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Abstract

Climate change is expected to strongly affect freshwater fish communities. Combined with
other anthropogenic drivers, the impacts may alter species spatio-temporal distributions, and
contribute to population declines and local extinctions. To provide timely management and
conservation of fishes, it is relevant to identify species that will be most impacted by climate
change and those that will be resilient. Species traits are considered a promising source of
information on characteristics that influence resilience to various environmental conditions
and impacts. To this end, we collated life history traits and climatic niches of 443 European
freshwater fish species and compared those identified as susceptible to climate change to
those that are considered to be resilient. Significant differences were observed between the
two groups in their distribution, life-history and climatic niche, with climate-change
susceptible species being distributed within the Mediterranean region, and being characterized
by greater threat levels, lesser commercial relevance, lower vulnerability to fishing, smaller
body and range size, and warmer thermal envelopes. Based on our results, we establish a list
of species of highest priority for further research and monitoring regarding climate change
susceptibility within Europe. The presented approach represents a promising tool to efficiently
assess large groups of species regarding their susceptibility to climate change and other

threats, and to identify research and management priorities.

Introduction
As ectothermic organisms, fishes are intimately linked to local climatic conditions
through physiological mechanisms that delimit tolerance or resilience (Comte & Olden,

2017a). Zoogeography of fishes is therefore greatly influenced by the average and spread of
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temperatures experienced in a given watershed (Portner & Farrell, 2008; [saak & Rieman,
2013). Relative to seas and oceans, freshwater habitats are more drastically impacted by
changes to climate, especially due to changes to temperature and flow, and climate change is
projected to strongly affect freshwater fish communities (O'Reilly et al., 2003; Buisson et al.,
2008; Graham & Harrod, 2009; Harrod, 2016; Radinger et al., 2017). Combined with other
anthropogenic impacts (e.g. land use change and thermal pollution; Radinger et al., 2016;
Raptis et al., 2017), climate change will restrict or redraw thermal envelopes, contribute to
population declines and local extinctions, and result in shifts in the distribution of species
(Ficke et al., 2007; Woodward et al.; 2010; Booth et al., 2011; Filipe et al., 2013). Riverine
fish species losses due to climate change and reduced water discharge are predicted to reach
75% in some river basins, such as those of rivers Parnaiba (Brazil), Saloum (Senegal) and
Cauvery (India; Xenopoulos et al., 2005). Phenological changes in fish behaviour (Otero et
al., 2014; Dempson et al., 2017; Hovel et al., 2017) have been also detected and emphasize
the powerful changes imposed by a changing climate. In Europe, there is a broad range of
climatic conditions experienced across the landscape and a diverse ichthyofauna distributed
throughout the lakes and rivers (Ficke et al., 2007). Within the [IUCN (International Union for
Conservation of Nature and Natural Resources) Red List, as many as 33% of European
freshwater fish species are recognized as threatened by climate change (IUCN, 2017).
Efforts to preserve ecosystem integrity must focus on maintaining species richness
and diversity to ensure that the services provided by freshwater ecosystems are maintained.
Conservation is often limited by funding and therefore must undergo triage to identify
priorities and allocate resources efficiently (McDonald-Madden et al., 2011). To provide
timely management and conservation and allocate resources efficiently, it is important to

identify those species that will be most impacted by climate change and those that might be
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rather resilient. Species traits are considered as a promising source of information on
characteristics that influence resilience to various environmental conditions and impacts
(Jiguet et al., 2007; Comte & Olden, 2017b). Species traits represent any morphological,
physiological or phenological feature that is measurable at the individual level of a species
(Floeter et al., 2018). Trait-based evaluation has been demonstrated to be linked to the risk
status of species and can be used to investigate mechanisms that contribute to imperilment,
make predictions about unassessed species, or rank and prioritize species based on their
relative risk (Olden et al., 2007; Bland & Bohm, 2016; Kopf et al., 2017; Comte & Olden,
2018).

The aim of the present study was to assess various ecological and life-history
characteristics of European freshwater fish species, and to identify traits that are characteristic
of those that are susceptible to the effects of climate change. Based on an automated scraping
of online trait databases with species-specific data on life history, distribution, climatic niches,
threat and economic status, and calculation of climate envelopes using [UCN range maps
overlaid on climate maps, we compared species identified as susceptible to climate change
with those that are considered to be resilient. We also established a list of European species of
highest priority for further research and monitoring regarding climate change susceptibility.
The method allows to extrapolate results and characterize rare and less studied species, with
scarce autecological information. Results of the study will advance our understanding of

projected climate change effects on the European freshwater fish fauna.

Materials and methods
Dataset

Our analysis comprised comparisons of in total 443 European freshwater fishes



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

between those that were categorized as threatened by climate change (n=148) within the
IUCN Red List Database (IUCN, 2017) and those without climate change listed as a threat
(n=295). Categorization of species according to their susceptibility to climate change within
this database is based on threat assessment and expert judgement by IUCN species experts
(Freyhof & Brooks, 2011; IUCN, 2017). A list of native European freshwater fish species
belonging to 25 families, mainly to Cyprinidae (45%) and Salmonidae (20%), was obtained
from the ITUCN Red List database (IUCN, 2017). It included both exclusively freshwater
species, as well as those that partly enter brackish and saltwater. Obtained data also comprised
IUCN Red List classification and maps of their distributional range within Europe.

