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Abstract Although climate change is an important

factor affecting inland fishes globally, a comprehen-

sive review of how climate change has impacted and

will continue to impact inland fishes worldwide does

not currently exist. We conducted an extensive,

systematic primary literature review to identify

English-language, peer-reviewed journal publications

with projected and documented examples of climate

change impacts on inland fishes globally. Since the

mid-1980s, scientists have projected the effects of

climate change on inland fishes, and more recently,

documentation of climate change impacts on inland

fishes has increased. Of the thousands of title and

abstracts reviewed, we selected 624 publications for a

full text review: 63 of these publications documented

an effect of climate change on inland fishes, while 116

publications projected inland fishes’ response to future

climate change. Documented and projected impacts of

climate change varied, but several trends emerged

including differences between documented and pro-

jected impacts of climate change on salmonid abun-

dance (P = 0.0002). Salmonid abundance decreased

in 89.5% of documented effects compared to 35.7% of

projected effects, where variable effects were more

commonly reported (64.3%). Studies focused on

responses of salmonids (61% of total) to climate

change in North America and Europe, highlighting

major gaps in the literature for taxonomic groups and

geographic focus. Elucidating global patterns and

identifying knowledge gaps of climate change effects
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on inland fishes will help managers better anticipate

local changes in fish populations and assemblages,

resulting in better development of management plans,

particularly in systems with little information on

climate change effects on fish.

Keywords Climate change � Documented and

projected effects � Fish guilds � Freshwater fishes �
Global change � Inland fishes � Synthesis

Introduction

Climate change has become a key driver of biological

change in natural systems (Parmesan and Yohe 2003).

Freshwater ecosystems and the organisms therein are

especially vulnerable to climate change because of

relatively high fragmentation and isolation of inland

aquatic habitats (Woodward et al. 2010). The general

effects of climate change on aquatic environments

include increased temperatures, decreased dissolved

oxygen, changes in hydrologic regimes and water

availability, altered seasonality, and eutrophication

(Ficke et al. 2007; Kundzewicz et al. 2008). These

climate-induced environmental changes have

impacted and will continue to impact aquatic organ-

isms through various mechanisms operating at multi-

ple spatial, temporal, and ecological scales (Parmesan

and Yohe 2003; Woodward et al. 2010). Additionally,

climate change may magnify or increase the effects of

other stressors in freshwater systems, such as land

cover alteration, invasive species expansions, and

hydropower dams (Rahel and Olden 2008; Sharma

et al. 2011; Winemiller et al. 2016), underscoring the

complex interactions between climate change and

other anthropogenic stressors that can influence native

biodiversity (Staudt et al. 2013). Unlike terrestrial

taxa, aquatic organisms have less dispersal opportu-

nities and must either adapt to changing water

temperatures or migrate to more suitable areas; how-

ever, natural and man-made barriers may impede

migration in linear dendritic networks (Ficke et al.

2007).

Inland fishes—defined as fish that live all or part

(i.e., diadromous fishes) of their lives in freshwater

environments (Allan et al. 2005)—play a key func-

tional role in aquatic food webs and contribute to

biological diversity in freshwater ecosystems (Lynch

et al. 2016a). In addition, inland fish provide important

ecosystem services (e.g., food, income, nutrition) to

humans and serve as important natural, cultural, and

recreational resources (Welcomme et al. 2010; Lynch

et al. 2016a). Freshwater fishes are already among the

most imperiled organisms on earth (Ricciardi and

Rasmussen 1999; Jelks et al. 2008), and their status is

now further threatened by ongoing and future climate

change (Ficke et al. 2007).

Many localized and regional studies have docu-

mented climate change effects on fishes or projected

how future climates will influence fish populations;

however, to date, no comprehensive synthesis of the

available literature describing documented and pro-

jected effects of climate change on inland fishes at the

global scale exists. Although evidence is accumulating

that climate change has already impacted many fish

species (Comte et al. 2013; Lynch et al. 2016b) and

predictions of climate change impacts are widespread

(Parmesan and Yohe 2003; Comte et al. 2013), few

studies have attempted to synthesize research across

geographic regions (i.e., North America: Lynch et al.

2016b), response type (i.e., distributional changes:

Comte et al. 2013) and temporal window (observed vs.

future impacts). A comprehensive synthesis could

reveal generalizable patterns of climate change effects

on inland fishes at a global scale and major research

gaps.

Comte et al. (2013) synthesized the observed and

predicted responses effects of climate change on fish

distributions and found that distributions for many

species have already been affected by climate change.

Generally, researchers have predicted a decrease in

coldwater fish distributions, but distributional shifts in

cool- and warm-water fish are more context dependent

(Comte et al. 2013). Comte et al. (2013) also revealed

a lack of geographic representation of fish distribu-

tions in the literature, as most studies included in the

meta-analysis addressed fish distributions only in

temperate regions. Lynch et al. (2016b) described
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observed impacts of climate change for North Amer-

ican fish populations, and noted that research has been

biased towards certain species (e.g., salmonids) and

regions of the U.S. (e.g., Pacific Northwest). Finally,

Kovach et al. (2016) conducted a global synthesis that

described how climate variability and change influ-

enced trout (Salmonidae) and noted that even for well-

studied fish species there are considerable taxonomic,

spatial, and general ecological gaps in our current

body of research.

Together, these efforts highlight that a more

comprehensive literature review and synthesis could

provide better geographic, taxonomic, and biological

representation of the effects of climate change on

inland fishes. Here, we performed a systematic

literature review and global synthesis that focused on

the following objectives: (1) identify English-lan-

guage peer-reviewed journal studies with documented

and projected effects of climate change on various

aspects of inland fishes (i.e., assemblage dynamics,

evolutionary changes, demographic rates, distribu-

tions, and phenological changes) published in the

scientific primary literature from 1985 to 2015; (2)

compare patterns in these studies by geographic

region, species, fish response (e.g., demographic and

phenological response), and species guilds (e.g.,

thermal guild); and (3) identify the most commonly

cited management recommendations to address the

potential effects of climate change on inland fishes. A

more thorough understanding of how climate change

has and will influence inland fishes worldwide will

improve the sustainable management of these ecolog-

ically and economically important natural resources,

particularly where broad scale patterns can be used to

infer potential responses where no information is

currently available.

