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Human  activities  are  often  implicated  in  the  contemporary  extinction  of  contemporary  species.  Concern-
ing riverine  fishes,  the  major  biotic  and  abiotic  threats  widely  cited  include  introduction  of  non-native
species,  habitat  fragmentation  and homogenization  in  stream  flow  dynamics  due  to  the damming  of
rivers,  dumping  of  organic  loadings,  degradation  of  the  riverine  habitat  by  agricultural  practices  and
water  abstraction  for human  and  agricultural  consumption.  However,  few  studies  have  evaluated  the
role  of  each  of these  threats  on fish  extinction  at large  spatial  scales.  Focusing  on  Western  Europe  and
the  USA,  two  of  the  most  heavily  impacted  regions  on Earth, we quantify  fish species  loss  per  river  basin
and  evaluate  for  the first  time  to what  extent,  if  any,  these  threats  have  been  promoting  fish  extinctions.
We  show  that  mean  fish  extinction  rates  during  the  last  110  years  in  both continents  is  ∼112  times
higher  than  calculated  natural  extinction  rates. However,  we  identified  only  weak  effects  of  our  selected

anthropogenic  stressors  on  fish  extinctions.  Only  river  fragmentation  by dams  and  percentage  of  non-
native  species  seem  to  be significant,  although  weak,  drivers  of  fish  species  extinction.  In  our  opinion,  the
most  probable  explanation  for  the  weak  effects  found  here  comes  from  limitations  of  both  biological  and
threats datasets  currently  available.  Obtaining  realistic  estimates  on  both  extinctions  and  anthropogenic
threats  in  individual  river  basins  is  thus  urgently  needed.

© 2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

Humans have modified ecosystems on Earth and have been
esponsible for the extinction of hundreds of species (Barnosky
t al., 2011). Predicting to what extent large-scale anthropogenic
lterations have resulted in species loss is thus critical for guiding
onservation strategies aiming to maintain biodiversity in altered
cosystems as high losses in biodiversity may  compromise the
uture provisioning of vital ecosystem services. In order to build
ffective scenarios of future changes in global freshwater biodiver-
ity we have to know how human pressures can influence patterns
f species loss. Many recent studies analyzing drivers of species
xtinction have generally used surrogates of extinction risk (e.g.,
uman population density, economic activity, the extent of agricul-

ural and urban land-area; (Davies et al., 2006; Luck et al., 2004)), or
ried to identify the most vulnerable groups of organisms through
on-spatial frameworks (i.e., through correlations with species life-

∗ Corresponding authors.
E-mail addresses: murilosd@hotmail.com (M.S. Dias), thierry.oberdorff@ird.fr

T. Oberdorff).

ttp://dx.doi.org/10.1016/j.ecolind.2017.03.053
470-160X/© 2017 Elsevier Ltd. All rights reserved.
history traits; (Cardillo et al., 2008; Hutchings et al., 2012; Olden
et al., 2007; Reynolds et al., 2005)). However, these approaches,
mainly applied because of data deficiency on the spatial distri-
bution of extinctions and threats (Joppa et al., 2016), prevent the
direct assessment of the specific role of individual anthropogenic
stressors in biodiversity loss (Clavero et al., 2010; Vörösmarty et al.,
2010).

Riverine ecosystems are extraordinarily diverse (Balian et al.,
2008; Tisseuil et al., 2013) and one of the most threatened habi-
tats on Earth (Jenkins, 2003; Vörösmarty et al., 2010). Extinction
risk for riverine fishes, for instance, is thought to be higher than
that of terrestrial organisms (Ricciardi and Rasmussen, 1999) and
recent extinction rate estimates for fish range from 130 to 855 times
higher than natural extinction rates (Burkhead, 2012; Tedesco et al.,
2013). For terrestrial organisms, estimating geographic variation in
species loss is a challenging task mainly due to the lack of discrete
boundaries on the landscape, but the extinction of fish popula-
tions from distinct river basins (i.e., closed systems; (Hugueny et al.,

2010)) provides an opportunity to highlight the underlying drivers
of geographical variation in species loss.

dx.doi.org/10.1016/j.ecolind.2017.03.053
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2017.03.053&domain=pdf
mailto:murilosd@hotmail.com
mailto:thierry.oberdorff@ird.fr
dx.doi.org/10.1016/j.ecolind.2017.03.053


3 al Ind

v
E
t
(
(
s
h
e
t
c
t
2
p
i
t
a
p
l
d
b
l
e
a
t
e
i
s
M
t
t

r
t
fi
e
t
b
e
i
h
h
i
t
s
t
w
t

2

2

s
g
e
p
t
i
m
u
w
n
b

8 M.S. Dias et al. / Ecologic

Four major classes of direct anthropogenic drivers of biodi-
ersity and ecosystem change can be distinguished (Millennium
cosystem Assessment, 2005) and they hold true for riverine sys-
ems, affecting fish biodiversity to varying degrees (see reviews
Carpenter et al., 2011; Vörösmarty et al., 2010)). Habitat alteration
e.g., land-use, urbanization, deforestation) may  reduce population
izes of resident species by decreasing the size of species natural
abitat and increasing in fine the risk of species extinction (Giam
t al., 2011). Habitat fragmentation (e.g., dams) reduces popula-
ion sizes and gene flow of resident species and, more importantly,
ould block migrations of diadromous species, hence increasing
heir extinction risk (Carpenter et al., 2011; Reidy-Liermann et al.,
012). Introduced non-native species often compete with and/or
rey upon native species, alter structure and functioning of river-

ne ecosystems (Blanchet et al., 2010) and are a key contributor to
he ongoing biotic homogenization of these ecosystems occurring
t the global level (Clavero et al., 2010; Villéger et al., 2011). Water
ollution (e.g. nitrogen, phosphorus, pesticide and heavy metal

oadings) leads either to direct mortality or jeopardises animal
evelopment and health, particularly in top predators following
ioaccumulation within food web (pesticide and heavy metals

oadings); besides, nitrogen and phosphorous loading enhance
utrophication and oxygen depletion (Carpenter et al., 2011). There
re, however, few studies analyzing the specific role of each of
hese threats on fish extinction at large grains and extents (Clavero
t al., 2010). In this sense, the intercontinental comparison of highly
mpacted regions containing independent extinction histories may
hed light on the main drivers of species loss (Kerr et al., 2007).
oreover, understanding the differential response of fish species

o distinct human threats is key to guide new policies concerning
he conservation status of aquatic organisms and rivers.

In this study, we use a set of spatially explicit freshwater threats
ecently developed at the global extent (Vörösmarty et al., 2010),
ogether with a uniquely comprehensive database of freshwater
sh extinctions at the river drainage basin grain, to evaluate to what
xtent each of the main threats have promoted fish extinctions in
he United States of America (USA) and western European river
asins, two presumably well-studied regions where records of fish
xtinctions are available. We  expect that i) riverine fish species,
ncluding resident and diadromous species groups, would present
igh current extinction rates compared to background rates, as
uman threats to aquatic biodiversity are pervasive along the stud-

ed regions; ii) our extinction metrics would be positively related
o many of our selected anthropogenic drivers; iii) diadromous
pecies loss would be more related to anthropogenic drivers linked
o water resource development (e.g., river fragmentation), whereas
ater pollution, catchment disturbance and biotic factors would be

he main determinants of resident fish species loss (Table 1).

. Materials and methods

.1. Biological data

The occurrence of fish species (both native and introduced
pecies) was assessed based on a comprehensive spatial data set on
lobal freshwater fish distribution at the river basin grain (Brosse
t al., 2013). Freshwater fish extinctions were assessed using multi-
le complementary sources. For Western Europe (i.e., from Portugal
o Petchora, Volga and Ural river basins in Russia), we  further
ncorporated registers of fish extinctions per river basin using infor-

ation from (Kottelat and Freyhof, 2007) completed by data from

npublished reports, scientific papers and Red Lists. For the USA,
e used a comprehensive compilation of the extinction status of

ative freshwater fish data from (NatureServe, 2010) completed
y data from (Burkhead, 2012) and (Jelks et al., 2008). Species were
icators 79 (2017) 37–46

considered extinct from a given basin when only historical records
of their presence were reported throughout the hydrological units
composing the river basin (see Table S1 in Supplementary Mate-
rial). False zero extinction values are a potential bias inherent to this
kind of data, mainly affecting small river basins that are most often
under-studied. In order to minimize this potential bias, river basins
having less than five registered species and less than 5000 km2 in
surface area were withdrawn from our dataset (85 small drainage
basins). Lacustrine species were not considered. Because diadro-
mous and resident species may  have differential sensitivity to
anthropogenic threats, and hence different responses in terms
of species extinction, we analyzed separately these two  compo-
nents of fish assemblages. For all species, we therefore compiled
information on their diadromous (i.e., anadromous and catadro-
mous species; hereafter, diadromous), resident and body size status
based on FishBase (Froese and Pauly, 2011). Fish species body size
was based on maximum body length.

2.2. Computing fish extinction ratio

We  computed the historical total native, resident and diadro-
mous species richness for each river basin (Brosse et al., 2013;
Froese and Pauly, 2011); we further calculated presence/absence,
number (i.e., number of extinct species) and percentage of extinc-
tion in each river basin. The percentage of extinction was  calculated
as the number of extinct fish species divided by the total native fish
species richness in each river basin. When separating diadromous
and resident species, total native richness in each case was calcu-
lated accordingly (i.e., richness of diadromous species and richness
of resident species).