In addition, for each species we collated trait information related to their life
history, ecology, fishery and threat status, and spatial and bioclimatic data variables (Table 1).
Life-history data were obtained from the FishBase database (Froese & Pauly, 2017) by using
the rfishbase R package (Boettiger et al., 2012, 2017). Traits with low data coverage (i.e. those
that were available for less than 1% of all species) were excluded from the analysis.
Bioclimatic spatial data were obtained from the MERRAclim database (Vega et al., 2017) and
included 19 variables related to temperature and humidity (Table 1). Global Human Footprint
map (map of anthropogenic impacts on the environment) was obtained from WCS and
CIESIN (2005) and the spatial elevation data were obtained from USGS (2010). Based on the
distributional range maps of each species (IUCN, 2017), mean values within each species'
range were estimated for each of the spatial variables using the intersect tool in ArcGIS
(version 10.5) and the extract function in the R (version 3.4.3; R Core Team, 2017) package
raster (version 2.6-7; Hijmans, 2017). Range maps were also used to estimate the number of
watersheds covered by each species based on WRI (2006), as well as the area and coordinates

of the range centroid for each species. Descriptions of all variables used in the analysis,
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general descriptive statistics and information on data sources are presented in Supplementary

material S1. The complete dataset is presented in Supplementary material S2.

Statistical Analysis

We calculated boosted regression trees (BRT) to evaluate the relationship between the
membership of a species to the group of susceptible vs. non-susceptible species and the 45
explanatory variables. BRT are a statistical learning method that combines and averages
(boosting) many simple single regression trees to form collective models of improved
predictive performance (Elith et al., 2008). BRT can accommodate continuous and categorical
variables, are not affected by missing values or transformation or outliers and are considered
to effectively select relevant variables, identify variable interactions and avoid overfitting
(Elith et al., 2008, Radinger et al., 2015).

Specifically, we first fitted an initial global BRT model (R package dismo, gbm.step,
version 1.1-4; Hijmans et al., 2017) using the complete set of explanatory variables. An
automatized stepwise backward selection of explanatory variables (gbm.simplify) was applied
to eliminate non-informative variables based on model-internal cross-validation of changes in
a models’ predictive deviance (Hijmans et al., 2017). Thereafter, we calculated a final BRT
model (ghm.step) based on the selected set of explanatory variables. For all BRT modeling
steps, tree complexity and learning rate was set to 3 and 0.001, respectively, to achieve the
recommended number of more than 1000 regression trees (Elith et al., 2008). All other model
settings were set to default or were automatically adjusted by the boosting algorithm. We
calculated a 10-fold cross validation of the BRT model as already implemented in the
algorithm. In addition, we extracted the mean AUC (area under the receiver operating

characteristic curve) as a measure of the model’s predictive quality. The AUC is a threshold-
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independent rank-correlation coefficient with high values typically indicating a strong
agreement between the model prediction and, in this specific case, the membership of species
to the susceptible vs. non-susceptible group (Hijmans & Elith, 2017).

The relative importance (%) of each explanatory variable in the final BRT model was
quantified based on the number of times each variable was used for splitting, weighted by the
squared improvement at each split and averaged over all trees (Elith et al., 2008). For BRT
models with Gaussian distribution, the relative variable importance equals the reduction of
squared error attributable to a given variable (Friedman, 2001; Greenwell et al., 2018).
Differences between groups were also assessed by bootstrapping, by sampling each group
independently and estimating the difference based on confidence intervals (functions two.boot
and boot.ci, R package simpleboot, version 1.1-3; Peng 2008). Differences were considered to
be significant if 95% confidence intervals did not overlap with zero.

Subsequently, species were ranked based on the subset of variables selected by the
BRT analysis (i.e., those with >1% variable importance score), and weighed by the
importance of each variable, in order to estimate their position along the climate change
susceptibility continuum. For each species, the value of each variable was standardized based
on its position between the minimum (#vnin) and maximum values (#n.x) observed in the dataset,
with 0-1 possible range, and multiplied by the importance score (/) of the given variable:

¢t —t .
R — X tmm X[ (1)

29 X

ZLmax - ZLmin
where R, represents the rank value of variable 7 in species x, and ¢ is the value of variable ¢

for species x. For variables where the lower endpoint (#min) 1s associated with the climate

change susceptibility, equation should be adjusted as follows:

R — max X X 1 (2)
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Summing of all ranking scores across all variables yielded the total species ranking score,
which can range from 0 to 100, with higher values indicating stronger climate change

susceptibility.

Results

Our analyses indicated substantial differences between climate change susceptible
and non-susceptible species. The BRT analysis selected the 35 most relevant variables, which
were subsequently assessed for their relative importance to discriminate between the two
groups (Figure 1 and Supplementary material S3). The BRT model with the selected set of
explanatory variables was successfully modeled (Supplementary material S3) with a cross-
validated AUC of 0.87 (standard error = 0.014). Of all explanatory variables, latitude of the
species range centroid was selected as by far the most relevant variable (31% variable
importance), followed by the IUCN Red List classification (8%), commercial relevance (6%)
and vulnerability to fishing (6%). Climate susceptible species were characterized by more
southwardly positioned distribution range centroids (41.6° vs. 47.8° N as a mean value in
susceptible and non-susceptible species, respectively), smaller range sizes (175 x 10° km? vs.
1686 x 10° km?), and lower elevations within their ranges (717.7 m vs. 892.2 m a.s.1.), with a
higher proportion of exclusively freshwater species (93% vs. 66%; Figure 2). Susceptible
species were also characterized by a smaller maximum body length (23.4 cm vs. 41.0 cm),
higher proportion of threatened species (63% vs. 31%), lower proportion of commercially
relevant species (25% vs. 74% of highly commercial, commercial and minor commercial
species), and lower vulnerability to overfishing (32.6 vs. 38.5 vulnerability index; Figure 3),
as well as by higher temperature-related values (Supplementary material S4). Bootstrapping

indicated significant differences between the groups in each of the variables. Species that are
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susceptible to climate change are mainly distributed within the Mediterranean region, whereas
the non-susceptible species distribution mainly covers central and northern European regions,
as well as the Carpathian region (Figure 4).

