standardization [CEN], 2003, 2006, 2014, 2015; National Park 
Service [NPS], 2021; see also Hering et al., 2010; Rodhouse et al., 
2016 for discussions on achievements stemming from some of these 
standardizations).

Fourth, studies should report sufficient detail regarding location of 
sample sites and waterbody characteristics (i.e. latitude and longitude, 
gradient, stream order, water temperature).

Fifth, when possible, studies should report summarized outcome 
data separately for monthly or seasonal samples within a year, and 
report detailed descriptions of how samples are grouped for analysis 
or provide raw data.

Sixth, future studies should report sufficient information to allow 
quantitative assessment of the amount of flow magnitude change or 
event severity. For example, when reporting changes in flow magni-
tude, comparable data (i.e. measured flow magnitude or hydrographs) 
from the same temporal period (i.e. season) should be included for 
both the intervention and comparator groups.

Lastly, in general, for reporting, where information cannot fit 
within published articles, details should be included in supplementary 
materials and data should be shared in data archivers or repositories. 
Furthermore, consider entering metadata associated with research 
methods and results in databases that support systematic literature 
assessments (see Norton et al., 2018).

5.2.2  |  Addressing research gaps

The evidence base of this review encompasses a large diversity of 
temperate freshwater fish. However, when stratifying families into 
particular contexts, we were limited in our investigations to only a few 
families owing to small sample sizes (e.g. for droughts just three families: 
Leuciscids, Salmonids, Centrarchids). Moreover, most studies focused on 

systems in the USA. Therefore, studies that focus on species-specific re-
sponses to natural flow magnitude changes in systems outside of North 
America are needed to address knowledge gaps.

Our analyses did not provide support for clear generalizable signals 
of the impacts of natural flow magnitude changes on fish abundance 
or biomass across all contexts. To improve clarity, regional, species-
specific, long-term continuous monitoring studies are recommended 
in future. For this review, although before and after year monitoring 
went beyond 10 years in some included studies for the formal analysis, 
most involved <5 years of monitoring pre- and post-natural event (i.e. 
before year monitoring: range = 2–16, mean = 3.7; mode = 4 years; 
after year monitoring: range = 2–11, mean = 3.0; mode = 2 years). 
Therefore, standardized ecological studies spanning periods longer 
than found in this review will improve our understanding of fish re-
sponses to natural changes in flow regimes and learn more about their 
specific systems (Hampton et al., 2019), as well as enable researchers 
to capture unpredictable, extreme events as they occur, while ensur-
ing base-line data is available for comparison. Furthermore, quanti-
fication of fish responses to changes in flow regime from long-term 
continuous monitoring of natural systems would also provide invalu-
able information to help manage these changes in altered systems (e.g. 
due to hydropower production, nuclear facilities, land-use change; 
press disturbances). For example, future research needs include im-
proving our understanding of how long a disturbance can be before 
it impacts fish, or how long of a period fish need with ‘normal’ flows 
to recover naturally following a disturbance. These types of questions 
are increasingly sought out by water resource managers for their use-
fulness in interpreting and predicting impacts of and recovery from 
flow magnitude changes in altered systems. With increasing pressures 
from climate change, long-term ecological studies can enable manag-
ers to determine if the system may have natural capacity for recovery 
under the influence of future, multiple interacting effects, or, if not, to 
develop management interventions that may mitigate species-specific 
impacts (Gaiser et al., 2020).
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Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Supporting Information 1. Search strategy and results. Provides 
a description of the search strategy and results of the literature 
searches. For each source, we provided full details on the search 
date(s), search strings used, search settings and restrictions, and 
subscriptions (if applicable), and the number of returns. We also 
describe additional screening consistency check methods and 
provide definitions of terms used throughout the systematic review.
Supporting Information 2. Excluded articles. List of articles excluded 
on the basis of full-text assessment or data extraction and reasons 
for exclusion. Separate lists of articles excluded at the full-text or 
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relevant reviews.
Supporting Information 3. Study validity assessment description. 
Provides further description of the study validity assessments, along 
with the critical appraisal tool, and consistency check details.
Supporting Information 4. Data extraction considerations. Provides 
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intervention definitions, and details of consistency checks.
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same study, as well as further details of quantitative synthesis.

