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ABSTRACT

Financial and human resources allocated to biodiversity conservation are often limited, making it impossible to protect all natural places, and 
priority areas for protection must be identified. In this study, we applied ecological niche models to predict fish assemblages in the stream 
network of France. Four non-correlated conservation objectives were derived from these species assemblages: taxonomic diversity, func-
tional diversity, natural heritage importance and socio-economic value. We proposed a multi-objective prioritization method based on the 
Pareto optimality principle to rank the planning units (i.e. 6097 subcatchments) according to their inherent trade-offs between the four con-
servation objectives. Four types of hydrosystems of great conservation importance presenting specific fish assemblages were identified: (i) the 
most upstream areas of large catchments; (ii) the most downstream areas of large catchments; (iii) the small coastal catchments of the English 
Channel and the Atlantic Ocean; and (iv) the Mediterranean streams of medium altitude. The fish assemblages characterizing these 
hydrosystems were complementary and representative of the entire fish fauna of France. Most of these priority subcatchments were found to 
be practically suitable for the implementation of conservation actions, which is very promising for the protection of river biodiversity.
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INTRODUCTION

Given the increasing loss of freshwater biodiversity world-

wide, immediate conservation actions are crucially required

to protect aquatic ecosystems (Dudgeon et al., 2006;

Vörösmarty et al., 2010). However, it is impossible to

protect all natural areas because the financial and human

resources available for conservation are limited (Wilson

et al., 2006). Consequently, there is an urgent need to iden-

tify freshwater environments that should be protected as a

priority (Abell et al., 2007; Strayer and Dudgeon, 2010).

Most conservation planning studies have evaluated the

conservation priority of an area based on its species compo-

sition (i.e. species-based approach) (Myers et al., 2000;

Darwall and Vié, 2005). Species can be targeted directly by

identifying a reserve network that ensures the protection of

the whole regional species pool (Collier, 2011). Species sur-

rogates such as diversity metrics can also be used to prioritize

areas for conservation (e.g. Bergerot et al., 2008; Strecker

et al., 2011). These diversity metrics can be used to build

various conservation objectives (e.g. species richness,

species conservation status, functional diversity), which

can result in a comprehensive prioritization when the conser-

vation objectives are considered together and are not redun-

dant (Maire et al., 2013). However, counterproductive

decision-making issues are likely to occur if these objectives

are found conflicting (Rothley, 1999; Ascough et al., 2008).

For instance, the quantification of the conservation interest of

an assemblage made up of numerous but exotic species or

presenting only few but rare species represents a complex

challenge. Conservation planners should thus develop

multi-objective prioritization methods in order to reach a sat-

isfying compromise between contradictory conservation ob-

jectives (Arthur et al., 2004; Kramer et al., 2013).

Freshwater fish constitute one of the most severely threat-

ened taxonomic groups (Collares-Pereira and Cowx, 2004;

Darwall and Vié, 2005) because of high sensitivity to the var-

ious and increasing alterations affecting aquatic habitats

(Dudgeon et al., 2006). They are therefore of great

conservation concern, but the environmental features of the

freshwater ecosystems the most appropriate for the protec-

tion of fish biodiversity have been little investigated. Yet,
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many studies have examined the spatial patterns of fish diver-

sity at the scale of the stream network (e.g. Céréghino et al.,

2005; Pont et al., 2005; Lasne et al., 2007; Buisson and

Grenouillet, 2009; Kanno et al., 2012), but only few of them

have linked their findings to conservation planning issues.

Although the need of designing protected areas dedicated to

freshwater ecosystems is now well acknowledged (Saunders

et al., 2002; Abell et al., 2007; Nel et al., 2009), the definition

and implementation of efficient freshwater conservation

strategies remain a major challenge for the protection of

aquatic biodiversity (Strayer and Dudgeon, 2010; Collier,

2011; Hermoso et al., 2015). The characterization of the en-

vironmental and biological features of priority areas for con-

servation could lead to a comprehensive and locally relevant

management of freshwater ecosystems (Roux et al., 2016).

In this study, we defined several conservation objectives

based on different aspects of the diversity of fish

assemblages (Maire et al., 2013) in French streams. We then

proposed a prioritization procedure based on the Pareto op-

timality principle (Zitzler and Thiele, 1999) which classifies

the solutions of a multi-objective optimization problem

according to a relationship of dominance between them

(Kennedy et al., 2008; Irisarri et al., 2011). Our goals were

to identify sets of priority areas for the protection of fish bio-

diversity in France and to describe them on the basis of their

environmental and biological features. Our final aim was to

derive key principles to support river biodiversity manage-

ment in France, which might also be applied elsewhere.

MATERIALS AND METHODS

Study area and planning units

The French hydrographic network was divided into 6097

homogeneous subcatchments (89 km2 on average)

according to the French national hydraulic database BD

CARTHAGE® (IGN; see www.sandre.eaufrance.fr/

Referentiel-hydrographique). These subcatchments were de-

fined as planning units because this spatial resolution proved

to be appropriate and ecologically relevant for prioritizing

freshwater environments (Linke et al., 2008; Hermoso and

Kennard, 2012).