Methods

Literature search

We conducted a systematic literature review using

Web of Science and Google Scholar to identify studies

that reported ‘‘projected’’ and/or ‘‘documented’’ (i.e.,

observed) effects of climate change on inland fishes

globally (Fig. 1). We first identified 49 English-

language peer-reviewed journals (Supplementary

material: Appendix A) that would likely contain the

highest number of relevant papers. We then searched

each journal in both Web of Science and Google

Scholar using a combination of key terms to identify

publications that documented or projected the effects

of climate change on five different fish response

categories (i.e., assemblage dynamics, demographic,

distributional, evolutionary, and phenological,; see

Table 1). These searches included the following

terms: ‘‘climate change’’ OR ‘‘global warming’’

AND ‘‘river’’ OR ‘‘stream’’ OR ‘‘reservoir’’ OR

‘‘lake’’ AND ‘‘temperature’’ OR ‘‘precipitation’’ OR

‘‘drought’’ OR ‘‘flow,’’ as well as terms to find the

potential fish responses, such as ‘‘growth,’’ ‘‘abun-

dance,’’ ‘‘mortality,’’ ‘‘recruitment,’’ ‘‘distribution,’’

‘‘range shifts,’’ ‘‘phenology,’’ ‘‘evolutionary,’’ ‘‘diver-

sity,’’ and ‘‘species richness.’’ For this first round of

reviews, we selected potentially relevant papers based

on the title and abstract using pre-determined selection

criteria (Fig. 1; see selection criteria below).

Literature selection criteria

We used multiple criteria to identify literature that

described documented and projected effects of climate

change on inland fishes. Potential studies were eval-

uated across four rounds of review (with increasing

scrutiny, see Fig. 1) to ensure that each met the

following criteria: (1) peer-reviewed journal publica-

tions in the primary literature; (2) published between

1985 and 2015; (3) referenced a documented or

projected change in climate that the authors concluded

was a potential result of climate change; and (4)

quantitatively analyzed the impact of the change in

climate on one of five fish biological response types

(i.e., assemblage dynamics, demographic, distribu-

tional, evolutionary processes, and phenological).

Importantly, we included publications that attempted

to document or project a response to climate change

but reported no significant impact or effect on the fish

response studied (i.e., a null response).

Because our goal was to identify publications that

documented or projected fish responses to climate

change, we excluded publications that addressed

climate variability, changes in habitat, and laboratory

experiments. Based on this rule, we excluded studies

which predicted how climate change affects fish

habitat if the study did not make specific predictions

about fish responses (e.g. Junker et al. 2015). Although

these studies are useful in inferring potential fish
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responses to climate change, they do not explicitly

quantify a change in a fish biotic response, and

therefore fall outside the scope of this review.

Literature review process

During the first of the four rounds of review, article

titles and abstracts were initially examined to

determine if the publication potentially reported a

documented or projected impact of climate change on

inland fishes. In the second review round, a different

team member reviewed the full text of each manu-

script selected as a candidate publication. After

reading the full text, team members categorized their

assigned papers into ‘‘projected’’ or ‘‘documented’’

effects of climate change on inland fishes or ‘‘not

Fig. 1 Literature review process and results for the ISI Web of Science and Google Scholar search of the peer-reviewed literature on

climate change impacts on inland fishes from 1985 to 2015

Table 1 List of the five fish biotic response types and examples of fish response variables identified within the documented and

projected effects of climate change publications from 1985 to 2015

Fish biotic response category Examples of fish response variables

Assemblage dynamics Species composition, species richness, evenness, species interactions

Demographic Survival, growth, abundance, density, recruitment

Distributional Range shifts, changes in population distribution

Evolutionary processes Adaptive and non-adaptive processes (e.g., gene flow), hybridization, maturation rate

Phenological Emergence, developmental timing, timing of migration and spawning
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relevant.’’ During review of the full text, team

members also extracted specific data from each study,

including: focal species, geographic location, climate

change variable (e.g., air temperature, precipitation,

snowpack, or total organic carbon), fish response

category (Table 1), fish response variable (e.g., abun-

dance, growth, species richness), and the direction of

change of the biotic response (including if no change

was detected). A single publication could have several

documented or projected impacts of climate change on

fish species depending on the number of species or

response variables studied. We considered each

species a separate observation. However, some pro-

jected studies reported changes in fish demographics

or distributions for over 100 species; thus, instead of

recording individual species responses when projec-

tions or documentations were made for five or more

species, we considered these publications as fish

assemblage studies. We defined a fish assemblage as

‘‘a group of species occurring at the same place at the

same time’’ (Lynch et al. 2016b).

For the third round of review, we conducted an even

broader search in Web of Science of all scientific

journals using variations of the terms ‘‘climate

change’’ or ‘‘global warming’’ and ‘‘river’’ or

‘‘stream’’ or ‘‘reservoir’’ or ‘‘lake’’ and ‘‘temperature’’

or ‘‘precipitation’’ or ‘‘drought’’ or ‘‘flow’’ and ‘‘fish.’’

The purpose of the broader search was to supplement

the more targeted, systematic search to ensure we did

not exclude relevant papers in other journals. We

identified additional potentially relevant papers from

this review based on the title and abstract, and then the

full text of these papers was reviewed as described in

the second round.

For the fourth review round, articles that matched

all inclusion criteria were randomly assigned an ID

number, reordered, and reviewed one final time (by a

different team member). Lastly, a different reviewer

(among the authors) re-evaluated each paper a second

time to ensure that each fit the selection criteria (see

selection criteria above) and were appropriately cat-

egorized as a projected effect, documented effect, or

not relevant. We also scanned the literature cited

section of papers during the second through fourth

review rounds (after confirming the designation of

each article) and cross-checked across a master list of

papers that had already been reviewed. If new articles

were identified as potentially relevant through this

process, they were reviewed through the same second

through fourth rounds of review and followed the

same process for categorizing and extracting data for

our analysis.

Qualitative analysis

To assess general patterns in the literature, we

recorded the publication date, geographic study area

to the country level, and habitat studied (i.e., lake or

river). We also classified focal species and fish family,

temperature guild (i.e., coldwater, coolwater, or

warmwater), and feeding guild (i.e., piscivore, omni-

vore, or herbivore). Temperature guild for each

species was classified according to Lyons et al.

(2009, 2010), and feeding guild was classified accord-

ing to Frimpong and Angermeier (2009) classifica-

tions. We determined the fish response, the direction

of the change in the response (i.e., positive, negative,

or no change), and the main climate variable studied.