When analyzing recent human induced extinctions it is
important, however, to control first for natural extinction rates.
Otherwise, estimates of ongoing natural and anthropogenic extinc-
tion rates could be confounded. To circumvent this problem,
we also used Observed/Natural Extinction ratios per river basin.
To obtain these ratios we relied on a highly accurate empirical
riverine fish population extinction–area relationship previously
established by (Hugueny et al., 2011) for the Northern Hemisphere
to estimate the natural (i.e., background) extinction rates in river
basins (see (Tedesco et al., 2013) for an application) and calcu-
late Observed/Natural Extinction ratios during the last 110 years,
assuming that human-related extinctions started approximately at
this period (Burkhead, 2012; Miller et al., 1989).

The population extinction–area relationship proposed by
(Hugueny et al., 2011) allows calculating the expected natural
extinction rate per species per year, e, as a function of river drainage
surface area, A (in km2):

e = f (A) = 1 − [1/exp(cAb)] (1)

where c = 0.0073 and b = 0.6724. For a given drainage basin sur-
face A, assuming species are identical with regard to extinction risk
and that no colonization occurs from adjacent drainage basins, the
expected natural number of extinct species over t years is given by:

E = SRo − SRo[1 − e]t (2)

with e given by Eq. (1) and SRo being the initial species richness
(see (Tedesco et al., 2013) for further details). Applying Eq. (2),
we obtained the number of species extinctions expected under
natural conditions over the last 110 years for each river basin.
Finally, natural extinctions E were used to compute the extinction
ratios per river basin by dividing the observed number of extinc-
tion by the expected natural extinctions. We  then used this ratio

as a response variable for testing the effects of our set of anthro-
pogenic predictors. A potential source of underestimation for our
background extinction rate could come from the model assump-
tion that all species are identical with regard to extinction risk
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Hugueny et al., 2011). Indeed, species with restricted ranges within
 drainage basin should display higher natural extinction rates than
ore widely distributed species (Saupe et al., 2015). There is no
ay, however, to include this parameter in the model at this time.
mproving the model sensitivity in this regard will certainly refine
ur predictions.

able 1
tressors listed in (Vörösmarty et al., 2010) and their effects on river habitat and aquatic 

Theme Driver Abbrev. 

Catchment disturbance
Croplands Crop 

Impervious Surfaces ImpSurf 

Livestock Density LivDens 

Wetland Disconnectivity WDisc 

Pollution
Soil  Salinization SSalin 

Nitrogen Loading Nitr 

Phosphorus Loading Phosph 

Mercury Deposition Mercu 

Pesticide Loading Pestic 

Sediment Loading Sedim 

Organic Loading Organ 

Potential Acidification PotAcid 

Thermal Alteration TAlt 

Water Resource Development
Dam Density DamD 

River Fragmentation RFrag 

Consumptive Water Loss CWLoss 

Human Water Stress HWStr 

Agricultural Water Stress AWStr 

Flow  Disruption FlowDis 
icators 79 (2017) 37–46 39

2.3. Anthropogenic predictors

In a recent analysis of global threats to river biodiversity,
(Vörösmarty et al., 2010) developed a set of spatially explicit

variables (30 arc-second resolution) grouped in four broad cat-
egories (i.e. Catchment Disturbance, Pollution, Water Resource
Development and Biotic factors) and reflecting the main stress-

biodiversity.

BD Weighta Selected Overall effects

0.31 X Degrades and fragments local riparian habitats
0.25 Degrades local riparian and floodplain habitats,

increases variability of flow
0.18 Degrades local riparian and floodplain habitats,

soil compaction, distorts flow patterns
0.26 X Leads to losses of habitat, nutrient processing

and retention, and organic matter inputs,
distorts flow patterns

0.08 Causes osmoregulatory and ionic stress that
can lead to chronic sub-lethal stress or
mortality

0.12 Fosters eutrophication (and oxygen depletion)
0.13 Fosters eutrophication (and oxygen depletion),

causes blooms of N-fixing cyanobacteria that
can be toxic to aquatic animals

0.05 Jeopardizes animal development and health,
particularly in top predators following
bioaccumulation within food web

0.10 Imposes acute or chronic toxicity through a
variety of mechanisms depending upon
specific pesticide and dose, has indirect effects
on species interactions and ecosystem
processes

0.17 X Increases water turbidity, alters benthic
physical structure, interferes with respiration,
breeding and vision of aquatic animals

0.15 X Changes trophic state of rivers, fosters oxygen
deficits, potentially releases toxic chemicals
and nutrients

0.09 Lethal and sub-lethal effects on sensitive taxa,
increases solubility of certain toxic chemicals,
has indirect effects on food availability for
pH-insensitive taxa

0.11 Alters habitat conditions, excludes native
species, encourage invasion by non-native
species, enhances susceptibility to
eutrophication and oxygen depletion

0.25 Inundates riparian ecosystems, eliminates
turbulent reaches, facilitates invasion by lentic
biota, blocks animal movements, retains
nutrients and sediment that contribute to
downstream river and floodplain productivity

0.30 X Reduces population sizes and gene flow of
aquatic species, restricts animal migrations.
This factor was calculated using the
GWSP-GRAND data set of georeferenced large
dams and represents the proportion of each
drainage basin that is accessible from a given
grid cell. This factor thus summarizes the
potential impact of river network
fragmentation on fish populations.

0.22 X Decreases contaminant dilution potential,
reduces habitat area, distorts flow patterns

0.04 Decreases contaminant dilution potential,
reduces habitat area, distorts flow patterns

0.07 Decreases contaminant dilution potential,
reduces habitat area, distorts flow patterns

0.12 Retains nutrients, organic material, and fine
particles, alters hydrological and thermal
regimes
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Table 1 (Continued)

Theme Driver Abbrev. BD Weighta Selected Overall effects

Biotic Factors
Non-Native Fishes (%) %Exot 0.26 Xb Competes with and/or preys upon native

species, alters structure and functioning of
ecosystems, may  contribute to degradation of
water quality

Non-Native Fishes (#) #Exot 0.21 Competes with and/or preys upon native
species, alters structure and functioning of
ecosystems, may  contribute to degradation of
water quality

Fishing Pressure FishPres 0.34 Alters community structure and can give rise to
trophic cascades, induces behavioral changes,
may  contribute to degradation of water quality

Aquaculture Pressure AquaPres 0.19 Degrades water quality through concentrated
chemical pollution, may  alter habitat structure
and flow, provides a source of non-native
species

genic 
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a See Suppl. Inform. from (Vörösmarty et al., 2010).
b This threat was  computed based on our own data set (see Section 2.3. Anthropo

rs for freshwater organisms (Table 1). Based on the expertise of
reshwater specialists, these authors also weighted the supposed
iological importance of each stressor and aggregate them to obtain

 synthetic Incident Biodiversity Threat index (hereafter IBT). We
rst used the IBT index to evaluate the potential link between
verall aquatic threats and the pattern of fish extinction in river
asins. In a second step, as our aim here was to assess the specific
ole of individual anthropogenic stressors in biodiversity loss, we
xtracted the two most weighted stressors within each category
except for the “Biotic factors” category where only one stres-
or was selected due to high collinearity between stressors) and
omputed their mean values for each drainage basin. This proce-
ure selects a parsimonious subset of the most important stressors
eeping low collinearity between them. As we extracted stressor
alues at the sub-drainage scale (Lehner et al., 2006), our mean
alue for the entire drainage basin was calculated by averaging val-
es of all sub-drainages constituting the drainage basin, weighted
y their respective surface area. This surface-related weighting
rocedure assures better estimates of mean threats per drainage
asin when heterogeneity in threat level is important among sub-
rainages (e.g., without weighting by sub-drainage surface, a small,
ighly-impacted sub-drainage would contribute most to the over-
ll drainage threat mean). We  relied on the Fish-SPRICH database
Brosse et al., 2013) to compute the invasion threats. Therefore,
hese stressor values were rescaled to vary between 0 and 1 using
he same Cumulative Distribution Function approach adopted by
Vörösmarty et al., 2010) (and Supplementary Information therein).
elected stressors and their putative effects on fish extinctions are
isted in Table 1.

.4. Data analysis

Presence-absence of fish extinction: we assigned “1” to river
asins in which the presence of at least one fish extinction has
een recorded whereas those without fish extinction records were
et to “0”. This qualitative approach is useful because the whole
rainage basin is only assigned to “0” if none of its fish species have
een recorded as extinct, therefore minimizing the detection failure
f fish extinction. We  then modeled the presence/absence of fish
xtinction on river basins by applying Generalized Linear Models
GLMs) with Bernoulli error distribution (logit link function). The
urface area and total native fish richness of each drainage basin

both log10-transformed, centered and scaled so that they have zero

ean and unit standard deviation) were also included as predictors
n the model as the surface area of a drainage basin is supposed to be
egatively linked to species extinction rates (Hugueny et al., 2011)
predictors).

and as extinction probability is supposed to be positively linked to
species richness.