 26888319, 2023, 1, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/2688-8319.12216 by C

ochrane C
anada Provision, W

iley O
nline L

ibrary on [02/03/2023]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/eco.1793
https://doi.org/10.1002/eco.1793
https://doi.org/10.2307/1313099
https://doi.org/10.1111/j.1365-2427.2009.02272.x
https://www.r-project.org/
https://doi.org/10.1002/ecs2.1608
https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/
https://doi.org/10.1002/ecs2.3459
https://doi.org/10.1002/ecs2.3459
https://doi.org/10.1016/j.scitotenv.2021.145122
https://doi.org/10.1016/j.scitotenv.2021.145122
https://doi.org/10.1186/s13750-020-00190-z
https://doi.org/10.1186/s13750-020-00190-z
https://doi.org/10.6084/m9.figshare.21770417.v1
https://doi.org/10.6084/m9.figshare.21770417.v1
https://doi.org/10.6084/m9.figshare.21770123.v1
https://doi.org/10.6084/m9.figshare.21770123.v1
https://doi.org/10.6084/m9.figshare.21770465.v1
https://doi.org/10.6084/m9.figshare.21770465.v1
https://doi.org/10.6084/m9.figshare.21770321.v1
https://doi.org/10.6084/m9.figshare.21770321.v1
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://ggplot2.tidyverse.org
https://www.feow.org/global-maps/major-habitat-types


34 of 34  |    Ecological Solutions and Evidence RYTWINSKI et al.

Supporting Information 6. Correlation analyses of moderators 
(Pearson's χ2). Contains results of contingency analysis for 
independence of moderators.
Supporting Information 7. Review descriptive statistics. Provides 
a ROSES flow diagram of inclusion/exclusion process, as well as 
further descriptions of the evidence base.
Supporting Information 8. Fish species list. Includes all family, 
genera and species included in the narrative synthesis.
Supporting Information 9. Formal meta-analyses. Includes global meta-
analyses, publication bias, sensitivity analyses, and summary results 
from effects of moderator investigations for formal meta-analyses.
Supporting Information 10. Less formal meta-analyses. Includes 
results from global meta-analyses including one-sample t-tests, 
and moderator analysis using one-way ANOVAs and independent-
samples t-tests for the less formal meta-analyses.
Supporting Information 11. Flow-ecological relationship analyses. 
Includes visual plots and Spearman rank correlations from 

relationships between percent changes in flow magnitude and 
percent changes in fish responses for natural flow variation studies.
Supporting Information 12. Additional summary findings. Includes 
additional summary findings from quantitative analyses presented 
in the discussion.

How to cite this article: Rytwinski, T., Lin, H.-Y., Harper, M., 
Smokorowski, K. E., Smith, A., Reid, J. L., Taylor, J. J., 
Birnie-Gauvin, K., Bradford, M. J., Crossman, J. A., Kavanagh, 
R., Lapointe, N. W. R., Turgeon, K., & Cooke, S. J. (2023). 
How do natural changes in flow magnitude affect fish 
abundance and biomass in temperate regions? 
A systematic review. Ecological Solutions and Evidence, 4, 
e12216. https://doi.org/10.1002/2688-8319.12216

 26888319, 2023, 1, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/2688-8319.12216 by C

ochrane C
anada Provision, W

iley O
nline L

ibrary on [02/03/2023]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/2688-8319.12216

	How do natural changes in flow magnitude affect fish abundance and biomass in temperate regions? A systematic review
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Search strategy
	2.2|Article screening and study eligibility criteria
	2.3|Study validity assessment
	2.4|Data coding and extraction strategy
	2.4.1|General data-­extraction strategy
	2.4.2|Data extraction considerations

	2.5|Potential effect modifiers and reasons for heterogeneity
	2.6|Data synthesis and presentation
	2.6.1|Descriptive statistics and narrative synthesis
	2.6.2|Quantitative synthesis
	General approach and eligibility
	Data preparation for quantitative synthesis
	Effect size calculation
	Quantitative synthesis



	3|RESULTS
	3.1|Literature searches and screening
	3.2|Study validity assessment
	3.3|Narrative synthesis
	3.3.1|Study location
	3.3.2|Population
	3.3.3|Intervention
	3.3.4|Study design
	3.3.5|Outcomes

	3.4|Quantitative synthesis
	3.4.1|Formal meta-­analysis
	Global meta-­analyses
	Effect of moderators
	Taxonomic analysis

	3.4.2|Less formal meta-­analysis
	Global meta-­analyses
	Effect of moderators

	3.4.3|Flow-­ecological relationship analysis
	Global meta-­analyses
	Effect of moderators



	4|DISCUSSION
	4.1|Comparison of quantitative synthesis approaches
	4.1.1|How do natural changes in flow magnitude affect fish abundance and biomass in temperate regions?
	4.1.2|To what extent do factors influence the potential impact of changes in flow magnitude due to natural causes on fish abundance and biomass?

	4.2|Limitations of review methods
	4.3|Limitations of the evidence base

	5|CONCLUSIONS
	5.1|Implications for policy/management
	5.2|Implications for research
	5.2.1|Improving study designs and reporting
	5.2.2|Addressing research gaps


	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