Based on these data, we calculated the percentage of

studies reporting each fish response category, response

variable, fish family, temperature guild, and habitat

type to assess general trends in the literature. In

addition, we calculated the percentage of studies

focused on the individual fish responses based on the

total number identified in each country to highlight

regional variations in the studied fish responses to

climate change.

Quantitative analysis

We conducted Chi square tests to compare patterns in

changes in fish responses between documented and

projected impacts and thermal guilds (i.e., coldwater

and coolwater fish) for the most studied biotic

response categories (e.g., demographic responses and

phenological responses) in the literature. Our main

questions were: (1) are patterns of demographic and

phenological responses to climate change generally

consistent between documented and projected

impacts? and (2) does the direction of change for

abundance and growth vary among temperature guilds

in response to climate change? All statistical analyses

were conducted using SAS JMP software (JMP,

12.2.0, SAS Institute, Inc.). The tests were conducted

using the relevant data points in the dataset and were

not broken up by region due to sample size limitations.

To compare differences between documented and

projected impacts of climate change, we used
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salmonidae as the test family, since the sample size

was the highest for this group and comparisons could

be better made between groups with similar life

histories. Additionally, we focused our comparative

analysis on fish responses that had the largest number

of both documented and projected examples (i.e.,

demographic and phenological) from our literature

review and excluded the other responses.

Results

Literature review search output

The total output from theWeb of Science search of the

49 journals was 2463 papers. This number is not the

total number of publications because some articles

were redundant across different search terms (Fig. 1).

The Google Scholar search output for the 49 journals

was extremely high ([95,000 titles) as many irrelevant

titles were included in this output. However, we

scanned at least the title for at a minimum the first 200

titles for each journal and search term from the Google

Scholar search to identify publications not identified in

the Web of Science search. During the first round of

reviews, we identified 432 potentially relevant papers

that were examined in the full text second review

round. During the second round of review, 89

publications were classified as documented effects

studies of climate change, 146 were classified as

projected effects studies of climate change, and 204

failed to meet our criteria and were classified as not

relevant to this synthesis. After the second round of

review, we reviewed an additional 633 titles from the

supplementary Web of Science search and identified

an additional 129 studies for full text review. Of these

129 publications, 6 new publications were classified as

documented impacts studies, and 13 new publications

were classified as projected effects publications. We

also identified another 95 new papers for full review

from the reference lists of those relevant papers.

During the fourth review round, 180 papers were

validated and 89 papers were removed from the

synthesis by an independent second reviewer because

the papers did not fully adhere to the selection criteria.

In summary, we reviewed the full text of 624

publications and only 179 (29%) met the criteria for

our synthesis. Of these 179 relevant studies identified,

116 (65%) of these studies projected impacts of

climate change on inland fishes and 63 (35%) of the

studies included a documented effect of climate

change on inland fishes (Supplementary material:

Appendix B). Six of the 116 projected studies and nine

of the documented studies found no effect (i.e., null

response) of climate change on inland fishes. Three of

the publications were categorized as both documented

and projected, which were counted under both

categories.

Spatial and temporal trends

The number of studies that either projected or

documented the effects of climate change on fresh-

water fish increased over time, essentially exponen-

tially since 2009, with the first study that fit our criteria

published in 1987 (Meisner et al. 1987). The number

of studies that projected the effects of climate change

on inland fishes is nearly double the number of studies

that have documented the observed effects of climate

change globally (Fig. 2). Documented effects of

climate change on inland fishes were concentrated in

the United States (45 observations), France (24

observations), United Kingdom (10 observations),

Spain (8 observations), and Canada (8 observations;

Table 2). Projected effects of climate change projec-

tions were focused on the United States (87 projec-

tions), Canada (23 projections), United Kingdom (13

projections), and France (11 projections: Table 2).

Thus, South America, Africa, and Asia were under-

represented in the available literature, both in terms of

documented and projected effects of climate change

(Table 2).

Patterns in fish response trends

Demographic and phenological responses were the

most common response variables in studies focused on

the documented effects of climate change. Studies that

projected or predicted climate change effects on inland

fishes tended to focus on demographic and distribu-

tional responses of fish to climate change (Fig. 3).

Predictions and observations of phenological

responses to climate change have been published in

more recent years. Over 68% of the publications on the

documented and projected effects of climate change

on phenological changes of fish in response to climate

change were published in or after 2010. Changes in

abundance and growth were the most common
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demographic response variables, and timing of migra-

tion and spawning were the main phenological

response variables. Community assemblage dynamics

(e.g., species richness, species composition)

accounted for only 8% of the total documented

impacts and 14% of the total projected impacts

globally. Evolutionary changes were also rarely

documented or projected in the literature and made

up 5% or less of the documented and projected effects

of climate change (Fig. 3).

Few studies, documented or projected, were avail-

able outside of North America and Western Europe

(Table 2). In Europe, 51% of documented effects and

37% of projected effects were on changes in fish

demography compared to in North America where

26% of reported documented and 53% of reported

projected effects were on demographic changes

(Table 2). For all the North American studies docu-

menting an impact of climate change, 53% were on

phenological changes, which was higher compared to

the other regions. Studies in Asia were focused

exclusively on documented changes in fish demogra-

phy and projected changes in fish distributions.

Studies in Australia and New Zealand were more

focused on assemblage dynamics (29% of total studies

in Oceania) compared to all other regions. Overall, the

fish responses studied in Oceania were distributional

and demographic. Phenological and evolutionary

responses to climate change were not studied outside

of Europe and North America. Research on particular

fish responses varied by region, but in general, our

results show major gaps in geographic representation

in climate change and inland fish research.

Taxonomic trends

Existing literature that quantifies the effects of climate

change for freshwater fish focused mainly on coldwa-

ter and coolwater fish species (Fig. 3). For example,

Salmonidae (coldwater) was the most studied family,

followed by Percidae (coolwater) for both projected

and documented effects (Fig. 4). Salmonids made up

73% and 82% of the species studied for the projected

effects and documented effects, respectively (Fig. 4).