Percentage of fish extinction: we  modeled the percentage of
fish extinction (i.e., number of extinct species divided by the total
number of species) against our selected stressors using General-
ized Linear Models with Beta-Binomial error distribution (logit link
function). This model is equivalent to fitting Binomial GLM in which
the probability of success and its variance are Beta distributed (Zuur
et al., 2015). The Beta-Binomial GLMs are useful here as they allow
modeling proportions ranging from 0 to 1 as a function of stress-
ors while controlling for overdispersion (i.e., more variability than
expected under the classic Binomial GLM) on the response variable.
Total native fish species richness (log10-transformed, centered and
scaled) was also included in the model to control for potential bias
in % values of fish extinction due to differences in overall species
richness between drainage basins.

Number of fish extinction: we  modeled the number of extinction
events (i.e., fish extinction count per river basin) by fitting GLMs
with Negative-Binomial error distribution (log link function). This
is equivalent to fitting GLMs with Poisson error distribution, but
the Negative-Binomial distribution explicitly integrates data vari-
ability and avoids over-dispersion due to high frequencies of small
numbers and zeros on the response variable. Additionally, both the
(log10-transformed, centered and scaled) surface area and total fish
richness of each basin were included as predictors as large basins
tend to display high overall species richness and thus high number
of fish extinction events.

Observed/natural extinction ratios: we further modeled the
observed/natural extinction ratios against our selected stressors
using Ordinary Least Square (OLS) with Gaussian error distribu-
tion (identity link function). The Observed/Natural extinction ratios
were log10-transformed before modeling. In this case, the surface
area of the river basin was not included as it was directly taken into
account when calculating extinction ratios (see Section 2.2, and Eq.
(1)).

As extinctions were established from the past 110 years and as
(Vörösmarty et al., 2010) anthropogenic factors represent a portrait
of conditions from the mid-1990s to about 2005, extinctions could
be related to events (i.e. anthropogenic disturbances) that had
happened back in time. To evaluate this possibility we  further intro-
duced in our models a human demographic factor (i.e., the mean
annual rate of increase in human population density between 1900
and 2000 per river drainage basin [calculated as the log10(density

2000 − density 1900)/100] using data from (Klein Goldewijk et al.,
2011). Although not all types of impact are necessarily associated
with the human density, this factor is usually a reliable synthetic
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ig. 1. Percentage of extinction (a) and Observed/Natural extinction ratios (b) of 

epresent basins where no extinction has been recorded.

roxy for biological threat over broad spatial scales (Cardillo et al.,
004). Two European river basins (Dordogne and Shannon-Ireland)
howed a decrease in human population densities during the last
entury, and have been excluded from the data set.

A binary covariate distinguishing USA (0) and European (1) river
asins was included in all models (i.e., presence/absence, count,
ercentage and extinction ratio) to assess differences in fish species

oss among continents. Collinearity among predictors was assessed
ith the Variance Inflation Factor (VIF) in all models; although

here are no canonical rules of thumb, VIF values <10 are acceptable
nd indicate low collinearity among predictors (Dormann et al.,
012). Models were built considering all species and then separat-

ng diadromous from resident species to investigate differences in
xtinction rates for both groups of species. Finally, we used a Lin-
ar Mixed-Effect Model (LMM,  (Zuur et al., 2009)) with species as
ampling points in order to test for differences in maximum body
ize between extinct and extant species and explicitly included a
andom hierarchical effect of Order/Family/Genus. Such random
ierarchical structure is useful to control for potential differences

n body size related to taxonomic effects (i.e., a proxy for phyloge-
etic effects) as species from the same genus often share similar
ody sizes compared to species from distinct genera and families.

The significance of all predictors was determined by dropping
ndividual variables by applying Likelihood Ratio Tests (LRT), and,
n order to be conservative, significance was set at p < 0.01. We  fur-
her calculated the pseudo-R2 using null and residual deviances
rom GLM models as a measure of model fit (Zuur et al., 2009). All
nalyses and graphics have been performed under R environment
R Core Team, 2013) using glmmADMB (Skaug et al., 2015) and

ASS (Venables and Ripley, 2002) packages.

. Results

.1. Overall estimates

A total of 934 species inhabiting 111 river basins were ana-

yzed (see Table S1 in Supporting Material), representing 73% of
he total number of species listed in (Brosse et al., 2013) for both

estern Europe and the USA. Among all river basins (mean = 1.063
pecies extinction by river; sd = 1.66; range = 0–8), 50 have suf-
sh species per river basin for the USA and Western Europe. Dark-gray polygons

fered, at least one species extinction (mean = 2.36 extinctions;
sd = 1.75; range = 1-8). For USA, the highest numbers of species
extinction are found in the Mississippi (8), Grande (6) and Red
(5) river basins whereas for Western Europe the highest numbers
of species extinction are found in the Dnestr (7), Seine (5), Dnepr
(5), and Danube (4) river basins. IBT values vary from 0.15 to 0.98
(mean = 0.79; sd = 0.18), showing that all river basins analyzed are
somehow disturbed and many of them highly altered by human
activities. The mean percentage of species extinction per river basin
is 3.4% (sd = 5.9%; range = 0–33%, 1st quartile = 0, 3rd quartile = 4.94,
median = 0; Fig. 1a).

The Observed/Natural extinction ratios show that fish species
extinctions in the last century are, on average, 112 times (sd = 238,
median = 0, range = 0-1188; 1 st quartile = 0, 3rd quartile = 91)
higher than expected under natural conditions, although many
river basins have no recorded species extinctions. Among the
50 river basins with non-zero extinction values, the Colorado
(1112), Grande (668), and Mississippi (553) river basins in USA
and the Dnepr (1188), Volga (1047), and Danube (826) river basins
in Europe show the highest Observed/Natural extinction ratios
(Fig. 1b).

Finally, no difference in mean body size was found between
extant and extinct species (LMM:  LRT = 0.13, p = 0.72; Fig. 2), after
controlling for potential taxonomic effects.

3.2. Model results

Neither the Incident Biodiversity Threat index nor the rates
of increase in human population density are significantly related
to fish extinctions, whatever the adopted response variable (i.e.
presence/absence, count, % of extinctions or Observed/natural
extinction ratios) (Table 2a). In turn, the total surface area of the
drainage and its total native species richness, when entered in
the models, are both and often positively related to fish extinc-
tions. According to the Observed/Natural extinction ratios model,
diadromous species loss was  higher in Europe compared to USA.
When analyzing individual threats, results vary depending on
the response variable (Table 2b). For presence/absence models,
both variables total surface area of the drainage and total native
species richness are most of times significantly and positively
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Table 2
Summary (parameters and standard error) of Presence/Absence (Bernoulli), Proportion (Beta-Binomial), Count (Negative-Binomial) GLMs and Extinction Ratio (Gaussian, Ordinary Least Square) models relating extinction to
combined (a)), and individual (b)) anthropogenic threats in the USA and European river basins. Models have been fitted for Total (N = 111 river basins), Diadromous (N = 109) and Resident (N = 102) fish species. Small values of the
Variance Inflation Factor (VIF) indicate colinearity is not affecting model results.

a) P/A Proportion Count Extinction Ratio

Composed Threats Total Diad Res Total Diad Res Total Diad Res Total Diad Res

(Intercept) 0.31(1.36) −3.69(1.93) −2.63(1.52) −2.77(0.92) −5.63(1.64) −2.87(1.09) −1.39(0.87) −4.29(1.61) −2.82(1.09) 0.86(0.55) 0.43(0.6) 0.34(0.47)
HumanDensity dif (log) 0.15(0.27) 0.48(0.3) −0.51(0.46) −0.02(0.17) 0.1(0.19) −0.53(0.35) 0.05(0.17) 0.34(0.22) −0.53(0.35) −0.07(0.12) 0.05(0.12) −0.16(0.11)
Incbd  Threat −0.72(1.74) −1.78(1.82) −1.26(2.1) −0.56(1.01) −0.6(1.28) −1.86(1.48) 0.11(1.06) −1.35(1.39) −1.09(1.48) 0.1(0.69) 0.33(0.74) 0.22(0.58)
Continent(USA = 0, EU = 1) −0.36(0.31) 0.23(0.27) −0.18(0.43) 0.31(0.2) 0.26(0.19) 0.28(0.3) −0.05(0.19) 0.06(0.19) 0.09(0.32) 0.03(0.11) 0.3(0.11)** −0.21(0.09)*

Surface area (log10) 1.53(0.35)** 1.14(0.33)** 0.51(0.3)P – – – 0.61(0.14)** 0.58(0.17)** 0.31(0.17)P – – –
Species  richness (log10) 0.02(0.38) 1.71(0.68)** 0.79(0.36)* −0.14(0.54) 2.79(1.36)* 0.28(0.55) 0.32(0.23) 1.82(0.59)** 0.87(0.26)** – – –

VIF  1.68(0.35) 1.22(0.19) 1.86(0.57) 1.03(0.02) 1.51(0.49) 1.03(0.01) 1.84(0.52) 1.32(0.22) 1.92(0.73) 1.19(0.16) 1.19(0.16) 1.18(0.16)
R2 (%) 23 30 21 2 5 4 29 38 43 0 5 4
Dispersion Parameter – – – 28.45(10.81) 15.53(7.54) 51.39(30.63) 1.63(0.73) 1.38(0.73) 1.49(1.01) – – –
Residual  – – – – – – – – – 1.12 1.12 0.93

b)  P/A Proportion Count Extinction Ratio

Individual Threats Total Diad Res Total Diad Res Total Diad Res Total Diad Res

(intercept) −2.3(2.15) −6.07(2.05) −8.15(2.54) −4.32(1.06) −5.14(1.57) −6.3(0.99) −1.34(1.29) −5.21(1.61) −7.51(1.65) 0.94(0.1) 0.69(0.1) 0.49(0.09)
HumanDensity dif (log) 0.11(0.34) 0.4(0.39) −1.03(0.56)* −0.07(0.19) 0.18(0.25) −0.77(0.38)* 0.09(0.2) 0.33(0.28) −0.89(0.4)* −0.14(0.14) 0.08(0.15) −0.28(0.13)*