Fish data

Fish data were provided by the French National Agency for

Water and Aquatic Environment (ONEMA). This database

gathers more than 20 000 stream reaches that were sampled

by standardized electrofishing surveys between 1994 and

2011 (see Poulet et al., 2011 for details). Among the 6097

subcatchments (i.e. planning units) considered in this study,

2889 (47.4%) subcatchments were sampled at least once.

The sampled subcatchments were evenly distributed over

entire France and covered all types of streams, ranging from

small headwater torrents to large lowland rivers. Fish

species presence–absence data of the different stream

reaches or/and sampling occasions included in the same

subcatchment were pooled. A total of 81 different fish spe-

cies were sampled but some of them were omitted from this

study because of insufficient detection (e.g. the European

seabass Dicentrarchus labrax in estuarine environments)

or very unreliable presence (e.g. the fathead minnow

Pimephales promelas). A total of 74 fish species was con-

sidered in the analyses (Table I).

Environmental predictors

Eleven environmental variables relevant to explain the spa-

tial distribution of stream fish species (Oberdorff et al.,

2001; Pont et al., 2005; Buisson and Grenouillet, 2009)

were computed using ArcGIS 10 software (ESRI, 2011)

and were used to characterize the 6097 subcatchments.

Among these variables, four described the hydrography of

the subcatchments: the mean slope (‰), the area of the

drainage catchment upstream of the considered

subcatchment (km2), the hydro-ecoregion (hereafter

‘HER’) (Adour basin, English Channel basins, Garonne ba-

sin, Loire basin, Mediterranean basins, North Sea basins,

Rhône basin, Seine basin, South Atlantic basins; see

Oberdorff et al., 2001) and the relative location of the

subcatchment along the upstream-downstream gradient

which ranged from 0 (the mouth of the catchment) to 1

(the source of the catchment). For the latter variable, a value

of 0.5 thus corresponds to a subcatchment located in the

middle of the catchment, halfway between the source and

the mouth. Four climatic variables were extracted from the

WorldClim database (Hijmans et al., 2005; current condi-

tions based on the period 1950–2000): the mean annual air

temperature (°C), the range of air temperature between the

coldest and the warmest months (°C), the mean annual rain-

fall (mm) and the range of rainfall between the driest and the

wettest months (mm). Given the lack of water temperature

data at such a large scale, air temperatures were used as a

proxy for water temperatures (Caissie, 2006). The last three

variables described anthropogenic pressures: the population

density of the subcatchment (number of inhabitants/km2)

(IGN GEOFLA®, see: www.professionnels.ign.fr/geofla),

the density of hydraulic works (i.e. number of dams or weirs

by river kilometre from the ROE database, see: www.

eaufrance.fr) and the proportion of the different land-cover

types present in the drainage catchment upstream of the con-

sidered subcatchment. For the latter variable, we considered

the coarsest level of distinction between land-cover types

provided by the European land-cover database CORINE

(Bossard et al., 2000). We computed a principal component

analysis (PCA) on the percentages of agricultural and forest
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Table I. List of the species studied. The biogeographical origin, percentages of occurrence in all the subcatchments and in the priority
subcatchments (i.e. Pareto rank ≤ 3), percentages of occurrence in each cluster and significance of the Fisher exact test are also specified.
Species are sorted alphabetically by scientific name

Scientific
name

Common
name

Origin
a

Occurrence in all
subcatchments

(%)

Occurrence in priority
subcatchments

(%)

Occurrence in
clusters (%)

F b

I II III IV

Abramis brama Common bream N 34.1 13.3 100 6.3 0 0 ***
Alburnoides
bipunctatus

Schneider N 21.7 6.0 33.0 0 0 10.3 ***

Alburnus alburnus Common bleak N 39.7 14.1 95.0 7.6 0 4.9 ***
Alosa alosa Allis shad N 0.2 1.0 9.0 0 0 0 *
Alosa fallax fallax Twaite shad N <0.1 0.2 2.0 0 0 0 ns
Alosa fallax
rhodanensis

Rhodanian
twaite shad

END <0.1 0.4 2.0 0 0 0.5 ns

Ambloplites rupestris Rock bass NE 0.1 0.1 1.0 0 0 0 ns
Ameiurus melas Black bullhead NE 26.8 10.5 74.0 7.2 0 0 ***
Anguilla anguilla European eel N 55.3 44.8 100 97.9 0.3 29.9 ***
Aspius aspius Asp IE 2.0 3.4 29.0 0 0 0 ***
Atherina boyeri Big-scale

sand smelt
N 0.1 0.5 3.0 0.4 0 0 ns

Barbatula barbatula Stone loach N 65.9 13.7 13.0 40.9 0 4.9 ***
Barbus barbus Barbel N 36.8 16.5 64.0 13.5 1.7 22.3 ***
Barbus meridionalis Southern barbel END 5.3 17.1 3.0 0 0.3 78.3 ***
Blicca bjoerkna Silver bream N 29.8 11.1 93.0 1.3 0 0 ***
Carassius sp. Crucian carp IE 32.4 13.4 99.0 0.8 0 8.2 ***
Chelon labrosus Thick-lipped