Geographically, the proportion of documented and

projected effects of climate change on salmonids was

highest in North America (75.0%), compared to

Europe (44.1%), and Oceania (33.3%). However,

Asia and Africa lack information on salmonid

responses to climate change even though some species

(i.e., brown trout Salmo trutta) have been introduced

so that they now occur in all continents but Antarctica

(MacCrimmon and Marshall 1968). Projections of

climate change impacts on salmonid distributions and

demographics (e.g., Davidson et al. 2006; Martins

et al. 2011) were the most common and consistently

predicted a decrease in salmonid distribution sizes

(e.g., Williams et al. 2009; Wenger et al. 2011).

Twenty-two percent of projected effects of climate

change, and 26% of the documented effects of climate

Fig. 2 Publication by year

for studies with projected

and documented impacts of

climate change on inland

fishes between 1985 and

2015
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change were focused on fish assemblages. Changes in

fish assemblage distributions and assemblage dynamics

were the most frequently studied fish community

response (Fig. 3); In Europe, climate change research

was more often focused on fish assemblages ([5

species) (38.7%) than in North America climate change

research (10.3%),which focusedmore on single species

or less than5 species studies.Overall,more specieswere

represented in the climate change projections compared

to the documented studies (Fig. 4).

Fig. 3 Documented (a) and
projected (b) effects of
climate change on inland

fishes, by response category

and thermal guild, globally

from 1985 to 2015. Some

publications contained

multiple fish responses

reported and no change in

the response studied, which

are reflected in these graphs

Fig. 4 Documented and

projected effects of climate

change on inland fishes, by

fish family, globally from

1985 to 2015. Some

publications contained

multiple fish responses

reported, which are reflected

in these graphs

348 Rev Fish Biol Fisheries (2017) 27:339–361

123



Climate trends

Temperature was overwhelmingly the most common

climate change variable of interest in studies quanti-

fying the documented and projected effects of climate

change on inland fishes (Table 3). However, some

studies included climate change scenarios that

assessed changes in stream flow (e.g., Jager et al.

1999; Jones et al. 2006) (Table 3). The majority of

studies focused on projected and documented effects

of climate change addressed only one climate variable

(71.6%) and a very small proportion of publications

evaluated the effects of three or more climate variables

(1.6%). Studies focused on the documented effects

tended to only focus on one climate change variable

(76.0%) relative to studies focused on the projected

effects of climate change (61.3%).

Quantitative analysis

Comparisons between documented and projected

effects of climate change on salmonid abundance

(i.e., increase, decrease, no effect, or variable) varied

significantly between the two study types

(P = 0.0002; Fig. 5a). Salmonid abundance

decreased in 89.5% of the documented climate change

results compared to 35.7% of the effects of projected

climate change (Fig. 5a). Projected effects of climate

change revealed more variable responses (64.3% of

the projections) than documented effects, while null or

nonsignificant results (10.5%) were only observed in

the documented effects of climate change on salmonid

abundance. These results suggest that the projected

and documented impacts of climate change on

changes (i.e., increase, decrease, no effect, or variable)

in salmonid abundance differed between what was

predicted to occur and what was observed.

Similarly, trends in salmonid growth response

differed between documented and projected effects

of climate change (P = 0.05; Fig. 5b). Salmonid

growth increased in 50.0%, decreased in 33.3%, and

did not change (i.e., no effect) in 16.7% of the

documented effects of climate change (Fig. 5b).

Variable results (i.e., both increases and decreases or

no clear trend) in salmonid growth response were

predicted more commonly under climate change

projections (44.4%) compared to projected increases

(22.2%) and decreases (22.2%) in salmonid growth.

Documented effects of climate change on salmonid

growth yielded different results compared to projected

effects; however, these sample size were small which

may be artificially resulting in a significant finding.

Projected changes in salmonid phenological

response were the same as the documented responses.

No significant differences existed in salmonid pheno-

logical response (e.g., spawn and migration timing and

emergence) between documented and projected

effects of climate change (P = 0.85; Fig. 5c).

Table 3 Percentage of

documented and projected

effects by primary climate

variable(s) used to

document or project the

impacts of climate change

on inland fishes within the

studies from 1985 to 2015

Climate variable(s) studied Percentage of effects (%)

Documented Projected

Drought 0.0 0.6

Flow 0.0 3.7

North Atlantic Oscillation Index (NAOI) 1.9 0.0

Precipitation 0.0 0.6

Temperature 73.1 56.4

Temperature and flow 13.5 17.8

Temperature and ice cover 1.0 0.6

Temperature and NAOI 1.9 0.0

Temperature and precipitation 5.8 17.2

Temperature and snowpack 0.0 1.2

Temperature, NAOI, sea-ice concentration, and river discharge 1.0 0.0

Temperature, precipitation, and flow 1.0 1.2

Temperature, precipitation, and ice cover 0.0 0.6

Total organic carbon 1.0 0.0
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Fig. 5 Comparisons between a documented effects versus

projected effects for changes (decrease, increase, no effect, or

variable) in salmonid abundance (N = 33; P = 0.002), b doc-

umented effects versus projected effects for changes (decrease,

increase, no effect, or variable) in salmonid growth (N = 33;

P = 0.05), c documented effects versus projected effects for

changes (decrease, increase, no effect, or variable) in salmonid

migration and spawn timing (N = 24; P = 0.85), d total effects

by thermal guild (abundance: N = 38; P = 0.01), and e total

effects by thermal guild (growth response; N = 41; P = 0.46).

All comparisons were made using Chi square tests
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Generally for both projected and documented effects,

phenological responses (i.e., earlier migration, earlier

spawning, or earlier emergence) was reported (80.8%

of documented and 66.7% of projected cases). Thus,

changes in salmonid phenology (earlier or later

migration, spawning, and emergence) were statisti-

cally the same in response to documented and

projected climate change. Other fish species and

responses types (i.e., distribution and evolutionary

response) and variables (e.g., recruitment, mortality,

or survival) were excluded from the above analyses

due to sample size constraints.

Changes between coldwater and coolwater fish

abundance (P = 0.01, Fig. 5c) differed across all

studies, but changes in growth between the two

thermal guilds (P = 0.40, Fig. 5d) did not differ in

response to climate change (Fig. 5). For abundance,

variable responses to climate change were the biggest

difference between the two major temperature guilds

(Fig. 5d). For coldwater fishes, decreases in abun-

dances were more common (61.8%) compared to

decreases in abundance in coolwater fishes (50%) to

documented and projected effects of climate change.