Crop −0.31(0.63) −0.57(0.8) −1.82(0.85)* −0.03(0.37) 0.49(0.61) −1.05(0.46)* 0.26(0.36) 0.41(0.6) −1.1(0.47)* 0.12(0.27) 0.3(0.27) −0.25(0.23)
Wdisc  −0.13(0.31) −0.02(0.42) −0.38(0.36) −0.13(0.18) 0.07(0.29) −0.17(0.24) −0.04(0.17) −0.23(0.31) −0.07(0.2) 0.01(0.12) 0.09(0.13) −0.08(0.11)
Sedim  0.95(0.56)P 1.1(0.68)P 1.3(0.86)P 0.21(0.29) 0.16(0.4) 0.75(0.54) 0.47(0.35) 0.42(0.43) 0.5(0.51) 0(0.22) −0.06(0.22) 0.23(0.18)
Organ  −1.28(0.88) −1.02(1.08) −0.79(1.06) −0.48(0.46) −0.92(0.74) −0.45(0.69) −0.59(0.49) −0.89(0.72) −0.6(0.65) −0.07(0.36) −0.08(0.36) 0.08(0.3)
Rfrag  −0.09(0.32) −0.19(0.38) 0.49(0.43) 0.24(0.18) 0.23(0.22) 0.29(0.26) 0.15(0.19) −0.19(0.27) 0.28(0.24) 0.35(0.12)** 0.29(0.12)* 0.3(0.11)**

CWLoss 0.56(0.53) 0.37(0.69) 0.49(0.6) 0.1(0.29) 0.16(0.45) 0.16(0.36) −0.18(0.3) 0.02(0.47) 0.33(0.35) −0.04(0.19) −0.22(0.2) 0.02(0.17)
%Exot  0.32(0.34) 0.34(0.37) 0.91(0.51)P 0.56(0.21)** 0.26(0.26) 0.75(0.3)** 0.18(0.2) 0.22(0.25) 0.75(0.31)* 0.22(0.13)P 0.21(0.14) 0.08(0.11)
Continent(USA = 0, EU = 1) 0.06(0.47) 0.43(0.45) 1.38(0.81)P 0.62(0.24)** 0.52(0.29)P 1.07(0.38)** 0.08(0.3) 0.07(0.3) 1.55(0.54)** 0.19(0.14) 0.45(0.14)** −0.15(0.12)
Surface  area (log10) 1.52(0.41)** 1.34(0.4)** −0.09(0.49) – – – 0.58(0.2)** 0.73(0.22)** −0.34(0.28) – – –
Species  richness (log10) 0.62(0.64) 2.1(0.85)** 2.24(0.82)** 0.5(0.69) 1.75(1.46) 1.54(0.67)* 0.31(0.38) 1.71(0.65)** 2.1(0.52)** – – –

VIF  4.71(3.98) 4.5(4.41) 5.27(3.75) 1.05(0.02) 1.45(0.47) 1.34(0.25) 4.68(3.08) 4.2(3.86) 5.88(4.19) 3.98(3.66) 3.88(3.49) 3.8(3.36)
R2 (%) 28 34 35 9 8 16 34 42 55 8 11 11
Dispersion Parameter – – – 41.32(17.8) 17.67(9.17) 105.01(69.3) 1.83(0.83) 1.43(0.72) 4(4.95) – – –
Residual  – – – – – – – – – 1.06 1.08 0.89

P 0.05 < p < 0.10.
** p < 0.01.
* 0.01 < p < 0.05.
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ig. 2. Maximum body size-frequency (Total length, in cm)  distribution of all (black),
nd extinct (gray) fish species found in both European continent and the USA.

elated to extinctions. For proportion models, basins with higher
roportion of exotic species have higher total and resident fish
xtinctions (Fig. 3a). Still, European continent show higher total
nd resident fish loss compared to USA. For count models, total sur-
ace area of the drainage and total species richness are both often
ignificantly and positively related to fish extinctions; still, the
umber of resident fish extinction in Europe is higher compared to
SA. Finally, when using Observed/Natural extinction ratios, river

ragmentation is significantly and positively related to total and res-
dent fish extinctions (Fig. 3b); still, Europe has higher diadromous
xtinction ratios compared to the USA.

. Discussion

This work provides the first large-scale analysis of the relation-
hips between riverine fish extinction and anthropogenic threats.
o do so we focused on river basins from Western Europe and the
SA, two of the most heavily impacted regions on Earth and ben-
fiting from documented information on the extinction status of
iverine fish species (Burkhead, 2012; Freyhof and Brooks, 2011;
elks et al., 2008; Kottelat and Freyhof, 2007; NatureServe, 2010).
n general, when considering only presence/absence or extinction
umbers, almost 50% of the drainage basins analyzed here have
uffered extinctions and these extinctions seem to have occurred
referentially in large rivers (i.e., Mississippi, Grande and Red river
asins for the USA and Dnestr, Seine, Dnepr and Danube river basins
or Western Europe).

When considering extinction rates, Observed/Natural extinction
atios show that fish species extinctions in the last century are,
n average, 112 times higher than expected under natural condi-
ions. The average 112-fold increase of extinction rates observed
ere includes all river basins; i.e., those affected by species extinc-
ions as well as those with no recorded extinction. For this reason,
he average increase in extinction rate is lower compared to recent
stimates for the Nearctic fish fauna made by (Burkhead, 2012)
nd (Tedesco et al., 2013) (respectively 855 and 130 times higher
han natural extinction rates). Contrary to our study, (Tedesco

t al., 2013) considered only river basins affected by species extinc-
ions, while (Burkhead, 2012) did not use river basins as spatial
ample units. Our estimated average increase in fish extinction
ates is thus clearly conservative compared to the estimates made
icators 79 (2017) 37–46 43

by these authors. Indeed, when focusing only on drainage basins
impacted by species extinctions in our database, extinction rate
estimates increased and reached similar levels as the ones observed
by (Burkhead, 2012) (up to 998 times; Fig. 1b). Following these
results, there is no doubt that biodiversity of freshwater fish is
increasingly threatened (Burkhead, 2012; Dudgeon et al., 2006;
Olden et al., 2007; Ricciardi and Rasmussen, 1999; Tedesco et al.,
2013).

Our results are, however, somewhat weak when trying to dis-
entangle the role of the most well-known anthropogenic drivers
(Dudgeon et al., 2006; Jelks et al., 2008) in driving fish species
loss. Indeed, our statistical models lead to several conclusions.
First, whatever the response variable used (i.e. presence/absence
of extinction, number of extinction, percentage of extinction and
Observed/natural extinction ratios), we  found no significant link
between the Incident Biodiversity Threat (IBT) index developed
by (Vörösmarty et al., 2010) and the loss of riverine fish diversity.
Hence, our results suggest that the IBT is too coarse to predict fish
extinctions at the drainage basin grain.

Second, when individual threats were included in the mod-
els, we found a nearly systematic positive relationship with the
size of the river drainage basin. This result is unexpected as eco-
logical theory predicts that large areas support more individuals
through high habitat diversity and availability, and should thus
show lower species extinctions rates (MacArthur and Wilson, 1967;
Williamson, 1988). Three explanations can be invoked for this
surprising pattern. The size of rivers co-varies with important
anthropogenic stressors not accounted for in our study. This expla-
nation seems quite doubtful as we  used here, as explanatory factors,
the most widely known biotic and abiotic threats to fish bio-
diversity (reviewed in (Dudgeon et al., 2006; Vörösmarty et al.,
2010)). Compared to small rivers, large rivers host higher number
of small-sized species (Tedesco et al., 2012). Small-sized species
have generally small range size (Pyron, 1999; Tales et al., 2004)
and are thus supposed to be more prone to extinction (Reynolds
et al., 2005). If the extinct species analyzed here were preferen-
tially small-bodied species, then a positive relationship between
fish extinctions and river size would be expected. However this
potential explanation is unlikely as no difference in maximum body
size distribution was found between the overall set of species and
the set of extinct ones. Another possibility is that only large river
basins have well documented fish extinctions. Although we tried to
control for this potential bias by only selecting river basins larger
than 5000 km2, this last explanation, even if likely, remains to be
further evaluated.