grey mullet
N 3.5 13.4 63.0 15.6 0 8.7 ***

Chondrostoma nasus Nase N 17.9 6.4 41.0 0 0 7.6 ***
Cobitis bilineata Italian loach N <0.1 0.0 0 0 0 0 abs
Cobitis taenia Spined loach N 8.9 2.5 17.0 2.1 0 0 ***
Cottus aturi Adour sculpin END 1.1 6.2 0 8.0 10.1 0 **
Cottus gobio Common bullhead N 10.3 20.0 7.0 0 23.5 46.2 ***
Cottus hispaniolensis Pyrenean sculpin END 0.3 1.0 0 0 2.3 0.5 ns
Cottus perifretum Celtic bullhead N 38.6 14.1 17.0 43.5 0.6 0 ***
Cottus petiti Lez sculpin END <0.1 0.0 0 0 0 0 abs
Cottus rhenanus Rhine sculpin N 4.4 2.8 0 0 7.0 0 *
Cyprinus carpio Common carp NE 32.8 12.8 89.0 3.4 0 7.6 ***
Esox lucius Pike N 40.4 11.9 86.0 7.2 0 0 ***
Gambusia holbrooki Mosquitofish IE 6.2 12.0 38.0 19.8 0 10.3 ***
Gasterosteus gymnurus Three-spined

stickleback
N 28.4 12.7 34.0 28.3 0.9 3.3 ***

Gobio gobio Gudgeon N 43.6 5.0 32.0 1.7 0 3.8 ***
Gobio lozanoi Iberian gudgeon N 4.8 12.1 13.0 38.4 0.3 0 ***
Gobio occitaniae Languedoc

gudgeon
END 26.2 11.3 33.0 1.3 9.3 16.3 ***

Gymnocephalus
cernuus

Ruffe N 26.3 9.2 75.0 1.7 0 0.5 ***

Hypophthalmichthys
molitrix

Silver carp NNE 0.9 1.3 7.0 0.8 0 1.1 ns

Lampetra fluviatilis River lamprey N 2.1 5.0 8.0 14.8 0 0 ***
Lampetra planeri Brook lamprey N 39.5 29.1 9.0 78.9 15.1 2.2 ***
Lepomis gibbosus Pumpkinseed NE 42.7 16.2 98.0 13.9 0 4.9 ***
Leucaspius delineatus Moderlieschen N 18.6 5.7 29.0 8.0 0.3 0 ***
Leuciscus burdigalensis Beaked dace END 29.2 10.1 64.0 8.9 0.3 0.5 ***
Leuciscus idus Orfe IE 1.3 4.0 35.0 0 0 0 ***
Leuciscus leuciscus Common dace N 22.9 1.5 13.0 0 0 0 ***
Liza ramada Thin-lipped

grey mullet
N 2.7 9.6 61.0 3.8 0 7.1 ***

Lota lota Burbot N 8.2 1.5 13.0 0 0 0 ***

(Continues)
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covers present in the drainage catchment upstream of the

considered subcatchment. We kept the first axis of this

PCA that accounted for 98.1% of the total variability to

define the position of each subcatchment along a gradient

of land-use ranging from 0 (agriculture) to 1 (forest).

We lastly ensured that the 11 selected environmental

predictors were not strongly correlated (all Spearman

correlation coefficients<0.7).

Ensemble modelling of fish species distribution

Species distribution models (SDM) were used to relate the

observed fish spatial distribution to the set of environmental

predictors (Guisan and Zimmermann, 2000; Elith and

Leathwick, 2009). We applied six statistical methods avail-

able within the BIOMOD framework (Thuiller et al.,

2009) of the R software (R Development Core Team,

2012) with default settings to our dataset: generalized linear

models, generalized additive models, generalized boosted

models, classification tree analyses, artificial neural net-

works and random forests. We then computed the consensus

model (i.e. the mean value) between the outputs of these six

SDM to get the final probabilities of occurrence for each

species (Marmion et al., 2009). For each SDM and for each

species, we replicated 10 runs by randomly selecting 70% of

the sampled subcatchments for model calibration and 30%

Table I. (Continued)

Scientific
name

Common
name

Origin
a

Occurrence in all
subcatchments

(%)

Occurrence in priority
subcatchments

(%)

Occurrence in
clusters (%)

F b

I II III IV

Micropterus salmoides Large-mouth bass NE 11.8 10.7 70 5.9 0 4.9 **
Misgurnus fossilis Weatherfish N 0.2 0.1 1.0 0 0 0 ns
Mugil cephalus Flathead mullet N 0.2 1.3 6.0 0.8 0 1.6 ns
Oncorhynchus mykiss Rainbow trout NNE 14.1 17.4 14.0 12.2 14.5 31.5 ***
Pachychilon pictum Albanian minnow IE 2.4 0.4 2.0 0 0 0.5 ns
Parachondrostoma
toxostoma

Soiffe N 16.5 12.8 36.0 17.7 0.3 17.4 ***

Perca fluviatilis European perch N 47.9 10.2 83.0 2.1 0 0 ***
Petromyzon marinus Sea lamprey N 9.6 18.2 54.0 43.9 0 0 ***
Phoxinus bigerri Adour minnow END 5.7 17.1 13.0 43.0 9.6 0 ***
Phoxinus phoxinus Eurasian minnow N 55.4 10.5 0 13.1 4.9 23.4 ***
Phoxinus septimaniae Languedoc minnow END 3.0 8.6 10 0.8 1.7 30.4 ***
Platichthys flesus Flounder N 6.1 15.0 58.0 29.5 0.3 0.5 ***
Proterorhinus
semilunaris