Fifty percent of the reported effects of climate change

on coolwater fish abundance showed an increase and

50% showed a decrease (Fig. 5d). For growth, cold-

water fish growth decreased in 25.0% of the studies

and coolwater fish growth decreased in 44.4% of

studies. One major similarity between the guilds was

an equally high percentage of increasing growth for

coldwater and coolwater fishes (i.e., 44.4%). How-

ever, these results suggest more research on coolwater

and warmwater fish biotic responses to climate change

should be conducted to be able to better understand

and compare the effects of climate change on all

thermal guilds.

Discussion

We provide a comprehensive synthesis describing the

documented and projected effects of climate change

on fish species globally. Limited data on a variety of

fish species, thermal guilds, and potential biotic fish

responses to climate change posed a legitimate

difficulty when comparing trends within documented

and projected effects cases and between documented

and projected impacts of climate change on inland

fishes at a global scale. Additionally, projected and

documented publications focused largely on different

fish responses to climate change (i.e., projections tend

to focus on distributional shifts while documented

effects emphasize phenological changes). Overall, the

studies identified in this synthesis reported responses

in salmonids disproportionately compared to other

species. This trend affected the possibility of analyz-

ing differences in thermal and functional guilds based

on species traits, because salmonids dominated the

dataset, while other species and thermal guilds sample

sizes were low and dispersed across fish response

categories. Below, we discuss the implications of

trends in the peer review literature, including major

knowledge gaps, and potential management strategies

described in the literature addressing climate change

impacts on inland fishes.

Publication trends

The greater focus on projecting the effects of climate

change on inland fishes (65% of total compared to

documenting the effects of climate change 35% of

total) was expected. Studies focused on documenting

effects of climate change are increasing, including a

number published in 2016 that were not included in the

literature synthesis (e.g., Al-Chokhachy et al. 2016;

Dempson et al. 2016; Ruiz-Navarro et al. 2016). Long-

term studies and monitoring networks around the

globe are supplying these data and may enable

researchers to conduct even more ‘‘documented’’

studies in the future (Lindenmayer and Likens

2009). An avenue that could further advance research

on documented effects of climate changes on inland

fishes over time include natural history museum

collections, which are increasingly available online,

allowing novel opportunities for retroactively study-

ing climate change effects on fish population and

assemblage distributions (Graham et al. 2004).

Documented and projected examples of climate

change impacts on inland fishes overlapped in terms of

fish demographics (i.e., abundance and growth);

however, projections of fish phenological effects were

very limited relative to documentation of fish pheno-

logical responses in the literature (Fig. 3). Similarly,

projections of changes in fish distributions were much

more common than documented shifts in fish distri-

butions to climate change. In general, publications

reporting a documented impact of climate change

were conducted over a span of multiple years and,
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even so, the effect of climate change was difficult to

separate from other confounding stressors (e.g., Hayes

et al. 2016). In many cases, the climate signal may be

too weak relative to other stressors and local factors

that overshadow climate change. Indeed, changes in

species distributions, even for temperature sensitive

species such as trout, have been very slow to manifest

(Kovach et al. 2016). Unfortunately, comparing doc-

umented and projected effects of climate change on

fish distributions was not feasible, but this is a needed

area of research that can be readily tackled in the near

future.

Documented versus projected trends

in demographic responses

Global trends in projected impacts of climate change

on salmonids exhibited a higher proportion of

variable and more nuanced changes in abundance,

compared to the documented impacts of climate

change, which most often revealed decreases in fish

abundances (Fig. 5a). This suggests that some pro-

jected or documented studies may be missing key

elements, such as other environmental or anthro-

pogenic stressors, changes in prey availability, or

resource partitioning among competing species that

can also affect abundance (Rose 2001). However, the

absence of published non-significant findings may

reflect publication bias, or even limitations in our

search terms (i.e., studies that did not document

demographic changes may be less likely to use

climate change as a theme). Regardless, projected

effects of climate change on salmonid abundance

were more favorable (i.e., higher proportion of

increases in abundances) compared to what has

currently been documented in the literature, but it

remains unclear what may be responsible for this

disparity.

Similarly, projections in salmonid growth were

different than documented changes in growth

(Fig. 5b). Projected changes in growth in response to

climate change included longer time scales with

varying degrees of temperature increases and some-

times more complexity in the model resulting in more

nuanced and variable results (e.g., Hedger et al. 2013;

Hardiman and Mesa 2014). In tributaries of the Tywi

and Teifi Rivers in Wales, brown trout growth was

predicted to increase under a 1.5 �C increase in

temperatures but decrease under climate change-

related increases of 4.5 �C (Weatherley et al. 1991).

Kao et al. (2015) found a general increase in growth in

lake trout Salvelinus namaycush, rainbow trout On-

corhynchus mykiss, and Chinook salmon O. tsha-

wytscha growth, but lake trout and rainbow trout

growth was less sensitive to warming than Chinook

salmon growth. Increases in Chinook salmon growth

were more reliant on prey availability under the

projected climate change scenarios. Documented

growth responses, on the other hand, also included

local factors, but results were less variable and the

direction of change was, often more apparent, partic-

ularly when local factors could be accounted for in this

empirical study. For example, juvenile sockeye

salmon growth in southwestern Alaska increased in

response to increasing temperatures and associated

zooplankton abundance (Schindler et al. 2005). Thus,

documented climate change research often included

complexity similar to projected studies, but, at times,

less nuanced fish responses and more detectable local

trends.

Phenological and distributional changes

Not surprisingly, changes in timing—particularly

earlier fish migration and spawn timing—were a

consistent response to climate change in phenological

studies, based on the both documented and projected

research globally (Fig. 5e). As with marine fishes

(Edwards and Richardson 2004), this pattern could

have major implications for competition and other

interspecific interactions (Krabbenhoft et al. 2014;

Ohlberger et al. 2014).

Although we could not analyze distribution trends

using statistical analysis due to sample size con-

straints, climate change resulted in contracted fish

distributions in the majority of the projected and

documented studies globally. Since most of the

projected effects of climate change on fish distribu-

tions are for coldwater fish, it is not surprising that

these studies drive the global patterns in fish distribu-

tions. This conclusion aligns with previous climate

change and fish syntheses conclusions (Comte et al.

2013; Kovach et al. 2016). However, there were

important examples where fish distributions increased

as a result of climate change. In Ontario, Canada,

projections showed an expansion of smallmouth bass

Micropterus dolomieu distribution and decrease in

cyprinid presence, revealing how climate change
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could benefit some species and not others (Jackson and

Mandrak 2002; Chu et al. 2005; Alofs et al. 2014).