Species ranking based on the association of their traits with climate change
susceptibility characteristics is presented in Table 2 and Supplementary material S5. The five
top-ranked climate susceptible species were Acheron spring goby (Knipowitschia milleri),
Corfu valencia (Valencia letourneuxi), Iberochondrostoma almacai, Evia barbel (Barbus
euboicus) and Malaga chub (Squalius malacitanus). Most of the species with the high climate-
susceptibility ranks are also classified as highly threatened according to the IUCN
classification (Table 2). Interestingly, the highest ranked species, K. milleri, was not classified
within the [IUCN Red List as threatened by climate change. Other high-ranking species that
were not recognized as threatened by climate change were S. malacitanus, Almiri toothcarp
(Aphanius almiriensis), and Trichonis dwarf goby (Economidichthys trichonis). Species with
the lowest ranking scores, i.e. with low climate change susceptibility, were humpback
whitefish (Coregonus pidschian), Arctic flounder (Liopsetta glacialis), northern pike (Esox
lucius), burbot (Lota lota), and European perch (Perca fluviatilis). A complete list of all

species' rankings is presented in Supplementary material S5.

Discussion

In the present study, significant differences in life-history and climatic niches were
observed between the European freshwater species susceptible to climate change and those
that are not, such as species body size, range size, distribution and thermal envelopes. The
latitude of the species range centroid was by far the most influential trait. Overall, southern

regions with the warmer, Mediterranean climate comprised a higher proportion of species
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susceptible to climate change (Figure 4). Out of the 20 highest-ranking climate susceptible
species, 12 are endemic to Greece, one endemic to Greece and southern Albania, and the other
seven to the Iberian Peninsula. These results support recent findings that the species from
lower latitudes and tropical, warm-water habitats, are at greater risk from climate change and
warming (Payne & Smith, 2016; Payne et al., 2016; Comte & Olden, 2017b). Freshwater
basins in Southern Europe are characterized by recurrent flood and drought events (Bernardo
et al., 2003). Whereas species in such habitats might be generally adapted to hydrological
fluctuations, they are likely to be impacted by a further increase in frequency and strength of
extreme hydrological conditions, induced by climate change and increased anthropogenic
water demand (Filipe et al., 2013; Radinger et al., 2018). Moreover, among such species,
adapted towards higher upper thermal tolerances, specialization to thermal extremes is
accompanied by a reduced physiological flexibility and adaptation capacity to respond to
changing environmental conditions (Payne & Smith, 2016; Payne et al., 2016; Comte &
Olden, 2017b). Such heat-tolerant species are also adapted to temperatures near their
physiological thermal limits, with a narrow safety margin for further temperature increases
(Sinclair et al., 2016; Comte & Olden, 2017b). However, not all the species in this region are
adapted to thermal fluctuations and extremes. For example, V. letourneuxi is associated with
spring-fed habitats with stable thermal conditions, and its susceptibility to climate change is
more likely to be driven by habitat fragmentation and low population densities (Kalogianni et
al., 2010). Freshwater basins in Southern Europe are also of particular conservation concern
due to an elevated pressure by a range of anthropogenic impacts that further exacerbate effects
of climate change, such as pollution, water resource development and consumption, and
biological invasions (Xenopoulos et al., 2005; Clavero & Garcia-Berthou, 2005; Walther et

al., 2009; Vordsmarty et al., 2010; Comte & Olden, 2017a). The Mediterranean region is
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characterized by a wide expansion of alien invasive species, which is expected to be further
intensified under current climate change scenarios (Clavero et al., 2010; Filipe et al., 2013).

Climate-susceptible species were also characterized by a smaller body and range
size (Figures 2, 3). These traits, which are also related to a lower dispersal ability (Radinger &
Wolter, 2014), are well recognized as predictors of climate change susceptibility in fish (e.g.
Ficke et al., 2007; Isaak & Rieman, 2013; Chessman, 2013; Pearson et al., 2014; Radinger et
al., 2017). A characteristic example of small-bodied and range-restricted species are the three
endemic species from the Evrotas River in Greece: Evrotas chub (S. keadicus), Evrotas
minnow (Pelasgus laconicus) and Spartian minnowroach (7ropidophoxinellus spartiaticus).
These species, ranked among the 20 most susceptible species to climate change in the present
study (Table 2), are found either exclusively in the Evrotas River basin, or in that and few
neighboring systems (Barbieri et al., 2015). Smaller-bodied fish are facing elevated overall
extinction risk in freshwater habitat due to multiple threats, such as habitat loss and
fragmentation (Olden et al., 2007; Kalinkat et al., 2017; Kopf et al., 2017), which explains
higher threat level observed in climate-susceptible species in the present study. Observed
lower commercial relevance and lower vulnerability to fishing of climate-susceptible species
both stem from a smaller body size and related faster life history of such species.