Western
tubenose goby

IE <0.1 0.2 2.0 0 0 0 ns

Pseudorasbora parva Stone moroko IE 16.0 9.2 75.0 0.8 0 1.6 ***
Pungitius laevis Nine-spined

stickleback
N 24.2 6.7 20 16.0 0 0 ***

Rhodeus amarus Bitterling N 25.4 8.4 71.0 0.8 0 0 ***
Rutilus rutilus Roach N 56.2 11.2 80 5.9 0 1.6 ***
Salaria fluviatilis Freshwater blenny N 0.2 0.6 2.0 0 0 1.6 ns
Salmo salar Atlantic salmon N 14.5 32.7 11.0 63.3 35.4 0 ***
Salmo trutta Brown trout N 56.2 76.6 1.0 65.4 99.7 88.6 ***
Salvelinus fontinalis Brook trout NNE 3.2 18.5 2.0 0.8 44.1 2.2 ***
Sander luciopercia Pike-perch NE 22.7 11.7 98.0 1.3 0 0 ***
Scardinius
erythrophtalmus

Rudd N 39.2 12.2 96.0 4.2 0 0 ***

Silurus glanis European catfish IE 17.3 11.1 95.0 0.4 0 0 ***
Squalius cephalus European chub N 57.3 15.0 65.0 3.8 0.3 29.9 ***
Telestes muticellus Italian riffle dace END <0.1 0.1 0 0 0 0.5 ns
Telestes souffia Souffia N 9.3 15.5 2.0 0 0.6 70.7 ***
Thymallus thymallus Grayling N 7.0 7.5 6.0 2.5 6.7 16.3 ***
Tinca tinca Tench N 37.9 9.5 80 0.8 0 0 ***
Zingel asper Apron END 0.2 0.7 0 0 0 3.3 *

aOrigin: N = native; NE = naturalized exotic; NNE = non-naturalized exotic; IE = invasive exotic.
bSignificance of the Fisher exact test
***: p< 0.001; **: p< 0.01; *: p< 0.05; ns: non-significant; abs: absent in the priority subcatchments.
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of the data set aside for independent evaluation of SDM per-

formances (Fielding and Bell, 1997; Elith and Leathwick,

2009). The consensus model was evaluated via the Area

Under the Curve (AUC) of the Receiver Operating

Characteristic (ROC) which is a measure of the ratio of the

true presences (i.e. accurately predicted) and the false

presences (i.e. wrongly predicted). We considered that a

model with an AUC value≥ 0.750 was indicative of good

predictive performances (Pearce and Ferrier, 2000; Strecker

et al., 2011).

For each species, we then selected the threshold that max-

imized simultaneously the number of true presences and true

absences to convert the predicted probabilities of occurrence

into presence/absence predictions (Fielding and Bell, 1997).

For each of the 6097 planning units, the species predicted as

being present were pooled to obtain the predicted fish as-

semblage. As recommended by Stockwell and Peterson

(2002), the species occurring too rarely in the dataset (less

than 25 presences; 14 species concerned) were not

modelled. The observed occurrences of these species were

consequently pointed and added to the final predictions of

fish assemblages as it is usually done with scarce species

in conservation planning studies (e.g. Leathwick et al.,

2010; Strecker et al., 2011).

Definition of the diversity-based conservation objectives

Based on the predicted fish assemblages, we computed

nine indices for each of the 6,097 planning units. These

indices can be assigned to four aspects of diversity:

taxonomic diversity, functional diversity, natural heritage

importance and socio-economic value. Each of these

aspects of diversity was considered as a single objective

for the present conservation planning assessment (Maire

et al., 2013).

First, the taxonomic diversity of each fish assemblage was

evaluated by considering the species richness, the range-

sized rarity of the species present (Rarity Index; Fattorini,

2006) and the originality (i.e. rarity) of the assemblage rela-

tive to the assemblages present in the other subcatchments

(Maire et al., 2013).

Second, 21 biological traits that ecologically and func-

tionally describe each species (Buisson et al., 2013; Maire

et al., 2013) were used to assess the functional diversity of

fish assemblages. Based on these traits, we computed three

indices: the functional originality (Buisson et al., 2013),

the functional uniqueness (Buisson et al., 2013) and the trait

diversity (Buisson and Grenouillet, 2009).

Third, the natural heritage importance of each fish assem-

blage was determined by considering the conservation status

(Biodiversity Conservation Concern index; Fattorini, 2006)

and the biogeographical origin (Origin Index; Bergerot

et al., 2008) of the species present.

Last, an index reflecting the different levels of fishing

interest of each species (Fishing Interest Index; Maire

et al., 2013) was computed to assess the socio-economic

value of the fish assemblages.

More details about these indices are available in Appen-

dix S1 and Maire et al. (2013).

We then standardized the nine indices using a ‘0–1 scal-

ing’ procedure (Sneath and Sokal, 1973) to ensure that they

were comparable (Maire et al., 2013). The values of the in-

dices thus range from 0 (low conservation interest) to 1

(high conservation interest). The indices were then summed

within each aspect of diversity to obtain a single value for

each conservation objective. We also standardized the con-

servation objectives between 0 and 1 to make them compa-

rable. We lastly computed Spearman correlation coefficients

between each of the conservation objectives to assess their

redundancy.