Since most distributional studies were based on model

projections, the majority of which were for coldwater

fish, the studied provided relatively pessimistic pre-

dictions for fish species distributions in a changing

climate. However, warmwater (Chu et al. 2005) and

some coolwater species (Elliott et al. 2015) expanded

their distribution in a changing climate.

Patterns across temperature guilds

In addition to comparing results between the docu-

mented and projected impacts of climate change on a

particular fish family, comparisons between changes

in thermal guild responses to climate change were

made. Decreased abundance in coldwater and cool-

water fish was the most common directional response

to climate change, whether predicted or observed. For

example, growth may increase under certain climate

change scenarios and during certain seasons, and

decrease with larger increases in temperature during

other seasons (i.e., a quadratic response). For example,

Hardiman and Mesa (2014) predicted increases in

juvenile rainbow trout growth with temperature

increases of 1–2 �C in during spring but reduced

growth during fall. These projections suggest changes

in growth may not be as straightforward as abundance

effects for coldwater fish, as climate change may result

in increased growth at certain fish developmental

stages during certain seasons but ultimately result in a

decrease or a no net benefit in increased growth.

Although coldwater fish dominated the literature, we

qualitatively summarized the trends of 29 publica-

tions, of which 11 were documented studies, address-

ing climate change effects on coolwater or warmwater

fish.

The majority of coolwater fish studies focused on

European perch Perca fluviatilis, yellow perch Perca

flavescens, and pike-perch Sander lucioperca pheno-

logical and demographic responses (e.g., Ahas and

Aasa 2006; Ohlberger et al. 2014). In general, perch

spp. spawned earlier as temperatures increased over

time (Ohlberger et al. 2014; Lyons et al. 2015);

however, responses varied across studies as European

perch in an Estonian river exhibited earlier appearance

(-3.3 days) but later spawning (?1.7 days) from

1951 to 1998 (Ahas and Aasa 2006). Changes in perch

growth have been documented in European lakes (e.g.,

Jeppesen et al. 2012; Rask et al. 2014). Jeppesen et al.

(2012) found first year growth of perch increased with

warmer temperatures in 11 Swedish lakes over time

(1993–2009); Rask et al. (2014) found European perch

growth decreased in Estonia with an increase in

organic matter counteracting the positive effects of

increased temperatures over a 20 year period. Simi-

larly, perch growth decreased in Lake Valkea-Kotinen

in Finland due to increased organic loading that

resulted in decreased food web productivity (Jeppesen

et al. 2012). Based on these European growth studies,

other climate change influences, such as increased

organic matter, may offset the potentially positive

effects of increasing temperatures for coolwater fish.

Projections of climate change effects on perch

revealed a similar result as the documented studies;

although, the projected studies were conducted for the

Laurentian Great Lakes (Hill and Magnuson 1990;

Kao et al. 2015). Increases in projected perch growth

were dependent on not only temperature but also prey

availability. Warmwater fish studies exhibited a

generally positive trend between fish responses and

climate change; however, variability existed among

these studies as well.

Warmwater fish tended to benefit from climate

change: the proportion of warmwater species

increased with increased temperature over

15–25 years in the Rhone, Loire, and Seine rivers in

France, when hydropower thermal influences were

removed (Daufresne and Boët 2007). Variable effects

from climate change were projected for largemouth

bass yearling growth in the Great Lakes (Hill and

Magnuson 1990) and decreases in pumpkinseed

Lepomis gibbosus density and angling yield from

changes in flow in the River Ouse in England (Fobert

et al. 2013). The low number of studies specifically on

coolwater and warmwater species prevents us from

drawing unequivocal and consistent conclusions

related to potential effects of climate change on these

thermal guilds. Research is most likely more focused

on coldwater species compared to coolwater and

warmwater species because coldwater fish are con-

sidered to be more sensitive to increases in temper-

ature and thus highly vulnerable. Therefore, research

is centered on the fish thermal guild upon which

climate change is considered to have the greatest

negative impact. Yet, tropical, warmwater fishes may

have narrow thermal tolerances, live near their upper

thermal limits, and be vulnerable to even modest
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climate warming (Ficke et al. 2007; Tewksbury et al.

2008). From our synthesis, the available research

clearly shows coolwater and warmwater fish are

affected by climate change; however, in order to

analyze broader trends and consequences more speci-

fic research on these temperature guilds related to the

climate change could fill significant gaps in the

literature.

Research and data gaps

Although research on documented and projected

effects of climate change on inland fishes is increas-

ing, large geographic, taxonomic, and topical gaps are

evident. While we recognize some information to fill

these gaps may be available in the gray literature or

other languages, which we did not review, geographic

underrepresentation in some regions is a common

observation in research focused on describing the

consequences of climate change effects for freshwater

fish in the literature (Comte et al. 2013; Lynch et al.

2016b), but they are especially evident in our global

analysis. Large areas and habitats have little to no

information on how climate change may impact

fisheries resources, which could have major implica-

tions for management and conservation in the future.

Asia, Africa, and South America are notably under-

represented in the English-language, peer-reviewed

literature. However, communities in these regions are

reliant on inland commercial fisheries for many

ecosystem services, including food security and

income (Béné 2006). The lack of research that predicts

how climate change will affect these vital natural

resources in developing countries is a substantial

knowledge gap in climate change and fisheries

research, and could have major detrimental conse-

quences for people in these regions reliant on inland

fishes.

A very small proportion of fish species were

represented in our global synthesis highlighting a

wide gap in taxonomic representation in the climate

change and inland fish research. Similarly, taxonomic

underrepresentation has been found in other synthesis

studies (e.g., Comte et al. 2013). Excluding fish

assemblages, information on 64 species was available

in the projected and documented impacts literature. Of

the approximately 18,263 freshwater and diadromous

fishes listed in Fish Base, only 0.3% of the possible

inland fish species were represented in climate change

research. The majority of the fish studied were

coldwater fish; thus, the availability of research

describing the effects of climate change on coolwater

and warmwater fish was limited. Salmonids comprise

only 1.3% of the total number of freshwater and

diadromous species globally but comprise 61% of the

total research (documented and projected combined),

emphatically highlighting the need for research that

begins to fill the clear taxonomic void in climate

change and inland fish research. Inland subsistence,

commercial, and recreational fisheries are not confined

to coldwater fish leaving a large and potentially

socially and economically detrimental void in the

existing body of climate change research. However, it

should be noted that considerable work has been

conducted for numerous marine species (e.g., Perry

et al. 2005; Roessig and Woodley 2004).