It is important to acknowledge certain limitations of the data sources used in this
study, such as species and trait coverage, reliability of methods applied for threat and
extinction risk classification, and potential assessors' biases (Clavero & Garcia-Berthou, 2005;
Keith et al., 2014; Trull et al., 2018). Taxonomic bias in conservation science (Clark & May,
2002) could potentially affect our results through uneven data coverage and quality. However,
there is a lack of research specific to fish regarding this problem, and thus, this represents an

area for future research. Furthermore, species that are not classified within [IUCN Red List as
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threatened by climate change can comprise those that are not yet assessed for their major
threats, or those where experts deem the threat from climate change negligible relative to
other threats. Nevertheless, the focus of our study on a well-studied group such as European
species ensured that the basic life history data and IUCN Red List assessments were mostly
available (Kopf et al., 2017). IUCN Red List is sometimes considered to understate or
improperly account for climate change as a threat, mostly due to ambiguous definitions and
criteria (Trull et al., 2018). However, recent studies have indicated that the [IUCN
classification is more efficient in detecting species vulnerable to climate change than
anticipated (Keith et al., 2014; Pearson et al., 2014). [IUCN Red List assessment process was
designed to overcome possible individual-level, assessor biases, and all threat assignments
should be made based on objective criteria established by the organization (IUCN 2017).
Consequently, any potential biases can be expected to be generally consistent across species,
and therefore should not affect relative comparisons among species. Notwithstanding all the
caveats, the databases used in the present study still represent the most comprehensive sources
of data and the best available knowledge (Olden et al., 2007; Vega et al., 2017).

Trait-based risk assessments are increasingly used for species profiling (Pacifici et
al., 2015; Liu et al., 2017; MacLean & Beissinger, 2017). The approach presented in this study
might be considered a valid and promising approach to be used as a screening tool, i.e. to
quickly assess large groups of species regarding their susceptibility to climate change and
other threats based on species traits, and to identify research and management priorities. Our
results indicate that the European environmental policy related to climate change mitigation
and adaptation (EEA, 2012, 2017) should be mainly focused on the Mediterranean region.
This is especially important since this region is also predicted to have the highest frequency of

droughts and extreme high temperatures, strongest reduction in precipitation and river
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discharges, the highest aggregate climate change impact and the lowest adaptation capacity
(Milly et al., 2005; Dankers & Feyen, 2008; Fischer & Schir, 2010; ESPON Climate, 2011;
Stagge et al., 2011; Rojas et al., 2012; Filipe et al., 2013; Jacob et al., 2014; Russo et al.,
2014). Our results are further supported by findings by Markovic and colleagues (2014), who
estimated that the greatest reduction in European freshwater fish diversity due to climate
change is likely to occur in the southern regions of Europe. Moreover, the Mediterranean
region was also identified as a European priority area regarding climate change impacts for
other species groups. A similar distributional pattern of species susceptible to climate change
was previously also reported for aquatic insects such as Plecoptera, Ephemeroptera and
Trichoptera (Hering et al., 2009; Conti et al., 2014), mammals (Levinsky et al., 2007), as well
as for terrestrial species in general (Pacifici et al., 2015).

Species ranking conducted here indicated priority species for further research and
monitoring regarding climate change (e.g. V. lefourneuxi, I. almacai and B. euboicus; Table 2).
Moreover, it also identified species whose IUCN Red List status potentially needs to be
reconsidered or updated, such as highly ranked but apparently non-susceptible species (e.g. K.
milleri), or highly ranked species without a proper threat category (e.g. K. goerneri, classified
as Data Deficient species). As such, it has a potential to be used as a “Robin Hood Approach”
(Punt et al., 2011), where assessments based on information-rich species are used to evaluate
and categorize those that are information-poor. There is a need for climate change
vulnerability assessments that would be based on quantitative approaches and consistent set of
criteria, such as trait-based approaches advocated by IUCN (Foden et al., 2013; Trull et al.,

2018). The approach presented here should be a good step in that direction.

Acknowledgements



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

14

The authors thank Jorg Freyhof and two anonymous reviewers for providing helpful
comments and suggestions. 1J acknowledges the sponsorship provided by the The J. E.
Purkyné Fellowship of the Academy of Sciences of the Czech Republic and funding from the
European Union’s Horizon 2020 research and innovation programme through the project
ClimeFish (grant No. 677039), as well as funding provided by the Alexander von Humboldt
Foundation and the German Federal Ministry of Education and Research (BMBF). GK
acknowledges funding from the BMBF through the project “GLANCE” (Global Change
Effects in River Ecosystems; 01 LN1320A) and from the German Research Foundation
(DFG; KA 3029/2-1). JR acknowledges funding through the 2015-2016 BiodivERsSA
COFUND call for research proposals and the Spanish Ministry of Economy, Industry and
Competitiveness (project ODYSSEUS, BiodivERsA3-2015-26, PCIN-2016-168). GC
acknowledges funding from the Ministry of Education, Science and Technological
Development, Republic of Serbia (grant number 173045). Thanks are extended to Ryder Burt

for assistance with geographic information processing.

References

Barbieri, R., Zogaris, S., Kalogianni, E., Stoumboudi, M. Th., Chatzinikolaou, Y., Giakoumi,
S., ... Economou, A. N. (2015). Freshwater Fishes and Lampreys of Greece: An annotated
checklist (Monographs on Marine Sciences No. 8). Athens, Greece: Hellenic Centre for

Marine Research.

Bernardo, J. M., Ilhéu, M., Matono, P., & Costa, A. M. (2003). Interannual variation of fish
assemblage structure in a Mediterranean river: implications of streamflow on the dominance

of native or exotic species. River Research and Applications, 19, 521-532.