Multi-objective prioritization using Pareto optimality

ranking

To obtain a single value of conservation priority for each

of the 6097 planning units (i.e. subcatchments) that takes

into account the four conservation objectives, we have ap-

plied an approach based on the Pareto optimality principle

(Reynolds and Ford, 1999; Zitzler and Thiele, 1999). This

principle has been identified as one of the most suitable

methods to solve multi-objective optimization problems

in various scientific fields (Ascough et al., 2008;

Moilanen et al., 2009; Irisarri et al., 2011; Firn et al.,

2015). The Pareto optimality principle is built on the rela-

tionship of dominance between solutions (here, planning

units). A solution is defined as non-dominated if no other

solution presents higher values for all objectives simulta-

neously (Kennedy et al., 2008; Kramer et al., 2013).

The solutions that are not dominated by any other solu-

tions belong to the first Pareto rank and represent the

planning units of highest conservation priority (i.e. the op-

timal trade-off alternatives among the four conservation

objectives that cannot be objectively differentiated;

Rothley, 1999). Consequently, each planning unit is

assigned to one single Pareto rank, from 1 to N following

a decreasing order of conservation priority, within which

all the planning units are considered equivalent. The

methodological intricacies of the Pareto optimality ranking

are illustrated in Figure 1.

Characterization of the top-ranked subcatchments

According to Pareto optimality ranking (i.e. conservation

priority), the 6097 subcatchments were divided into two

groups: (i) the top-ranked subcatchments belonging to

Pareto ranks from 1 to 3; and (ii) the subcatchments of

5



lower conservation priority belonging to Pareto ranks equal

or higher than 4. This partitioning in two groups represents

a fair compromise between a good discrimination and a

sufficient number of priority subcatchments to allow

various management alternatives. We have thereafter

focused only on the group of subcatchments of highest

conservation priority (hereafter, priority subcatchments).

A hierarchical cluster analysis (HCA) was applied to the

fish assemblages of the priority subcatchments to identify

clusters of fish assemblages. Then, the difference of occur-

rence of each species (i.e. percentage of subcatchments

where the species was predicted as present) between clus-

ters was tested using Fisher exact tests. The environmental

differences (e.g. location along the upstream-downstream

gradient, drainage area, altitude) of the priority

subcatchments between clusters were investigated using

Kruskal–Wallis tests, which were followed by a Dunn’s

post-hoc test to compare each pair of clusters when the dif-

ference was significant.

RESULTS

The modelling procedure resulted in models with accurate

predictive performances for most species (see Table S1).

Among the 6097 subcatchments, 4178 different fish assem-

blages were predicted (i.e. at least one species differed

between them), and 3532 (57.9%) subcatchments presented

unique fish assemblages (i.e. predicted only once among all

the 6097 subcatchments).

Based on the predicted fish assemblages, the nine indi-

ces were computed, and then assembled to get the four

conservation objectives (Figure 2). The greatest absolute

Spearman correlation was found between the taxonomic

diversity and the natural heritage importance but remains

low (ρ=�0.385), indicating that the conservation objec-

tives were not strongly correlated. They were thus not re-

dundant and evaluated distinct conservation features.

Among the most noteworthy patterns, it appeared that

the downstream part of the large rivers presents high

Figure 1. Schematic representation of the Pareto optimality ranking. For a better understanding, the example of a two-objective assessment
was chosen, but the principle is similar with more than two objectives. Every plotted symbol represents a ‘solution’ (Si) to rank. The different
Pareto dominance relationships to solution S7 are shown. Three cases are possible: (i) S7 presents higher values for all objectives than other
solutions (S11 to S13) which means that S7 is dominating these solutions based on the Pareto optimality principle; (ii) S7 presents lower values
for all objectives than other solutions (S1 to S4) indicating that these areas are dominating S7; and (iii) S7 presents a higher value for at least
one objective but the other solutions present a higher value for at least another objective (S5, S6 and S8 to S10) which leads to equivalent (i.e.
not comparable) solutions on the basis of the Pareto optimality principle. By applying the principle of Pareto optimality ranking, each solution
can be ranked relatively to the others: the solutions that are not dominated by any solutions form the first Pareto rank (S1 to S3; triangles); the
solutions that are solely dominated by the solutions of the first rank form the second Pareto rank (S4; circle), and so forth until all the solutions

are assigned to a specific Pareto rank
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values of taxonomic diversity but low natural heritage im-

portance. The small coastal catchments display great

values of both functional diversity and natural heritage

importance while they are poorly ranked according to

their taxonomic diversity. The mountain ranges show

great socio-economic value but generally a quite low

functional diversity.

The Pareto optimality ranking resulted in the classifica-

tion of the 6097 subcatchments into 20 distinct Pareto ranks,

from highest (1st Pareto rank) to lowest (20th Pareto rank)

conservation priorities (Figure 3). Each rank comprised

305 subcatchments on average (standard deviation =186).