Third, when accounting for natural extinction rates, which
seems, in our opinion, the best way  to analyze human driven
extinction patterns, only river fragmentation by dams was  found
to play a significant, yet weak, role in explaining current patterns
of fish extinction. Dams act directly on the degree of connectivity
between species sub-populations by decreasing the permeability
and availability of habitat within drainages (Luttrell et al., 1999;
Pelicice et al., 2015; Rahel, 2007). Furthermore, dams eliminate the
natural flow dynamics of rivers (Poff et al., 2007) to which fresh-
water fish assemblages are tightly adapted (Mims  and Olden, 2012;
Olden et al., 2006). These new conditions affect meta-population
dynamics both directly and indirectly by decreasing the size of
sub-populations (Alò and Turner, 2005) and the overall genetic
pool (Sterling et al., 2012), thus leading to fish species extinction
(Hugueny et al., 2011; Perkin and Gido, 2011 Perkin and Gido,
2011). Moreover, our results also suggest an increase in extinc-
tion rates only for resident fish species in rivers highly fragmented

by dams. Interestingly, this finding challenges the common idea
that diadromous rather than resident fish species should be the
most affected by dams. Diadromous species may be affected by
the creation of physical barriers that make accessing spawning and
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Fig. 3. Relationship between the percentage of fish extinction and the proportion of exotic fish species per basin (a), and between the extinction ratio and the threat river
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ragmentation by dams (b) for the entire dataset, diadromous and for resident speci
)  GLM with Binomial, and b) OLS with Gaussian distributions) to improve visuali
rom  Table 2b.

eeding grounds difficult (Reidy-Liermann et al., 2012). However,
iadromous species might overcome such fragmentation levels by
rossing dams through fish passes (but see (Brown et al., 2013)),
eproduce in remnant free-flowing river sections (as suggested by
heoretical population models (Jager et al., 2001)) and/or bene-
t from effective conservation efforts undertaken within the two
egions (Vörösmarty et al., 2010). On the other hand, resident
pecies, which tend to be more restrictive in their habitat require-
ents, may  be shrinking as a result of damming which creates

arriers to movement and isolates populations in different sub-
asins (Luttrell et al., 1999). Overall, the negative effects of dams
n fish biodiversity highlighted here have important conservation

mplications as the number of large dam constructions is strongly
ncreasing in tropical regions (Finer and Jenkins, 2012; Lehner et al.,
011; Ziv et al., 2012) where freshwater diversity is concentrated
Oberdorff et al., 2011; Tedesco et al., 2012; Tisseuil et al., 2013).

Fourth, when using extinction descriptors other than
bserved/Natural extinction ratios (i.e., presence/absence, number
r % of extinctions), none of our selected anthropogenic stressors
ad significant effects on extinction patterns, except the percent-
ge of non-native species when modeling the % of extinctions. The
ntroduction of non-native species outside their native range is
onsidered one of the potentially leading threats to contemporary
iodiversity (Sala et al., 2000), including to riverine fish biodiver-
ity (Clavero et al., 2010; Leprieur et al., 2009, 2008). Nevertheless,
he fact that this biotic stressor is no more significant when using
xtinction ratios rises a doubt on the importance of such a threat
n generating significant fish extinctions, at least at the river basin
rain.

Finally, we found no link between the rate of increase in human
opulation density and the loss of riverine fish diversity. This last
esult minimizes the possibility of a mismatch between the tem-
oral ranges of our threats predictors and extinction events in
xplaining the poor correlations found between our stressors and
xtinction patterns.

As with any large-scale analysis, the findings of the current study
re dependent on both the completeness and the accuracy of the
ata underpinning it. There are a number of issues with both the

iological and the threats datasets that could have weakened our
esults. Concerning the threat dataset, though the drivers listed in
Vörösmarty et al., 2010) represent a state-of-the-art summary of
lobal scale geospatial data on threats to riverine systems, they
 plotted data with and without zero values, and included the trend lines (assuming
. Significance of trend lines for data including zero values can be found in models

suffer from limitations imposed by uncertainties in some drivers,
differences in the spatial scale of the original data (e.g., coun-
try versus grid cells), spatial resolution for gridded source data
(e.g., 1 km versus 30′), and the basic quality of original data sets
(Vörösmarty et al., 2010). Concerning our biological dataset, even
if we focused on two well-studied regions where supposedly good
quality records of fish extinctions are available, we cannot discard
the possibility of having missed fish extinctions.

In our opinion, the most probable explanation for the weak
effects found here between human stressors and extinction pat-
terns comes from limitations of both biological and threat datasets
currently available. If this is indeed the case, there is then an urgent
need to increase regional-scale research and monitoring in order to
obtain realistic estimates on extinctions and anthropogenic threats
in individual river basins. Without realistic estimates of biodiver-
sity loss and of the major threats to biodiversity we will have
difficulties in proposing appropriate actions to avert the current
trends in species loss. Filling in biodiversity threat gaps should be
a priority (Joppa et al., 2016).

Acknowledgements

We are in debt with NatureServe for providing the USA biological
data. This work was  supported by the EU BIOFRESH project (FP7-
ENV-2008, Contract n◦ 226874) and the French National Agency for
Research (ANR-09-PEXT-008). M.S.D. received PhD (Science with-
out Borders program, MCTI/MEC, CNPq/GDE n◦ 201167/2012-3)
and Post-Doctoral grants from CNPq (PDJ n◦ 150784/2015-5). The
authors thank two  anonymous reviewers for their constructive
comments.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ecolind.2017.
03.053.
References

Alò, D., Turner, T.F., 2005. Effects of habitat fragmentation on effective population
size in the endangered Rio Grande Silvery Minnow. Conserv. Biol. 19,
1138–1148, http://dx.doi.org/10.1111/j.1523-1739.2005.00081.x.

http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
http://dx.doi.org/10.1016/j.ecolind.2017.03.053
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x
dx.doi.org/10.1111/j.1523-1739.2005.00081.x


al Ind

B

B

B

B

B

B

C

C

C

C

D

D

D

F

F

F

G

H

H

H

J

J

J

J

M.S. Dias et al. / Ecologic

alian, E., Segers, H., Lévèque, C., Martens, K., 2008. The Freshwater Animal
Diversity Assessment: an overview of the results. Hydrobiologia 595, 627–637,
http://dx.doi.org/10.1007/s10750-007-9246-3.

arnosky, A.D., Matzke, N., Tomiya, S., Wogan, G.O.U., Swartz, B., Quental, T.B.,
Marshall, C., McGuire, J.L., Lindsey, E.L., Maguire, K.C., Mersey, B., Ferrer, E.A.,
2011. Has the Earth’s sixth mass extinction already arrived? Nature 471,
51–57, http://dx.doi.org/10.1038/nature09678.

lanchet, S., Grenouillet, G., Beauchard, O., Tedesco, P.A., Leprieur, F., Dürr, H.H.,
Busson, F., Oberdorff, T., Brosse, S., 2010. Non-native species disrupt the
worldwide patterns of freshwater fish body size: implications for Bergmann’s
rule. Ecol. Lett. 13, 421–431, http://dx.doi.org/10.1111/j.1461-0248.2009.
01432.x.

rosse, S., Beauchard, O., Blanchet, S., Dürr, H.H., Grenouillet, G., Hugueny, B.,
Lauzeral, C., Leprieur, F., Tedesco, P.A., Villéger, S., Oberdorff, T., 2013.
Fish-SPRICH: a database of freshwater fish species richness throughout the
World. Hydrobiologia 700, 343–349, http://dx.doi.org/10.1007/s10750-012-
1242-6.

rown, J.J., Limburg, K.E., Waldman, J.R., Stephenson, K., Glenn, E.P., Juanes, F.,
Jordaan, A., 2013. Fish and hydropower on the U.S. Atlantic coast: failed
fisheries policies from half-way technologies. Conserv. Lett. 6, 280–286, http://
dx.doi.org/10.1111/conl.12000.

urkhead, N.M., 2012. Extinction rates in North American freshwater fishes,
1900–2010. Bioscience 62, 798–808, http://dx.doi.org/10.1525/bio.2012.62.9.5.

ardillo, M.,  Purvis, A., Sechrest, W.,  Gittleman, J.L., Bielby, J., Mace, G.M., 2004.
Human population density and extinction risk in the world’s carnivores. PLoS
Biol. 2, e197, http://dx.doi.org/10.1371/journal.pbio.0020197.

ardillo, M.,  Mace, G.M., Gittleman, J.L., Jones, K.E., Bielby, J., Purvis, A., 2008. The
predictability of extinction: biological and external correlates of decline in
mammals. Proc. R. Soc. B 275, 1441–1448, http://dx.doi.org/10.1098/rspb.
2008.0179.

arpenter, S.R., Stanley, E.H., Vander Zanden, J., 2011. State of the world’s
freshwater ecosystems: physical chemical, and biological changes. Annu. Rev.
Environ. Resour. 36, 75–99, http://dx.doi.org/10.1146/annurev-environ-
021810-094524.

lavero, M.,  Hermoso, V., Levin, N., Kark, S., 2010. Geographical linkages between
threats and imperilment in freshwater fish in the Mediterranean Basin. Divers.
Distrib. 16, 744–754, http://dx.doi.org/10.1111/j.1472-4642.2010.00680.x.

avies, R.G., Orme, C.D.L., Olson, V., Thomas, G.H., Ross, S.G., Ding, T.-S., Rasmussen,
P.C., Stattersfield, A.J., Bennett, P.M., Blackburn, T.M., Owens, I.P., Gaston, K.J.,
2006. Human impacts and the global distribution of extinction risk. Proc. Biol.
Sci.  273, 2127–2133, http://dx.doi.org/10.1098/rspb.2006.3551.

ormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G., Marquéz, J.R.G.,
Gruber, B., Lafourcade, B., Leitão, P.J., Münkemüller, T., McClean, C., Osborne,
P.E., Reineking, B., Schröder, B., Skidmore, A.K., Zurell, D., Lautenbach, S., 2012.
Collinearity: a review of methods to deal with it and a simulation study
evaluating their performance. Ecography 36, 27–46, http://dx.doi.org/10.1111/
j.1600-0587.2012.07348.x.

udgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z., Knowler, D.J., Lévêque,
C.,  Naiman, R.J., Prieur-Richard, A., Soto, D., Stiassny, M.L.J., Sullivan, C.A., 2006.
Freshwater biodiversity: importance, threats, status and conservation
challenges. Biol. Rev. 81, 163–182, http://dx.doi.org/10.1017/
S1464793105006950.

iner, M.,  Jenkins, C.N., 2012. Proliferation of hydroelectric dams in the Andean
Amazon and implications for Andes-Amazon connectivity. PLoS One 7, e35126,
http://dx.doi.org/10.1371/journal.pone.0035126.

reyhof, J., Brooks, E., 2011. European Red List of Freshwater Fishes. Publications
Office of the European Union, Luxembourg.

roese, R., Pauly, D., 2011. FishBase [WWW  Document], URL http://www.fishbase.
org.

iam, X., Ng, T.H., Lok, A.F.S.L., Ng, H.H., 2011. Local geographic range predicts
freshwater fish extinctions in Singapore. J. Appl. Ecol. 48, 356–363, http://dx.
doi.org/10.1111/j.1365-2664.2010.01953.x.

ugueny, B., Oberdorff, T., Tedesco, P.A., 2010. Community ecology of river fishes:
a large-scale perspective. In: Gido, K.B., Jackson, D.A. (Eds.), Community
Ecology of Stream Fishes: Concepts, Approaches, and Techniques. American
Fisheries Society, Bethesda, Maryland, USA, pp. 29–62.

ugueny, B., Movellan, A., Belliard, J., 2011. Habitat fragmentation and extinction
rates within freshwater fish communities: a faunal relaxation approach. Glob.
Ecol. Biogeogr. 20, 449–463, http://dx.doi.org/10.1111/j.1466-8238.2010.
00614.x.

utchings, J.A., Myers, R.A., García, V.B., Lucifora, L.O., Kuparinen, A., 2012.
Life-history correlates of extinction risk and recovery potential. Ecol. Appl. 22,
1061–1067, http://dx.doi.org/10.1890/11-1313.1.

ager, H.I., Chandler, J.A., Lepla, K.B., Van Winkle, W.,  2001. A theoretical study of
river fragmentation by dams and its effects on white sturgeon populations.
Environ. Biol. Fishes 60, 347–361, http://dx.doi.org/10.1023/
A:1011036127663.

elks, H.L., Walsh, S.J., Burkhead, N.M., Contreras-Balderas, S., Diaz-Pardo, E.,
Hendrickson, D.A., Lyons, J., Mandrak, N.E., McCormick, F., Nelson, J.S., et al.,
2008. Conservation status of imperiled North American freshwater and
diadromous fishes. Fisheries 33, 372–407, http://dx.doi.org/10.1577/1548-

8446-33.8.372.

enkins, M., 2003. Prospects for biodiversity. Science 302, 1175–1177, http://dx.
doi.org/10.1126/science.1088666.

oppa, L.N., O’Connor, B., Visconti, P., Smith, C., Geldmann, J., Hoffmann, M.,  Watson,
J.E.M., Butchart, S.H.M., Virah-Sawmy, M., Halpern, B.S., Ahmed, S.E., Balmford,
icators 79 (2017) 37–46 45

A., Sutherland, W.J., Harfoot, M.,  Hilton-Taylor, C., Foden, W.,  Minin, E.D.,
Pagad, S., Genovesi, P., Hutton, J., Burgess, N.D., 2016. Filling in biodiversity
threat gaps. Science 352, 416–418, http://dx.doi.org/10.1126/science.aaf3565.

Kerr, J.T., Kharouba, H.M., Currie, D.J., 2007. The macroecological contribution to
global change solutions. Science 316, 1581–1584, http://dx.doi.org/10.1126/
science.1133267.

Klein Goldewijk, K., Beusen, A., van Drecht, G., de Vos, M.,  2011. The HYDE 3.1
spatially explicit database of human-induced global land-use change over the
past 12,000 years. Glob. Ecol. Biogeogr. 20, 73–86, http://dx.doi.org/10.1111/j.
1466-8238.2010.00587.x.

Kottelat, M.,  Freyhof, J., 2007. Handbook of European Freshwater Fishes, Published
by the authors, Switzerland.

Lehner, B., Verdin, K., Jarvis, A., 2006. HydroSHEDS Technical Documentation
World Wildlife Fund US, Washington, DC.

Lehner, B., Liermann, C.R., Revenga, C., Vörösmarty, C., Fekete, B., Crouzet, P., Döll,
P.,  Endejan, M.,  Frenken, K., Magome, J., Nilsson, C., Robertson, J.C., Rödel, R.,
Sindorf, N., Wisser, D., 2011. High-resolution mapping of the world’s reservoirs
and  dams for sustainable river-flow management. Front. Ecol. Environ. 9,
494–502, http://dx.doi.org/10.1890/100125.

Leprieur, F., Beauchard, O., Blanchet, S., Oberdorff, T., Brosse, S., 2008. Fish invasions
in the world’s river systems: when natural processes are blurred by human
activities. PLoS Biol. 6, e322, http://dx.doi.org/10.1371/journal.pbio.0060028.

Leprieur, F., Olden, J.D., Lek, S., Brosse, S., 2009. Contrasting patterns and
mechanisms of spatial turnover for native and exotic freshwater fish in Europe.
J.  Biogeogr. 36, 1899–1912, http://dx.doi.org/10.1111/j.1365-2699.2009.02107.
x.

Luck, G.W., Ricketts, T.H., Daily, G.C., Imhoff, M.,  2004. Alleviating spatial conflict
between people and biodiversity. PNAS 101, 182–186, http://dx.doi.org/10.
1073/pnas.2237148100.

Luttrell, G.R., Echelle, A.A., Fisher, W.L., Eisenhour, D.J., 1999. Declining status of
two species of the Macrhybopsis aestivalis complex (Teleostei: cyprinidae) in
the Arkansas River basin and related effects of reservoirs as barriers to
dispersal. Copeia 1999, 981–989, http://dx.doi.org/10.2307/1447973.

MacArthur, R.H., Wilson, E.O., 1967. The Theory of Island Biogeography. Princeton
Univ Pr.

Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-being:
Current State and Trends (No. Vol. 1). Island Press, Washington, DC,  USA.

Miller, R.R., Williams, J.D., Williams, J.E., 1989. Extinctions of North American fishes
during the past century. Fisheries 14, 22–38, http://dx.doi.org/10.1577/1548-
8446(1989)014<0022:EONAFD>2.0.CO;2.

Mims,  M.C., Olden, J.D., 2012. Life history theory predicts fish assemblage response
to  hydrologic regimes. Ecology 93, 35–45.

NatureServe, 2010. Digital Distribution Maps of the Freshwater Fishes in the
Conterminous United States [WWW  Document]. NatureServe, URL http://
www.natureserve.org; Version 3.0. Arlington, VA. U.S.A. (Accessed May  2013).

Oberdorff, T., Tedesco, P.A., Hugueny, B., Leprieur, F., Beauchard, O., Brosse, S., Dürr,
H.H., 2011. Global and regional patterns in riverine fish species richness: a
review. Int. J. Ecol., 12, http://dx.doi.org/10.1155/2011/967631,  Article ID
967631.

Olden, J.D., Poff, N.L., Bestgen, K.R., 2006. Life-history strategies predict fish
invasions and extirpations in the Colorado river basin. Ecol. Monogr. 76, 25–40,
http://dx.doi.org/10.1890/05-0330.

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. Glob.
Ecol. Biogeogr. 16, 694–701, http://dx.doi.org/10.1111/j.1466-8238.2007.
00337.x.

Pelicice, F.M., Pompeu, P.S., Agostinho, A.A., 2015. Large reservoirs as ecological
barriers to downstream movements of Neotropical migratory fish. Fish 16,
697–715, http://dx.doi.org/10.1111/faf.12089.

Perkin, J.S., Gido, K.B., 2011. Stream fragmentation thresholds for a reproductive
guild of Great Plains fishes. Fisheries 36, 371–383, http://dx.doi.org/10.1080/
03632415.2011.597666.

Poff, N.L., Olden, J.D., Merritt, D.M., Pepin, D.M., 2007. Homogenization of regional
river dynamics by dams and global biodiversity implications. PNAS 104,
5732–5737, http://dx.doi.org/10.1073/pnas.0609812104.

Pyron, M.,  1999. Relationships between geographical range size, body size, local
abundance, and habitat breadth in North American suckers and sunfishes. J.
Biogeogr. 26, 549–558, http://dx.doi.org/10.1046/j.1365-2699.1999.00303.x.

R  Core Team, 2013. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rahel, F.J., 2007. Biogeographic barriers, connectivity and homogenization of
freshwater faunas: it’s a small world after all. Freshw. Biol. 52, 696–710, http://
dx.doi.org/10.1111/j.1365-2427.2006.01708.x.

Reidy-Liermann, C., Nilsson, C., Robertson, J., Y. Ng, Rebecca, 2012. Implications of
dam obstruction for global freshwater fish diversity. Bioscience 62, 539–548,
http://dx.doi.org/10.1525/bio.2012.62.6.5.

Reynolds, J.D., Webb, T.J., Hawkins, L.A., 2005. Life history and ecological correlates
of  extinction risk in European freshwater fishes. Can. J. Fish. Aquat. Sci. 62,
854–862, http://dx.doi.org/10.1139/f05-066.