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

15

Bland, L. M., & B6hm, M. (2016). Overcoming data deficiency in reptiles. Biological

Conservation, 204, 16-22.

Boettiger, C., Lang, D. T., & Wainwright, P. (2012). rfishbase: exploring, manipulating and

visualizing FishBase data from R. Journal of Fish Biology, 81, 2030-2039.

Boettiger, C., Chamberlain, S., Lang, D. T., & Wainwright, P. (2017). Package ‘rfishbase’. R
Interface to 'FishBase'. Version 2.1.2. https://github.com/ropensci/rfishbase. Accessed 15

January 2018

Booth, D. J., Bond, N., & Macreadie, P. (2011). Detecting range shifts among Australian

fishes in response to climate change. Marine and Freshwater Research, 62, 1027-1042.

Buisson, L., Thuiller, W., Lek, S., Lim, P., & Grenouillet, G. (2008). Climate change hastens

the turnover of stream fish assemblages. Global Change Biology, 14, 2232-2248.

Chessman, B. C. (2013). Identifying species at risk from climate change: traits predict the

drought vulnerability of freshwater fishes. Biological Conservation, 160, 40-49.

Clark, J. A., & May, R. M. (2002). Taxonomic bias in conservation research. Science, 297,

191-192.

Clavero, M., & Garcia-Berthou, E. (2005). Invasive species are a leading cause of animal



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

16

extinctions. Trends in Ecology & Evolution, 20, 110.

Clavero, M., Hermoso, V., Levin, N., & Kark, S. (2010). Geographical linkages between
threats and imperilment in freshwater fish in the Mediterranean Basin. Diversity and

Distributions, 16, 744-754.

Comte, L., & Olden, J. D. (2017a). Climatic vulnerability of the world’s freshwater and

marine fishes. Nature Climate Change, 7, 718.

Comte, L., & Olden, J. D. (2017b). Evolutionary and environmental determinants of

freshwater fish thermal tolerance and plasticity. Global Change Biology, 23, 728-736.

Comte, L., & Olden, J. D. (2018). Evidence for dispersal syndromes in freshwater fishes.

Proceedings of the Royal Society B, 285,20172214.

Conti, L., Schmidt-Kloiber, A., Grenouillet, G., & Graf, W. (2014). A trait-based approach to
assess the vulnerability of European aquatic insects to climate change. Hydrobiologia, 721,

297-315.

Dankers, R., & Feyen, L. (2008). Climate change impact on flood hazard in Europe: An

assessment based on high-resolution climate simulations. Journal of Geophysical Research,

113, DI19105.

Dempson, B., Schwarz, C. J., Bradbury, 1. R., Robertson, M. J., Veinott, G., Poole, R., &



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

17

Colbourne, E. (2017). Influence of climate and abundance on migration timing of adult
Atlantic salmon (Sa/mo salar) among rivers in Newfoundland and Labrador. Ecology of

Freshwater Fish, 26, 247-259.

EEA (2012). Climate Change, Impacts and Vulnerability in Europe 2012: An Indicator-Based

Report. EEA Report No 12/2012. Copenhagen: European Environment Agency.

EEA (2017). Climate Change, Impacts and Vulnerability in Europe 2016: An Indicator-Based

Report. EEA Report No 1/2017. Copenhagen: European Environment Agency.

Elith, J., Leathwick, J. R., & Hastie, T. (2008). A working guide to boosted regression trees.

Journal of Animal Ecology, 77, 802—813.

ESPON Climate (2011). Climate Change and Territorial Effects on Regions and Local
Economies (Scientific Report). Institute of Spatial Planning (IRPUD), TU Dortmund
University. http://www.espon.eu/main/Menu_Projects/Menu_AppliedResearch/climate.html.

Accessed 20 June 2018

Ficke, A. D., Myrick, C. A., & Hansen, L. J. (2007). Potential impacts of global climate

change on freshwater fisheries. Reviews in Fish Biology and Fisheries, 17, 581-613.

Filipe, A. F., Lawrence, J. E., & Bonada, N. (2013). Vulnerability of stream biota to climate
change in mediterranean climate regions: a synthesis of ecological responses and conservation

challenges. Hydrobiologia, 719, 331-351.



407

408 Fischer, E. M., & Schir, C. (2010). Consistent geographical patterns of changes in high-
409 impact European heatwaves. Nature Geoscience, 3, 398-403.

410

411 Floeter, S. R., Bender, M. G., Siqueira, A. C., & Cowman, P. F. (2018). Phylogenetic
412  perspectives on reef fish functional traits. Biological Reviews, 93, 131-151.

413

414 Foden, W. B., Butchart, S. H., Stuart, S. N., Vié, J. C., Ak¢akaya, H. R., Angulo, A., ... &
415 Donner, S. D. (2013). Identifying the world's most climate change vulnerable species: a
416 systematic trait-based assessment of all birds, amphibians and corals. PloS One, 8, e65427.
417

418 Freyhof, J., & Brooks, E. (2011). European Red List of Freshwater Fishes. Luxembourg:
419 Publications Office of the European Union.

420

421  Friedman, J. H. (2001). Greedy Function Approximation: A Gradient Boosting Machine.
422 Annals of Statistics, 29, 1189-1232.

423

424  Froese, R., & Pauly, D. (Eds.) (2017). FishBase. World Wide Web electronic publication.
425 version 10/2017. https://www.fishbase.org. Accessed 15 January 2018

426

427  Graham, C. T., & Harrod, C. (2009). Implications of climate change for the fishes of the
428  British Isles. Journal of Fish Biology, 74, 1143-1205.