Certain biotic responses of inland fishes were

relatively understudied in the literature. For example,

evolutionary responses to climate change – both

adaptive and non-adaptive – have only recently been

documented in the literature (e.g., Crozier et al. 2011;

Kovach et al. 2012; Muhlfeld et al. 2014), and very

little research has attempted to predict the potential

evolutionary outcomes of future climate change (but

see Reed et al. 2011; Ayllón et al. 2016). Genetic and

epigenetic studies are needed to understand the

mechanisms underlying fish responses to climatic

change. For example, some of the resiliency of fish is

likely a function of plastic (e.g., epigenetic) responses

to the rearing environment, which affects physiology

later in life (Kennedy and Crozier 2010; Crozier and

Hutchings 2014). More significant environmental

changes may require fish to adapt through changes in

allele frequencies in standing genetic variation, as

climate change typically acts too fast for adaptation

via new genetic mutations (Bradshaw and Holzapfel

2006). More studies of this type could help inform how

resilient fish are to climate change and be used to

identify areas where fish will be less resilient because

of habitat availability or population dynamics.

Lastly, published research that found nonsignificant

effects of climate change, which arguably are equally

as useful information as significant effects, was

lacking. Thirteen of the total publications found no

significant effects of climate change on inland fishes,

7 of which focused on documented effects (e.g.,

Bentley and Burgner 2011; Piffady et al. 2013) and 6

focused on projected consequences (e.g., Markovic
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et al. 2014; Oberdorff et al. 2015). Increasing the

availability of nonsignificant results in the literature, if

they exist, could provide valuable information to both

the fisheries research and management community to

help determine areas or fish species that might be less

vulnerable to the impacts of climate change. However,

it is important to point out that non-significant results

may simply not occur often because fish are particu-

larly vulnerable to changes in climate (Buisson et al.

2010) and that some studies that detected significant

effects of climate change on fish also report many non-

significant trends.

Synthesis gaps and assumptions

Quantitatively analyzing climate change effects at

broad spatial and temporal scales using the published

data (i.e., a meta-analysis) from this synthesis is

limited by variation in study design, data availability,

and reporting of results in the peer-reviewed literature

(Kovach et al. 2016). Study designs, even for the same

species, varied greatly, and the responses were often

locally specific and dependent on a variety of factors.

Some of the site specific responses were lost when

attempting to quantitatively analyze patterns in fish

responses to climate change to determine broader

trends in the data. For example, Hill and Magnuson

(1990) found increased lake trout growth under

climate warming scenarios; however, the extent of

increase was variable depending on the climate model

applied and was sensitive to prey consumption and

behavioral thermoregulation, the specificity of which

was difficult to include in developing broader gener-

alizations of climate change effects on fish. Nonethe-

less, understanding general species responses to a

changing climate provides important information to

researchers and managers on potential fish responses,

particularly in understudied areas.

We acknowledge that our global literature review

did not identify all available climate change and inland

fish research. Even so, we are confident that we

identified the majority of studies and have developed a

useful representation of the available English-lan-

guage primary scientific literature on the topic.

Furthermore, we recognize the important information

provided by publications that projected changes in

habitat or laboratory studies, but our criteria were

strict to only include studies documenting or project-

ing climate change on fish populations in natural

ecosystems. We were stringent in our selection,

because our goal was to focus specifically on climate

change effects on fish biological responses in natural

systems and not secondary effects of climate change

based, primarily, on changes in habitat or other

variables. There is also certainly some insightful

information about climate change effects on inland

fishes in the unpublished gray literature, such as

government, academic, and private technical reports

(e.g., Gehrke et al. 2011; ICEM 2013) and publica-

tions in other languages, that we also did not include in

our review, and compiling and interpreting those

documents would be a valuable exercise for the future.

Management strategies

Research and management strategies to address doc-

umented impacts of climate change on inland fishes

were found addressing specific fish responses in

studies documenting impacts of climate change on

fish and the broader literature (Table 4). Increasing

riparian shading, reducing nutrient input, increasing

stream connectivity, and reducing water abstraction

are a few major management practices researchers

prescribe for addressing changes in demographic rates

(Clews et al. 2010; Jeppesen et al. 2012; Falke et al.

2015). For phenological responses to climate change,

researchers consistently suggested maintaining phe-

nological diversity within and among species (Kovach

et al. 2015) and diversity in age structure (Ohlberger

et al. 2014). Maintaining genetic and phenotypic

diversity are a major management strategy to encour-

age evolutionary processes that could improve fish

resiliency to change (Table 4, Crozier et al. 2008;

Kovach et al. 2012). To do so, some management

strategies may include altering fishing season regula-

tions (OMNRF 2013), increasing connectivity, genetic

rescue, invasive species and hybrid suppression, and

preservation of phenotypic and environmental hetero-

geneity (e.g., Kovach et al. 2015; Webster et al. 2017).

Management strategies for fish distributions include,

regulation of imported species (Simberloff et al. 2013)

and implementation of unlimited harvest for non-

native species (Pasko et al. 2014). Overall, some

strategies presented may help address specific prob-

lems in the fisheries, while other strategies could be

used more broadly and to address several changes in

fish populations.

Rev Fish Biol Fisheries (2017) 27:339–361 355

123



Table 4 Suggested research and management strategies to address the assemblage dynamics, demographic, distributional, evolu-

tionary, and phenological responses of inland fish to the effects of climate change

Fish response Suggested management action(s) Reference(s)

Assemblage

dynamics

Establish Freshwater Protected Areas to conserve all ecosystem

components and fish assemblages collectively

Suski and Cooke (2007)

Increase access to, and amount of, thermal refugia for species in

assemblage sensitive to warming

Leuven et al. (2011)

Develop decision-support tools for management that incorporate

interacting assemblage dynamics and multiple stressors

Hansen et al. (2015)

Demographic Re-sample historical sites to analyze changes in occupancy and

distribution

Eby et al. (2014)

Use fishing regulations such as reductions in season lengths and

allowable harvests to reduce harvest of species particularly

vulnerable to climate change

Valiente et al. (2011) and Kumar et al.