A total of 866 priority subcatchments (i.e. Pareto ranks≤ 3)

was identified, which represented about 14% of the entire

French hydrographic network. Most of them were (i)

headwater streams located in the mountain ranges (i.e. the

Alps, the Pyrenees and the Vosges); (ii) small coastal

streams (i.e. the English Channel basins, the South Atlantic

basins and the Mediterranean basins); or (iii) the

downstream part of the main axis of the major rivers (i.e.

the Loire, the Seine, the Garonne and the Rhône rivers). In

contrast, the lowland tributaries of the Garonne and Loire

rivers, as well as some of the subcatchments of the South

Atlantic basins (e.g. the Charente River), presented the low-

est conservation priorities.

The hierarchical clustering of the priority subcatchments

based on the composition of fish assemblages resulted in

the identification of four clusters (Figure 4). Species occur-

rences between clusters were significantly different for most

species (Fisher exact test, p<0.001), except for the scarcest

ones, such as freshwater blenny Salaria fluviatilis or twaite

shad Alosa fallax fallax (Table I). The cluster I is dominated

by limnophilic species (e.g. common bream Abramis

brama, roach Rutilus rutilus, tench Tinca tinca), which are

mostly cyprinid species or amphihaline species (e.g. floun-

der Platichthys flesus, thick-lipped grey mullet Chelon

labrosus). The cluster II includes fish assemblages domi-

nated by brown trout Salmo trutta and European eel

Figure 2. Values of the conservation objectives: (a) taxonomic diversity, (b) functional diversity, (c) natural heritage importance and (d) socio-
economic value. Planning units are ranked from low (areas in light gray) to high (areas in black) objective value through a grayscale
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Anguilla anguilla, which are generally accompanied by sev-

eral species such as stone loach Barbatula barbatula, brook

lamprey Lampetra planeri or Atlantic salmon Salmo salar.

The cluster III is defined by high occurrences of salmonid

species, especially the brown trout, with few additional spe-

cies (e.g. common bullhead Cottus gobio). Last, the cluster

IV has great occurrences of Mediterranean species (e.g.

Southern barbel Barbus meridionalis, souffia Telestes

souffia) and brown trout. Except for two extremely scarce

species (i.e. Lez sculpin Cottus petiti and Italian loach

Cobitis bilineata), all the species were represented in the pri-

ority subcatchments, generally covering a good proportion

of their predicted distribution (Table I). Moreover, several

species such as the brown trout, the Atlantic salmon and

the Southern barbel have a higher percentage of occurrence

in the priority subcatchments than in the entire studied

region.

The nine hydro-ecoregion (HER) had different overall

degree of conservation priority (Table II). The Loire and

Seine basins had a very low conservation priority with only

2.3% and 3.1% of their subcatchments belonging to Pareto

ranks from 1 to 3, respectively. The South Atlantic, North

Sea, Garonne and English Channel basins had low to mod-

erate conservation priority with about 7–15% of their

subcatchments in the first three Pareto ranks. In contrast,

the Rhône, Mediterranean and Adour basins showed high

overall conservation priorities with more than 30% of their

subcatchments in Pareto ranks≤ 3, even reaching 53.3% for

the Adour basin. In addition, while the English Channel,

Loire, Seine and South Atlantic basins had priority

subcatchments only belonging to two clusters (i.e. two dif-

ferent kinds of fish assemblages), some HER presented

three different clusters (i.e. Adour, Garonne, North Sea

and Rhône basins), and the four types of fish assemblages

were all represented within the Mediterranean basins

(Table II).

The priority subcatchments were also found to be highly

distinct on the basis of their environmental features

(Figure 5). Indeed, most of the subcatchments of the cluster

I are located at low altitude, downstream of large catchments

whereas those of the cluster III are generally located up-

stream in forested areas of high altitude. The subcatchments

of the cluster II are usually part of relatively small coastal

catchments (i.e. subcatchments of low altitude with small

drainage areas evenly distributed along the upstream-

downstream gradient). Last, the cluster IV is characterized

by forested subcatchments mostly located upstream, at me-

dium altitude.

Figure 3. Conservation priorities for freshwater fish in France resulting from the Pareto optimality ranking. Planning units are ranked from the
first (highest conservation priority; areas in black) to the last (lowest conservation priority; areas in light gray) Pareto ranks through a gray-
scale. The nine French hydro-ecoregions (delimited by the white lines) are identified on the inserted map on the left: (A) Seine basin, (B)
Loire basin, (C) Garonne basin, (D) Rhône basin, (E) North Sea basins, (F) Adour basin, (G) Mediterranean basins, (H) South Atlantic basins

and (I) English Channel basins
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DISCUSSION

Diversity-based conservation objectives and Pareto

optimality ranking

We have developed a prioritization framework that focuses

on different aspects of the diversity of fish assemblages

instead of the raw spatial distribution of species. This frame-

work allows targeting criteria relevant to biodiversity con-

servation, and provides the opportunity to examine

simultaneously many aspects of diversity rather than being

limited to a taxonomic approach (Maire et al., 2015).

Furthermore, by considering several aspects of diversity that

are not redundant, it is possible to take many species

characteristics into account (Maire et al., 2013). For in-

stance, an assemblage made up of numerous but invasive

and functionally redundant species would be poorly ranked

using our framework, whereas it is likely to obtain a much

higher conservation priority from a solely taxonomic

assessment.