429

430 Greenwell, B., Boehmke, B., Cunningham, J., & GBM Developers (2018). gbm: Generalized

18



431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

19

Boosted Regression Models. R package version 2.1.4. https://CRAN.R-

project.org/package=gbm. Accessed 20 June 2018

Harrod, C. (2016). Climate change and freshwater fisheries. In J. F. Craig (Ed.), Freshwater

Fisheries Ecology (pp. 641-694). John Wiley & Sons.

Hering, D., Schmidt-Kloiber, A., Murphy, J., Liicke, S., Zamora-Munoz, C., Lopez-
Rodriguez, M. J., ... & Graf, W. (2009). Potential impact of climate change on aquatic insects:
a sensitivity analysis for European caddisflies (Trichoptera) based on distribution patterns and

ecological preferences. Aquatic Sciences, 71, 3-14.

Hijmans, R. J. (2017). Raster: Geographic Data Analysis and Modeling. R package version

2.6-7. https://CRAN.R-project.org/package=raster. Accessed 20 June 2018

Hijmans, R. J., & Elith, J. (2017). Species distribution modeling with R. R vignette.

https://cran.r-project.org/web/packages/dismo/vignettes/sdm.pdf. Accessed 20 June 2018

Hijmans, R. J., Phillips, S., Leathwick, J., & Elith, J. (2017). Dismo: Species distribution

modeling. http://cran.r-project.org/package=dismo. Accessed 20 June 2018

Hovel, R. A., Carlson, S. M., & Quinn, T. P. (2017). Climate change alters the reproductive
phenology and investment of a lacustrine fish, the three-spine stickleback. Global Change

Biology, 23, 2308-2320.



455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

20

Isaak, D. J., & Rieman, B. E. (2013). Stream isotherm shifts from climate change and

implications for distributions of ectothermic organisms. Global Change Biology, 19, 742-751.

IUCN (2017). The IUCN Red List of Threatened Species. Version 2017-1.

https://www.iucnredlist.org. Accessed 15 January 2018

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L. M., ... &
Georgopoulou, E. (2014). EURO-CORDEX: new high-resolution climate change projections

for European impact research. Regional Environmental Change, 14, 563-578.

Jiguet, F., Gadot, A. S., Julliard, R., Newson, S. E., & Couvet, D. (2007). Climate envelope,
life history traits and the resilience of birds facing global change. Global Change Biology, 13,

1672-1684.

Kalinkat, G., Jahnig, S. C., & Jeschke, J. M. (2017). Exceptional body size—extinction risk
relations shed new light on the freshwater biodiversity crisis. Proceedings of the National

Academy of Sciences, 114, E10263-E10264.

Kalogianni, E., Giakoumi, S., Zogaris, S., Chatzinikolaou, Y., Zimmerman, B., & Economou,
A. (2010). Current distribution and ecology of the critically endangered Valencia letourneuxi

in Greece. Biologia, 65, 128-139.

Keith, D. A., Mahony, M., Hines, H., Elith, J., Regan, T. J., Baumgartner, J. B., ... & Penman,

T. (2014). Detecting extinction risk from climate change by IUCN Red List criteria.



479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

21

Conservation Biology, 28, 810-819.

Kopf, R. K., Shaw, C., & Humphries, P. (2017). Trait-based prediction of extinction risk of

small-bodied freshwater fishes. Conservation Biology, 31, 581-591.

Levinsky, 1., Skov, F., Svenning, J. C., & Rahbek, C. (2007). Potential impacts of climate
change on the distributions and diversity patterns of European mammals. Biodiversity and

Conservation, 16, 3803-3816.

Liu, C., Comte, L., & Olden, J. D. (2017). Heads you win, tails you lose: Life-history traits
predict invasion and extinction risk of the world's freshwater fishes. Aquatic Conservation:

Marine and Freshwater Ecosystems, 27, 773-779.

MacLean, S. A., & Beissinger, S. R. (2017). Species’ traits as predictors of range shifts under
contemporary climate change: a review and meta-analysis. Global Change Biology, 23, 4094-

4105.

Markovic, D., Carrizo, S., Freyhof, J., Cid, N., Lengyel, S., Scholz, M., ... & Darwall, W.
(2014). Europe's freshwater biodiversity under climate change: distribution shifts and

conservation needs. Diversity and Distributions, 20, 1097-1107.

McDonald-Madden, E., Chadg¢s, 1., McCarthy, M. A., Linkie, M., & Possingham, H. P. (2011).
Allocating conservation resources between areas where persistence of a species is uncertain.

Ecological Applications, 21, 844-858.



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

22

Milly, P. C., Dunne, K. A., & Vecchia, A. V. (2005). Global pattern of trends in streamflow

and water availability in a changing climate. Nature, 438, 347-350.

Olden, J. D., Hogan, Z. S., & Zanden, M. J. V. (2007). Small fish, big fish, red fish, blue fish:
size-biased extinction risk of the world's freshwater and marine fishes. Global Ecology and

Biogeography, 16, 694-701.

O'Reilly, C. M., Alin, S. R., Plisnier, P. D., Cohen, A. S., & McKee, B. A. (2003). Climate
change decreases aquatic ecosystem productivity of Lake Tanganyika, Africa. Nature, 424,

766-768.

Otero, J., L'Abée-Lund, J. H., Castro-Santos, T., Leonardsson, K., Storvik, G. O., Jonsson,
B., ... & Dionne, M. (2014). Basin-scale phenology and effects of climate variability on global
timing of initial seaward migration of Atlantic salmon (Sa/mo salar). Global Change Biology,

20, 61-75.