Ricciardi, A., Rasmussen, J.B., 1999. Extinction rates of North American freshwater
fauna. Conserv. Biol. 13, 1220–1222, http://dx.doi.org/10.1046/j.1523-1739.

1999.98380.x.

Sala, O.E., Chapin III, F.S., Armesto, J.J., Berlow, E., Bloomfield, J., Dirzo, R.,
Huber-Sanwald, E., Huenneke, L.F., Jackson, R.B., Kinzig, A., Leemans, R., Lodge,
D.M., Mooney, H.A., Oesterheld, M.,  Poff, N.L., Sykes, M.T., Walker, B.H., Walker,

dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1007/s10750-007-9246-3
dx.doi.org/10.1038/nature09678
dx.doi.org/10.1038/nature09678
dx.doi.org/10.1038/nature09678
dx.doi.org/10.1038/nature09678
dx.doi.org/10.1038/nature09678
dx.doi.org/10.1038/nature09678
dx.doi.org/10.1038/nature09678
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1111/j.1461-0248.2009.01432.x
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1007/s10750-012-1242-6
dx.doi.org/10.1111/conl.12000
dx.doi.org/10.1111/conl.12000
dx.doi.org/10.1111/conl.12000
dx.doi.org/10.1111/conl.12000
dx.doi.org/10.1111/conl.12000
dx.doi.org/10.1111/conl.12000
dx.doi.org/10.1111/conl.12000
dx.doi.org/10.1111/conl.12000
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1525/bio.2012.62.9.5
dx.doi.org/10.1371/journal.pbio.0020197
dx.doi.org/10.1371/journal.pbio.0020197
dx.doi.org/10.1371/journal.pbio.0020197
dx.doi.org/10.1371/journal.pbio.0020197
dx.doi.org/10.1371/journal.pbio.0020197
dx.doi.org/10.1371/journal.pbio.0020197
dx.doi.org/10.1371/journal.pbio.0020197
dx.doi.org/10.1371/journal.pbio.0020197
dx.doi.org/10.1371/journal.pbio.0020197
dx.doi.org/10.1098/rspb.2008.0179
dx.doi.org/10.1098/rspb.2008.0179
dx.doi.org/10.1098/rspb.2008.0179
dx.doi.org/10.1098/rspb.2008.0179
dx.doi.org/10.1098/rspb.2008.0179
dx.doi.org/10.1098/rspb.2008.0179
dx.doi.org/10.1098/rspb.2008.0179
dx.doi.org/10.1098/rspb.2008.0179
dx.doi.org/10.1098/rspb.2008.0179
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1146/annurev-environ-021810-094524
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1111/j.1472-4642.2010.00680.x
dx.doi.org/10.1098/rspb.2006.3551
dx.doi.org/10.1098/rspb.2006.3551
dx.doi.org/10.1098/rspb.2006.3551
dx.doi.org/10.1098/rspb.2006.3551
dx.doi.org/10.1098/rspb.2006.3551
dx.doi.org/10.1098/rspb.2006.3551
dx.doi.org/10.1098/rspb.2006.3551
dx.doi.org/10.1098/rspb.2006.3551
dx.doi.org/10.1098/rspb.2006.3551
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1111/j.1600-0587.2012.07348.x
dx.doi.org/10.1017/S1464793105006950
dx.doi.org/10.1017/S1464793105006950
dx.doi.org/10.1017/S1464793105006950
dx.doi.org/10.1017/S1464793105006950
dx.doi.org/10.1017/S1464793105006950
dx.doi.org/10.1017/S1464793105006950
dx.doi.org/10.1017/S1464793105006950
dx.doi.org/10.1371/journal.pone.0035126
dx.doi.org/10.1371/journal.pone.0035126
dx.doi.org/10.1371/journal.pone.0035126
dx.doi.org/10.1371/journal.pone.0035126
dx.doi.org/10.1371/journal.pone.0035126
dx.doi.org/10.1371/journal.pone.0035126
dx.doi.org/10.1371/journal.pone.0035126
dx.doi.org/10.1371/journal.pone.0035126
dx.doi.org/10.1371/journal.pone.0035126
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0080
http://www.fishbase.org
http://www.fishbase.org
http://www.fishbase.org
http://www.fishbase.org
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
dx.doi.org/10.1111/j.1365-2664.2010.01953.x
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0095
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1111/j.1466-8238.2010.00614.x
dx.doi.org/10.1890/11-1313.1
dx.doi.org/10.1890/11-1313.1
dx.doi.org/10.1890/11-1313.1
dx.doi.org/10.1890/11-1313.1
dx.doi.org/10.1890/11-1313.1
dx.doi.org/10.1890/11-1313.1
dx.doi.org/10.1890/11-1313.1
dx.doi.org/10.1890/11-1313.1
dx.doi.org/10.1890/11-1313.1
dx.doi.org/10.1023/A:1011036127663
dx.doi.org/10.1023/A:1011036127663
dx.doi.org/10.1023/A:1011036127663
dx.doi.org/10.1023/A:1011036127663
dx.doi.org/10.1023/A:1011036127663
dx.doi.org/10.1023/A:1011036127663
dx.doi.org/10.1023/A:1011036127663
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1577/1548-8446-33.8.372
dx.doi.org/10.1126/science.1088666
dx.doi.org/10.1126/science.1088666
dx.doi.org/10.1126/science.1088666
dx.doi.org/10.1126/science.1088666
dx.doi.org/10.1126/science.1088666
dx.doi.org/10.1126/science.1088666
dx.doi.org/10.1126/science.1088666
dx.doi.org/10.1126/science.1088666
dx.doi.org/10.1126/science.aaf3565
dx.doi.org/10.1126/science.aaf3565
dx.doi.org/10.1126/science.aaf3565
dx.doi.org/10.1126/science.aaf3565
dx.doi.org/10.1126/science.aaf3565
dx.doi.org/10.1126/science.aaf3565
dx.doi.org/10.1126/science.aaf3565
dx.doi.org/10.1126/science.aaf3565
dx.doi.org/10.1126/science.1133267
dx.doi.org/10.1126/science.1133267
dx.doi.org/10.1126/science.1133267
dx.doi.org/10.1126/science.1133267
dx.doi.org/10.1126/science.1133267
dx.doi.org/10.1126/science.1133267
dx.doi.org/10.1126/science.1133267
dx.doi.org/10.1126/science.1133267
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
dx.doi.org/10.1111/j.1466-8238.2010.00587.x
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0140
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0145
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0145
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0145
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0145
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0145
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0145
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0145
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0145
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0145
dx.doi.org/10.1890/100125
dx.doi.org/10.1890/100125
dx.doi.org/10.1890/100125
dx.doi.org/10.1890/100125
dx.doi.org/10.1890/100125
dx.doi.org/10.1890/100125
dx.doi.org/10.1890/100125
dx.doi.org/10.1371/journal.pbio.0060028
dx.doi.org/10.1371/journal.pbio.0060028
dx.doi.org/10.1371/journal.pbio.0060028
dx.doi.org/10.1371/journal.pbio.0060028
dx.doi.org/10.1371/journal.pbio.0060028
dx.doi.org/10.1371/journal.pbio.0060028
dx.doi.org/10.1371/journal.pbio.0060028
dx.doi.org/10.1371/journal.pbio.0060028
dx.doi.org/10.1371/journal.pbio.0060028
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1111/j.1365-2699.2009.02107.x
dx.doi.org/10.1073/pnas.2237148100
dx.doi.org/10.1073/pnas.2237148100
dx.doi.org/10.1073/pnas.2237148100
dx.doi.org/10.1073/pnas.2237148100
dx.doi.org/10.1073/pnas.2237148100
dx.doi.org/10.1073/pnas.2237148100
dx.doi.org/10.1073/pnas.2237148100
dx.doi.org/10.1073/pnas.2237148100
dx.doi.org/10.2307/1447973
dx.doi.org/10.2307/1447973
dx.doi.org/10.2307/1447973
dx.doi.org/10.2307/1447973
dx.doi.org/10.2307/1447973
dx.doi.org/10.2307/1447973
dx.doi.org/10.2307/1447973
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0175
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0175
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0175
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0175
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0175
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0175
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0175
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0175
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0180
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
dx.doi.org/10.1577/1548-8446(1989)014<0022:EONAFD>2.0.CO;2
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0190
http://www.natureserve.org
http://www.natureserve.org
http://www.natureserve.org
http://www.natureserve.org
dx.doi.org/10.1155/2011/967631
dx.doi.org/10.1155/2011/967631
dx.doi.org/10.1155/2011/967631
dx.doi.org/10.1155/2011/967631
dx.doi.org/10.1155/2011/967631
dx.doi.org/10.1155/2011/967631
dx.doi.org/10.1155/2011/967631
dx.doi.org/10.1155/2011/967631
dx.doi.org/10.1890/05-0330
dx.doi.org/10.1890/05-0330
dx.doi.org/10.1890/05-0330
dx.doi.org/10.1890/05-0330
dx.doi.org/10.1890/05-0330
dx.doi.org/10.1890/05-0330
dx.doi.org/10.1890/05-0330
dx.doi.org/10.1890/05-0330
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/j.1466-8238.2007.00337.x
dx.doi.org/10.1111/faf.12089
dx.doi.org/10.1111/faf.12089
dx.doi.org/10.1111/faf.12089
dx.doi.org/10.1111/faf.12089
dx.doi.org/10.1111/faf.12089
dx.doi.org/10.1111/faf.12089
dx.doi.org/10.1111/faf.12089
dx.doi.org/10.1111/faf.12089
dx.doi.org/10.1080/03632415.2011.597666
dx.doi.org/10.1080/03632415.2011.597666
dx.doi.org/10.1080/03632415.2011.597666
dx.doi.org/10.1080/03632415.2011.597666
dx.doi.org/10.1080/03632415.2011.597666
dx.doi.org/10.1080/03632415.2011.597666
dx.doi.org/10.1080/03632415.2011.597666
dx.doi.org/10.1080/03632415.2011.597666
dx.doi.org/10.1080/03632415.2011.597666
dx.doi.org/10.1073/pnas.0609812104
dx.doi.org/10.1073/pnas.0609812104
dx.doi.org/10.1073/pnas.0609812104
dx.doi.org/10.1073/pnas.0609812104
dx.doi.org/10.1073/pnas.0609812104
dx.doi.org/10.1073/pnas.0609812104
dx.doi.org/10.1073/pnas.0609812104
dx.doi.org/10.1073/pnas.0609812104
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
dx.doi.org/10.1046/j.1365-2699.1999.00303.x
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0235
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1111/j.1365-2427.2006.01708.x
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1525/bio.2012.62.6.5
dx.doi.org/10.1139/f05-066
dx.doi.org/10.1139/f05-066
dx.doi.org/10.1139/f05-066
dx.doi.org/10.1139/f05-066
dx.doi.org/10.1139/f05-066
dx.doi.org/10.1139/f05-066
dx.doi.org/10.1139/f05-066
dx.doi.org/10.1139/f05-066
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x
dx.doi.org/10.1046/j.1523-1739.1999.98380.x