Diversity-based methods may however imply a

redundancy in species composition among planning units

of high conservation priority (Justus and Sarkar, 2002).

For instance, it is possible that two planning units belonging

to the first Pareto rank hold exactly the same assemblage of

species, thus decreasing the interest of protecting both of

them, especially if they are spatially close together. Given

the numerous distinct and unique fish assemblages predicted

by our models, this issue was however strongly lessened in

this study.

We have applied Pareto optimality ranking to limit the

subjectivity of our assessment. Indeed, this approach does

not require to relatively weight the conservation objectives

(Arthur et al., 2004), which is classically done on the basis

of expert judgment or by equally weighting the different

objectives (e.g. Bergerot et al., 2008; Maire et al., 2013).

However, the Pareto optimality ranking is likely to provide

a less discriminant prioritization when the number of plan-

ning units is small (i.e. when only few Pareto ranks are iden-

tified), which may be less suitable to support environmental

decision-making. Hence, when both the spatial extent and

the number of planning units make it applicable, the Pareto

optimality ranking provides a robust classification of the

planning units in ranks within which they cannot be objec-

tively differentiated (Rothley, 1999; Firn et al., 2015). The

decision-makers can then choose between planning units

that are equally important to protect, thus leaving the possi-

bility to account for non-ecological aspects (e.g. feasibility,

costs, land conflicts) in the decision procedure. This is a

strength of the Pareto optimality ranking given that local

opportunities for protection are mainly driven by political

and socio-economic considerations (Ascough et al., 2008),

Figure 4. Spatial location of the priority subcatchments (Pareto
rank≤ 3) grouped according to the results of the hierarchical cluster
analysis performed on the composition of fish assemblages.

[Colour figure can be viewed at wileyonlinelibrary.com]

Table II. Number of priority subcatchments (i.e. Pareto rank ≤ 3) by hydro-ecoregion and by cluster. The total number and the percentage (in
brackets) of priority subcatchments by hydro-ecoregion are also indicated. Refer to Figure 3 for the location of the hydro-ecoregions

Hydro-ecoregion Cluster I Cluster II Cluster III Cluster IV Total

Adour 13 99 106 218 (53.3%)
English Channel 2 111 113 (14.9%)
Garonne 24 86 11 121 (9.2%)
Loire 23 1 24 (2.3%)
Mediterranean 8 2 10 84 104 (45.6%)
North Sea 10 2 50 62 (7.5%)
Rhône 3 91 89 183 (30.3%)
Seine 14 5 19 (3.1%)
South Atlantic 3 19 22 (6.7%)
All 100 237 345 184 866 (14.2%)
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whose intricacies are often hard to quantify a priori (Estévez

et al., 2013). Indeed, the quantification of such complex and

often divergent parameters as well as their inclusion in

conservation planning studies remain a great challenge and

represent a major prospect to develop more inclusive prior-

itization methods (Naidoo et al., 2006; Knight et al.,

2011). However, the identification of a set of priority areas

for protection presenting high-quality trade-offs between

the conservation objectives is still an advantageous solution

(Ascough et al., 2008; Kramer et al., 2013).

Implications for river management in France

Several features of riverine hydrosystems that should be

considered to build feasible and efficient conservation plans

are now widely-acknowledged. First, management actions

should be conducted at the scale of the whole catchment

whenever possible to insure an efficient protection of

aquatic ecosystems and to strongly limit the exogenous

threats affecting them (Keith, 2000; Saunders et al., 2002;

Abell et al., 2007; Laffaille and Brosse, 2011). This is how-

ever not always possible, especially for large catchments

(Collares-Pereira and Cowx, 2004). In such cases, manage-

ment efforts should target the less impacted subcatchments,

such as headwater streams and/or highly forested

subcatchments, which are likely to present unique habitats

hosting unique species (Saunders et al., 2002; Meyer

et al., 2007). Second, several studies have emphasized that

the aquatic environments required to complete the entire life

cycle of the species considered must be protected, including

for instance the downstream reaches whose good ecological

status and accessibility are mandatory for migratory species

(Collares-Pereira and Cowx, 2004; Dudgeon et al., 2006).

Third, the willingness and capacity of actions of local

Figure 5. Environmental features of the priority subcatchments (Pareto rank ≤ 3) according to the clusters identified by the hierarchical cluster
analysis: (a) relative location of the subcatchments along the upstream-downstream gradient, ranging from 0 (mouth) to 1 (source), (b) area of
the drainage catchment upstream of the subcatchments (km

2
), (c) percentage of forest land-cover in the subcatchments (%) and (d) mean al-

titude of the subcatchments (m). The median is denoted by the bold horizontal line, the box delimits the interquartile range and the whisker
lines extend to the observed maxima and minima, except for the outliers symbolized by circles. All the four environmental variables were
significantly different between clusters (Kruskal–Wallis tests, p< 0.001). The letters displayed above each boxplot illustrate the results of

the Dunn’s post-hoc tests (p< 0.05). Different letters reflect significant differences between clusters
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stakeholders are crucial to the management process, given

that they are directly linked to conservation opportunities

(Collares-Pereira and Cowx, 2004). Last, accounting for

the trade-offs between conservation of freshwater environ-

ments and human use of ecosystem goods and services is

also essential (Dudgeon et al., 2006).