Pacifici, M., Foden, W. B., Visconti, P., Watson, J. E., Butchart, S. H., Kovacs, K. M., ... &
Corlett, R. T. (2015). Assessing species vulnerability to climate change. Nature Climate

Change, 5,215-225.

Payne, N. L., & Smith, J. A. (2017). An alternative explanation for global trends in thermal

tolerance. Ecology Letters, 20, 70-77.



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

23

Payne, N. L., Smith, J. A., Meulen, D. E., Taylor, M. D., Watanabe, Y. Y., Takahashi, A., ... &
Suthers, I. M. (2016). Temperature dependence of fish performance in the wild: links with

species biogeography and physiological thermal tolerance. Functional Ecology, 30, 903-912.

Pearson, R. G., Stanton, J. C., Shoemaker, K. T., Aiello-Lammens, M. E., Ersts, P. J., Horning,

N, ... & Akgakaya, H. R. (2014). Life history and spatial traits predict extinction risk due to

climate change. Nature Climate Change, 4,217-221.

Peng, R. D. (2008). Simple bootstrap routines. https://cran.r-project.org/package=simpleboot.

Accessed 20 June 2018

Portner, H. O., & Farrell, A. P. (2008). Physiology and climate change. Science, 322, 690-692.

Punt, A. E., Smith, D. C., & Smith, A. D. (2011). Among-stock comparisons for improving

stock assessments of data-poor stocks: the “Robin Hood” approach. ICES Journal of Marine

Science, 68, 972-981.

R Development Core Team (2017). R: A language and environment for statistical computing.

R Foundation for Statistical Computing, Vienna, Austria.

Radinger, J., & Wolter, C. (2014). Patterns and predictors of fish dispersal in rivers. Fish and

Fisheries, 15,456-473.

Radinger, J., Wolter, C., & Kalil, J. (2015). Spatial Scaling of Environmental Variables



551 Improves Species-Habitat Models of Fishes in a Small, Sand-Bed Lowland River. PLoS One,
552 10,e0142813.

553

554 Radinger, J., Holker, F., Horky, P., Slavik, O., Dendoncker, N., & Wolter, C. (2016).

555 Synergistic and antagonistic interactions of future land use and climate change on river fish
556 assemblages. Global Change Biology, 22, 1505-1522.

557

558 Radinger, J., Essl, F., Holker, F., Horky, P., Slavik, O., & Wolter, C. (2017). The future

559 distribution of river fish: the complex interplay of climate and land use changes, species
560 dispersal and movement barriers. Global Change Biology, 23, 4970-4986.

561

562 Radinger, J., Alcaraz-Hernandez, J. D., & Garcia-Berthou, E. (2018). Environmental and
563 spatial correlates of hydrologic alteration in a large Mediterranean river catchment. Science of
564  The Total Environment, 639, 1138—1147.

565

566 Raptis, C. E., Boucher, J. M., & Pfister, S. (2017). Assessing the environmental impacts of
567 freshwater thermal pollution from global power generation in LCA. Science of the Total
568 Environment, 580, 1014-1026.

569

570 Rojas, R., Feyen, L., Bianchi, A., & Dosio, A. (2012). Assessment of future flood hazard in
571 Europe using a large ensemble of bias-corrected regional climate simulations. Journal of
572  Geophysical Research, 117, D17109.

573

574 Russo, S., Dosio, A., Graversen, R. G., Sillmann, J., Carrao, H., Dunbar, M. B., ... & Vogt, J.

24



575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

25

V. (2014). Magnitude of extreme heat waves in present climate and their projection in a

warming world. Journal of Geophysical Research: Atmospheres, 119, 12500-12512.

Sinclair, B. J., Marshall, K. E., Sewell, M. A., Levesque, D. L., Willett, C. S., Slotsbo, S., ... &
Huey, R. B. (2016). Can we predict ectotherm responses to climate change using thermal

performance curves and body temperatures?. Ecology Letters, 19, 1372-1385.

Stagge, J. H., Rizzi, J., Tallaksen, L. M., & Stahl, K. (2015). Future meteorological drought:
projections of regional climate models for Europe. In EGU General Assembly Conference

Abstracts (Vol. 17). Technical Report No. 25, DROUGHT-R&SPI, European Commission.

Trull, N., Bohm, M., & Carr, J. (2018). Patterns and biases of climate change threats in the

IUCN Red List. Conservation Biology, 32, 135-147.

USGS (2010). Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010). U.S.
Geological Survey (USGS). https://topotools.cr.usgs.gov/gmted viewer. Accessed 15 January

2018

Vega, G. C., Pertierra, L. R., & Olalla-Térraga, M. A. (2017). MERRACclim, a high-resolution
global dataset of remotely sensed bioclimatic variables for ecological modelling. Scientific

Data, 4, 170078.

Vorésmarty, C. J., Mclntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P., ...

& Davies, P. M. (2010). Global threats to human water security and river biodiversity. Nature,



599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

26

467, 555-561.

Walther, G. R., Roques, A., Hulme, P. E., Sykes, M. T., Pysek, P., Kiihn, I, ... & Czucz, B.
(2009). Alien species in a warmer world: risks and opportunities. Trends in Ecology and

Evolution, 24, 686-693.