(2013)

Use slot size limits to reduce harvest of life stages vulnerable to

climate change

Gwinn et al. (2013)

Use fishing regulations to increase season lengths and increase

allowable harvests of fishes benefitting from climate change

OMNRF (2013)

Maintain environmental flows to maintain habitat connectivity for

different life stages

Clews et al. (2010) and Arthington (2012)

Conserve or restore critical habitats (e.g., nursery or spawning

habitats) for fish populations

Suski and Cooke (2007)

Reduce nutrient input in lakes to decrease coupled eutrophication and

climate change effects on demographic rates

Jeppesen et al. (2012)

Analyze long-term datasets and increase long-term monitoring to

understand species capacity to respond to environmental change

Daufresne et al. (2004) and Corrigan et al.

(2011)

Incorporate density dependent dynamics when determining effects of

climate change on populations

Bassar et al. (2016)

Distributional Restore connectivity among habitats (e.g., salmonid freshwater and

saltwater habitats or lake and riverine nursery habitats)

Falke et al. (2015) and Flitcroft et al. (2016)

Increase riparian shading and temporary groundwater pumping in

times of thermal stress to increase summer refugia

Kurylyk et al. (2015)

Regulate importation of species through black-listing; activate early

detection and response or eradication processes to minimize

introductions and establishment of non-native species

Simberloff et al. (2013)

Promotion and unlimited harvest of newly established non-native fish

species

Pasko et al. (2014)

Conserve environmental flows in rivers to maintain habitat

connectivity by reducing water abstraction

Clews et al. (2010), Arthington (2012) and

Comte and Grenouillet (2013)

Regulate watershed manipulations (e.g., land use change) to maintain

water budgets of freshwater ecosystems

Palmer et al. (2008)

Increase long-term monitoring programs to study the effects of

climate change impacts and multiple stressors on species and

assemblage distributions

Daufresne et al. (2004), Comte and

Grenouillet (2013) and Daufresne et al.

(2015)
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One common strategy was for managers to consider

multiple stressors and species interactions when

developing management and adaptation planning

(Comte and Grenouillet 2013; Alofs et al. 2014) and

to increase long term monitoring efforts (Taylor 2008;

Lyons et al. 2015). For example, European perch

Perca fluviatilis in a Finnish lake, experienced

decreased early growth rates due to reduced produc-

tivity via increased decomposition and darker water

color from increasing temperature, which counter-

acted the effects of increased temperature and organic

matter (Rask et al. 2014). This finding is a prime

example of confounding environmental factors result-

ing in counterintuitive consequences of climate

change for inland fishes. The importance of acknowl-

edging local variability and other anthropogenic and

environmental factors, such as invasive species, prey

availability, and changes in physical habitat, is

essential to providing a more robust picture of fish

responses to a changing climate. Overall, a combina-

tion of these suggested management strategies,

included in Table 4, could be applied depending on

the fish response of concern and context-specific

factors that would allow for successful use implemen-

tation of these management strategies.

Conclusions

Climate change studies have increased in number and

frequency over the last 30 years; however, gaps and

discrepancies in documented and projected species

responses to climate change for regions that rely

heavily on inland fishes for food security and liveli-

hoods were apparent (FAO 2016) as was the lack of

representation of the diversity of fish species. Addi-

tionally, documented changes in fish (i.e., salmonid)

abundance and growth differed from climate change

projections; thus, researchers should use care in

considering projections of certain fish responses to

climate change alone when developing management

and adaptation strategies. More targeted research is

necessary, particularly in areaswhere little is known on

the potential fish responses to climate change; how-

ever, researchers and managers can use the general

trends in fish responses, in particular abundance,

growth, phenological responses, and distributions, to

climate change identified in this and other synthesis

studies to inform management and adaptation deci-

sions if research in certain areas is not feasible.

Research to date tended to address how temperature

increases alone would affect fish, but it was apparent

Table 4 continued

Fish response Suggested management action(s) Reference(s)

Evolutionary Isolate at risk genetic strains (e.g., with artificial barriers) to limit

hybridization with non-native species

Novinger and Rahel (2003)

Limit fish stocking activities to reduce potential introgression

between native strains and stocked strains or non-native species

Novinger and Rahel (2003) and Marie et al.

(2010)

Maintain native genetic, life history, and phenotypic diversity by

monitoring strains to understand diversity and establish

metapopulation units for management

Kovach et al. (2012) and Muhlfeld et al.

(2014)

Increase monitoring to determine factors associated with highest non-

native recruitment and hybridization for more effective non-native

and hybrid control methods

Al-Chokhachy et al. (2014)

Phenological Alter fishing season regulations (shorten or lengthen) in response to

changes in spawning phenology

OMNRF (2013)

Quantify and conserve phenological diversity to increase populations’

resilience to climate change

Kovach et al. (2015)

Buffer populations from phenological asynchrony by maintaining

diverse age structures and understanding interactive effects of

multiple stressors on food webs

Ohlberger et al. (2014)

Establish long-term and continuous monitoring and analysis of

environmental factors and reproductive timing within and among

populations

Taylor (2008) and Lyons et al. (2015)

Increase flexibility and adaptability in monitoring programs to

address changing ecosystems

Strayer et al. (2014)
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from studies that looked at other climate variables,

such as flow or ice cover, that temperature is not the

only climate factor that will affect fish in a changing

climate (e.g., Morrongiello et al. 2011; Wenger et al.

2011; Al-Chokhachy et al. 2014; Lynch et al. 2015).

Although fish responses are highly variable, under-

standing general trends can be the first, critical step in

drafting strategic management strategies for inland

fishes and aquatic ecosystems in a changing climate.

We identified three key research needs that will

advance our understanding of climate change effects

on inland fishes: (1) include more detailed analysis and

experimentation of changes in fish community assem-

blages, (2) increase taxonomic and geographic repre-

sentations of climate change and inland fish studies,

and (3) increase overlap between and quantitative

comparisons of projected and documented research to

compare observations and predictions. A combined

bottom up (i.e., individual studies focused on partic-

ular species and regions) and top down (i.e., synthesis

and meta-analysis of available data) approach,

although time and data intensive, is needed to advance

our understanding of how climate change may influ-

ence inland fishes, including and beyond salmonids, to

improve the sustainable management of these ecolog-

ically and economically important natural resources.
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