The present prioritization framework classified the 6097

French subcatchments into 20 ranks of decreasing conserva-

tion priority. Although a great diversity of priority

subcatchments for protection has been identified regarding

both their environmental and biological features, most of

the priority subcatchments identified in our study closely

met one or several of these widely accepted criteria. First,

the subcatchments belonging to the cluster I are essentially

located in the downstream part of large catchments such as

the Loire, Seine, Rhône and Garonne rivers. Consistent with

the findings of Lasne et al. (2007) and Laffaille et al. (2011),

we found that the typical fish assemblage of this cluster in-

cludes many different cyprinid and/or migratory species,

resulting in assemblages of high taxonomic diversity and

socio-economic value, in spite of the concomitant presence

of several non-native species. This assemblage is typical of

the bream zone of the Huet zonation (Huet, 1959). Yet,

the protection of these downstream subcatchments would

probably conflict with human activities which are very

dense in these urban, agricultural and industrialized areas,

but also owing to their large upstream drainage areas which

are difficult to entirely protect. Second, the fish assemblages

of the cluster II are typical of small coastal catchments of

Western Europe (Laffaille et al., 2011), mainly character-

ized by the combined presence of the brown trout and the

European eel along with some auxiliary species (e.g. stone

loach, Celtic bullhead Cottus perifretum). These assem-

blages are of great natural heritage importance and socio-

economic value, also showing a good functional diversity

but a quite low taxonomic diversity. The subcatchments be-

longing to the cluster II are all part of relatively small catch-

ments. This may therefore represent good opportunities to

implement management strategies that integrate a whole-

catchment perspective (Keith, 2000), even if they are likely

to present dense human activities (e.g. urban areas, tourism,

fisheries). Yet, few studies have investigated the importance

of protecting these small coastal catchments despite their po-

tentially high conservation effectiveness (but see Maire

et al., 2015). The cluster III groups fish assemblages mainly

made up of salmonid species located in upstream reaches in

the major mountain ranges (i.e. Alps, Pyrenees and Vosges

mountains). These fish assemblages show great natural

heritage importance and socio-economic value. They are

typical of the trout zone (Huet, 1959), which corresponds

to the most upstream part of hydrographic networks. Such

headwater and forested regions are among the most crucial

ones to protect in France. This finding is supported by other

studies that have emphasized the originality of the fish as-

semblages and the vulnerability of the ecosystems of these

regions, especially to climate change (e.g. Buisson and

Grenouillet, 2009; Filipe et al., 2013). They seem to be par-

ticularly suitable for the implementation of management ac-

tions, given the low density of human activities and the

small extent of their upstream drainage areas (Laffaille and

Brosse, 2011). Last, the subcatchments of the cluster IV

are all found in Mediterranean regions (i.e. South East of

France), most of them being located at medium altitude with

relatively small upstream drainage areas. The fish assem-

blages of this cluster have a high taxonomic diversity and

a great natural heritage importance. They include fish spe-

cies only observed in these regions (e.g. Mediterranean bar-

bel, souffia) and several salmonid species (e.g. brown trout,

grayling Thymallus thymallus). This finding is consistent

with other studies that have emphasized the crucial impor-

tance of Mediterranean streams for conservation, because

they host unique and highly vulnerable fish species

(Hermoso et al., 2009; Filipe et al., 2013). Moreover, the

Mediterranean basin has been identified as one of the 25

global biodiversity hotspots (Myers et al., 2000), as well

as one of the regions of the world facing the highest risk

of biological invasions (Gozlan, 2012).

The priority subcatchments identified herein are charac-

terized by contrasted fish assemblages, which appear to be

complementary in terms of species composition. These

priority subcatchments are unevenly distributed among the

nine French hydro-ecoregions, which allows the identifica-

tion of regions where conservation efforts should be concen-

trated. Indeed, the Mediterranean and Adour basins show an

exceptionally high potential for the protection of fish biodi-

versity with three to four different clusters represented, as

well as the Rhône and Garonne basins to a lesser extent.

CONCLUSION

The method proposed in this study ranks the planning units

in a way that maximizes the biological benefits potentially

provided by the conservation of the top-ranked planning

units. The application of this prioritization approach to the

fish assemblages of France has resulted in the identification

of four distinct types of priority subcatchments. Two of

them are typical of the hydrographic zonation of Huet

(1959) (i.e. trout and bream zones), while the other two

(i.e. small coastal catchments of western France and

Mediterranean streams) are original, unique and spatially re-

stricted regions. These four types of hydrosystems host spe-

cific and original fish assemblages that would be

complementary and representative of the fish fauna of

France if they were concurrently protected. Yet, in a

national-scale study conducted 15 years ago, Keith (2000)
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showed that the network of protected areas was insufficient

to protect fish biodiversity in France, emphasizing the

urgent need of setting up additional efforts for river manage-

ment at the national level. Hence, the outcomes of the

present study are very positive and promising for the conser-

vation of freshwater fish in France: most of the priority areas

are located in regions that seem practically suitable for the

implementation of conservation actions, being either head-

water subcatchments facing limited human impacts or small

coastal subcatchments convenient for a comprehensive

management.
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