WCS, & CIESIN (2005). Last of the Wild Project, Version 2, 2005 (LWP-2): Global Human
Footprint Dataset (IGHP). Wildlife Conservation Society (WCS) and and Center for
International Earth Science Information Network (CIESIN), Columbia University. Palisades,
NY: NASA Socioeconomic Data and Applications Center (SEDAC).

http://dx.doi.org/10.7927/HAGFORFQ. Accessed 15 January 2018

Woodward, G., Perkins, D. M., & Brown, L. E. (2010). Climate change and freshwater
ecosystems: impacts across multiple levels of organization. Philosophical Transactions of the

Royal Society of London B: Biological Sciences, 365, 2093-2106.

WRI (2006). World Resources Institute (WRI) Major Watersheds of the World Delineation.
FAO GeoNetwork, FAO - Aquaculture Management and Conservation Service (FIMA).

http://www.fao.org/geonetwork/srv/en/metadata.show?id=30914. Accessed 15 January 2018

Xenopoulos, M. A., Lodge, D. M., Alcamo, J., Mirker, M., Schulze, K., & Van Vuuren, D. P.
(2005). Scenarios of freshwater fish extinctions from climate change and water withdrawal.

Global Change Biology, 11, 1557-1564.



623 Table 1. Variables used in the analysis, with their data sources, general descriptive statistics

624

and coverage (proportion of species with available data). See Supplementary material S1 for

625 more information.

27

Variable name Data source Median; mean = SD (range); proportions (%) Coverage
for categorical data (%)
1  Game fish FishBase Yes: 14, No: 86 100
2 TUCN Red List status FishBase/IUCN EX: 3, CR: 12, EN: 11, VU: 16, NT: 4, LC: 100
48, DD: 6
3 Climate zone (K&ppen FishBase Subtropical: 26, temperate 73, polar: 1 100
climate classification)
4 Preferred habitat FishBase Pelagic: 3, pelagic-neritic: 3, benthopelagic: 100
64, demersal: 30
5 Minimum value of the water ~ FishBase 2;11.2+17.9 (0 - 100) 18
depth range (m)
6 Maximum value of the water  FishBase 80; 106.7 + 138.8 (1 - 700) 14
depth range (m)
7  Freshwater preference FishBase Exclusively freshwater: 75, enters saltwater: 100
25
8 Maximum recorded body FishBase 21.7;35.2 £60.5 (2.2 - 800) 98
length (cm)
9 Lateral body shape type FishBase Eel-like: 1, elongated: 38, fusiform/normal: 77
59, short and/or deep: 1
10 Aspect ratio of the caudal fin FishBase 1.6;1.6+0.6 (0.4 -3.4) 34
11 Trophic level FishBase 3.3;34+0.6(2.1-4.5) 13
12 Batch spawner FishBase Yes: 12, no: 88 55
13 Reproductive guild (first FishBase Bearers: 1, guarders: 18, nonguarders: 81 53
classification)
14 Reproductive guild (second  FishBase Brood hiders: 10, clutch tenders: 5, external 28
classification) brooders: 10, internal live bearers: 2, nesters:
18, open water/substratum egg scatterers: 57
15 Maximum recorded longevity FishBase 9;13.8+17.4(1-118) 30
(years)
16 Commercial importance FishBase Of no interest: 41, subsistence fisheries: 4, 40
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commercial: 5
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Temperature annual range
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Table 2. European freshwater fish species with the highest ranking scores, estimated based on

the association of their traits with the climate change susceptibility characteristics, as

indicated by the BRT model. Complete ranking list of all species is presented in

Supplementary material S5.

Rank Species Climate change IUCN Red Ranking score
susceptibility according List category
to [IUCN
1 Knipowitschia milleri non-susceptible CR 82.5
2 Valencia letourneuxi susceptible CR 82.1
3 Iberochondrostoma almacai susceptible CR 81.6
4 Barbus euboicus susceptible CR 81.4
5 Squalius malacitanus non-susceptible EN 80.9
6 Aphanius baeticus susceptible EN 80.7
7 Knipowitschia goerneri susceptible DD 80.5
8 Squalius keadicus susceptible EN 80.5
9 Pelasgus laconicus susceptible CR 80.4
10 Tropidophoxinellus spartiaticus susceptible VU 80.3
11 Iberocypris palaciosi susceptible CR 80.1
12 Pelasgus epiroticus susceptible CR 80.0
13 Aphanius almiriensis non-susceptible CR 79.8
14 Anaecypris hispanica susceptible EN 79.5
15 Salaria economidisi susceptible CR 79.5
16 Squalius torgalensis susceptible EN 79.4
17 Cobitis trichonica susceptible EN 78.9
18 Valencia hispanica susceptible CR 78.6
19 Economidichthys trichonis non-susceptible EN 78.6
20 Knipowitschia thessala susceptible EN 78.5
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659 Figure 1. Variables selected by the boosted regression tree (BRT) model as the most relevant
660 descriptors of climate change susceptibility in European freshwater fish species; 20 most
661 relevant variables are presented, which together account for 90% of the total relative variable
662 influence.
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673 Figure 2. Violin-boxplots and barplots of the most relevant spatial variables in European
674 freshwater fish species indicated as either susceptible (n = 148) or non-susceptible (n = 295)
675 to climate change. Habitat preference: blue - exclusively freshwater species, green - species
676 that also enter saltwater.
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689 Figure 3. Violin-boxplots and barplots of the most relevant life history traits and variables
690 related to threat and commercial status in European freshwater fish species indicated as either
691 susceptible (n = 148) or non-susceptible (n = 295) to climate change.
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Figure 4. Richness of freshwater fish species across Europe indicated as either susceptible

(middle panel) or non-susceptible (left panel) to climate change, and the relative share of

susceptible species in the local total species richness (right panel).