4 al Ind

S

S

S

T

T

T

T

Zuur, A.F., Ieno, E.N., Walker, N., Saveliev, A.A., Smith, G.M., 2009. Mixed Effects
Models and Extensions in Ecology with R. Springer, New York.

Zuur, A.F., Hilbe, J.M., Ieno, E.N., 2015. A Beginner’s Guide to GLM  and GLMM with
R  – A Frequentist and Bayesian Perspective for Ecologists. Highland Statistics
Ltd., Newburgh, United Kingdom.
6 M.S. Dias et al. / Ecologic

M.,  Wall, D.H., 2000. Global biodiversity scenarios for the year 2100. Science
287, 1770–1774, http://dx.doi.org/10.1126/science.287.5459.1770.

aupe, E.E., Qiao, H., Hendricks, J.R., Portell, R.W., Hunter, S.J., Soberón, J.,
Lieberman, B.S., 2015. Niche breadth and geographic range size as
determinants of species survival on geological time scales. Glob. Ecol. Biogeogr.
24, 1159–1169, http://dx.doi.org/10.1111/geb.12333.

kaug, H., Fournier, D., Bolker, B.M., Magnusson, A., Nielsen, A., 2015. Generalized
Linear Mixed Models Using AD Model Builder.

terling, K.A., Reed, D.H., Noonan, B.P., Warren-Jr, M.L., 2012. Genetic effects of
habitat fragmentation and population isolation on Etheostoma raneyi
(Percidae). Conserv. Genet. 13, 859–872, http://dx.doi.org/10.1007/s10592-
012-0335-0.

ales, E., Keith, P., Oberdorff, T., 2004. Density-range size relationships in French
riverine fishes. Oecologia 138, 360–370, http://dx.doi.org/10.1007/s00442-
003-1430-1.

edesco, P.A., Leprieur, F., Hugueny, B., Brosse, S., Dürr, H.H., Beauchard, O., Busson,
F.,  Oberdorff, T., 2012. Patterns and processes of global riverine fish endemism.
Glob. Ecol. Biogeogr. 21, 977–987, http://dx.doi.org/10.1111/j.1466-8238.2011.
00749.x.

edesco, P.A., Oberdorff, T., Cornu, J.-F., Beauchard, O., Brosse, S., Dürr, H.H.,
Grenouillet, G., Leprieur, F., Tisseuil, C., Zaiss, R., Hugueny, B., 2013. A scenario
for impacts of water availability loss due to climate change on riverine fish
extinction rates. J. Appl. Ecol. 50, 1105–1115, http://dx.doi.org/10.1111/1365-

2664.12125.

isseuil, C., Cornu, J.-F., Beauchard, O., Brosse, S., Darwall, W.,  Holland, R., Hugueny,
B.,  Tedesco, P.A., Oberdorff, T., 2013. Global diversity patterns and cross-taxa
convergence in freshwater systems. J. Anim. Ecol. 82, 365–376, http://dx.doi.
org/10.1111/1365-2656.12018.
icators 79 (2017) 37–46

Vörösmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green, P.,
Glidden, S., Bunn, S.E., Sullivan, C.A., Liermann, C.R., Davies, P.M., 2010. Global
threats to human water security and river biodiversity. Nature 467, 555–561,
http://dx.doi.org/10.1038/nature09440.

Venables, W.N., Ripley, B.D., 2002. Modern Applied Statistics with S. Springer, New
York.

Villéger, S., Blanchet, S., Beauchard, O., Oberdorff, T., Brosse, S., 2011.
Homogenization patterns of the world’s freshwater fish faunas. Proc. Natl.
Acad. Sci. 108, 18003–18008, http://dx.doi.org/10.1073/pnas.1107614108.

Williamson, M., 1988. Relationship of species number to area, distance and other
variables. In: Myers, A.A., Giller, P.S. (Eds.), Analytical Biogeography. Springer,
Netherlands, pp. 91–115, http://dx.doi.org/10.1007/978-94-009-1199-4 5.

Ziv, G., Baran, E., Nam, S., Rodríguez-Iturbe, I., Levin, S.A., 2012. Trading-off fish
biodiversity, food security, and hydropower in the Mekong River Basin. PNAS
109, 5609–5614, http://dx.doi.org/10.1073/pnas.1201423109.

dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1126/science.287.5459.1770
dx.doi.org/10.1111/geb.12333
dx.doi.org/10.1111/geb.12333
dx.doi.org/10.1111/geb.12333
dx.doi.org/10.1111/geb.12333
dx.doi.org/10.1111/geb.12333
dx.doi.org/10.1111/geb.12333
dx.doi.org/10.1111/geb.12333
dx.doi.org/10.1111/geb.12333
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0270
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0270
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0270
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0270
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0270
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0270
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0270
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0270
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s10592-012-0335-0
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1007/s00442-003-1430-1
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/j.1466-8238.2011.00749.x
dx.doi.org/10.1111/1365-2664.12125
dx.doi.org/10.1111/1365-2664.12125
dx.doi.org/10.1111/1365-2664.12125
dx.doi.org/10.1111/1365-2664.12125
dx.doi.org/10.1111/1365-2664.12125
dx.doi.org/10.1111/1365-2664.12125
dx.doi.org/10.1111/1365-2664.12125
dx.doi.org/10.1111/1365-2664.12125
dx.doi.org/10.1111/1365-2664.12125
dx.doi.org/10.1111/1365-2656.12018
dx.doi.org/10.1111/1365-2656.12018
dx.doi.org/10.1111/1365-2656.12018
dx.doi.org/10.1111/1365-2656.12018
dx.doi.org/10.1111/1365-2656.12018
dx.doi.org/10.1111/1365-2656.12018
dx.doi.org/10.1111/1365-2656.12018
dx.doi.org/10.1111/1365-2656.12018
dx.doi.org/10.1111/1365-2656.12018
dx.doi.org/10.1038/nature09440
dx.doi.org/10.1038/nature09440
dx.doi.org/10.1038/nature09440
dx.doi.org/10.1038/nature09440
dx.doi.org/10.1038/nature09440
dx.doi.org/10.1038/nature09440
dx.doi.org/10.1038/nature09440
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0305
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0305
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0305
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0305
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0305
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0305
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0305
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0305
dx.doi.org/10.1073/pnas.1107614108
dx.doi.org/10.1073/pnas.1107614108
dx.doi.org/10.1073/pnas.1107614108
dx.doi.org/10.1073/pnas.1107614108
dx.doi.org/10.1073/pnas.1107614108
dx.doi.org/10.1073/pnas.1107614108
dx.doi.org/10.1073/pnas.1107614108
dx.doi.org/10.1073/pnas.1107614108
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1007/978-94-009-1199-4_5
dx.doi.org/10.1073/pnas.1201423109
dx.doi.org/10.1073/pnas.1201423109
dx.doi.org/10.1073/pnas.1201423109
dx.doi.org/10.1073/pnas.1201423109
dx.doi.org/10.1073/pnas.1201423109
dx.doi.org/10.1073/pnas.1201423109
dx.doi.org/10.1073/pnas.1201423109
dx.doi.org/10.1073/pnas.1201423109
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0325
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330
http://refhub.elsevier.com/S1470-160X(17)30171-1/sbref0330

	Anthropogenic stressors and riverine fish extinctions
	1 Introduction
	2 Materials and methods
	2.1 Biological data
	2.2 Computing fish extinction ratio
	2.3 Anthropogenic predictors
	2.4 Data analysis

	3 Results
	3.1 Overall estimates
	3.2 Model results

	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	References


