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Abstract

Freshwater ecosystems host disproportionately high numbers of species relative to their sur-

face area yet are poorly protected globally. We used data on the distribution of 1631 species

of aquatic plant, mollusc, odonate and fish in 18,816 river and lake catchments in Europe to

establish spatial conservation priorities based on the occurrence of threatened, range-

restricted and endemic species using the Marxan systematic conservation planning tool. We

found that priorities were highest for rivers and ancient lakes in S Europe, large rivers and

lakes in E and N Europe, smaller lakes in NW Europe and karst/limestone areas in the Bal-

kans, S France and central Europe. The a priori inclusion of well-protected catchments

resulted in geographically more balanced priorities and better coverage of threatened (criti-

cally endangered, endangered and vulnerable) species. The a priori exclusion of well-pro-

tected catchments showed that priority areas that need further conservation interventions are

in S and E Europe. We developed three ways to evaluate the correspondence between con-

servation priority and current protection by assessing whether a cathment has more (or less)

priority given its protection level relative to all other catchments. Each method found that pri-

ority relative to protection was high in S and E Europe and generally low in NW Europe. The

inclusion of hydrological connectivity had little influence on these patterns but decreased the

coverage of threatened species, indicating a trade-off between connectivity and conservation

of threatened species. Our results suggest that catchments in S and E Europe need urgent

conservation attention (protected areas, restoration, management, species protection) in the

face of imminent threats such as river regulation, dam construction, hydropower develop-

ment and climate change. Our study presents continental-scale conservation priorities for

freshwater ecosystems in ecologically meaningful planning units and will thus be important in

freshwater biodiversity conservation policy and practice, and water management in Europe.
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Introduction

Freshwater ecosystems (rivers, lakes and wetlands) cover less than 1% of the surface of Earth

yet harbor 10% of the species described thus far [1]. They provide important ecosystem ser-

vices such as food production, carbon sequestration, water purification, flood and erosion con-

trol [2]. Biological diversity is declining much faster in freshwater ecosystems than in

terrestrial and marine ones [3], mainly due to habitat loss, e.g. wetland destruction [4], hydro-

morphological alterations for flood control and hydropower development [5], habitat frag-

mentation due to dams and bridges [6, 7], flow alteration [8], impacts of exotic or invasive

species [9], pollution [3] and climate change [10, 11]. Yet freshwater ecosystems, habitats and

species are still poorly protected globally [12–14] and there is an urgent need for conservation

interventions to face these threats [15]. Due to the global and omnipresent nature of threats,

the limited resources, and the necessity for interdisciplinary and multi-sectoral approaches to

conservation, these interventions need to be prioritized in a scientifically sound manner [16,

17].

Although protected areas are a major foundation of biodiversity conservation, their desig-

nation has traditionally been guided by socioeconomic or aesthetic criteria rather than by sci-

entifically sound principles [17]. Protected areas were often designated for terrestrial

biodiversity, or, more recently, for marine biodiversity but rarely for freshwater biodiversity

[18–20]. Scientifically sound methods such as systematic conservation planning also rarely

focus on freshwater ecosystems [16]. Prioritizations for freshwater biodiversity were typically

based on river sections or grids as planning units that have little ecological meaning and practi-

cal usability, typically on modelled ranges of species of one taxonomic group (most frequently

fish) and on the regional spatial scale [21–24]. The uptake of these studies in conservation pol-

icy and practice is slow as they are limited by scale and are rarely based on water management

units such as catchments [9]. There are few published exercises at larger scales and where

catchments are used as planning units [e.g. 25, 26]. In such studies, hydrological connectivity

is typically not considered, even though river catchments are inherently connected, which

should be accounted for in the prioritization [27, 28].

Conservation planning is also used to evaluate the capacity of existing protected areas to

conserve biodiversity [26]. However, few studies investigated the spatial correspondence

between hotspots of freshwater biodiversity and protected areas [20, 21, 29]. Similarly, there

are only a few prioritizations that consider threat status or degradation [27, 30, 31]. These stud-

ies suggest that management should be allocated to catchments that have high levels of biodi-

versity, are well protected but are vulnerable to future threats, whereas restoration is necessary

in catchments that have high levels of biodiversity, are not adequately protected and/or are

degraded [22, 32].

The aims of this study were to establish spatial priorities for river and lake catchments in

Europe by assessing their importance in the conservation of freshwater biodiversity based on

the representation of threatened species, and to evaluate the role of the level of catchment pro-

tection (‘catchment protection’ hereafter) and connectivity on conservation priorities. We

used an extensive, continental-scale database on the distribution of four ecologically relevant

taxa of freshwater ecosystems mapped to catchments as ecologically meaningful planning

units in spatial prioritization by the Marxan systematic conservation planning tool. We used

selection frequency as a proxy for irreplaceability or the conservation priority of catchments

and data on protected areas and connectivity of the catchments to address four questions: (1)

Where are the priority areas for the conservation of freshwater biodiversity in Europe? (2)

Does the inclusion of well-protected catchments improve the efficiency of prioritization? (3)

Where are areas with high biodiversity and low protection, that need further conservation
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interventions? (4) Is there correspondence between the conservation priority of catchments

and their current level of protection? Catchment protection and connectivity are seldom con-

sidered in systematic conservation planning exercises for freshwater biodiversity, and such

exercises are absent from the Conservation Evidence knowledge hub (http://www.

conservationevidence.com). We sought to answer the above questions in three prioritization

scenarios in relation to catchment protection, each with and without river connectivity to

increase the relevance of the spatial priorities established for conservation policy and practice.

Materials and methods

We used catchments as planning units, which has several advantages over arbitrary systems of

grid cells or hexagons [19, 33, 34]. We used the global HydroBASINS database [35] at level 8

(of 12), where geographical Europe (10 128 044 km2) is delineated into 18 816 catchments.

Data on the distribution of species were obtained from the IUCN Red List of Threatened Spe-

cies [36, 37]. Data were from fishes (n = 512 species), molluscs (n = 656), odonates (n = 124),

and aquatic plants (n = 339). These groups represent a variety of trophic levels and dispersal

types, and are important in ecosystem functioning and services [38–41]. We only used “extant”

and “probably extant” occurrences of species in their native range. Three exceptions were the

critically endangered molluscs Belgrandia moitessieri and B. varica, which had only “possibly

extant” occurrences but were included because of their conservation status, and the critically

endangered fish Scardinius scardafa, which only has a single introduced population. The final

database contained 4,493,267 occurrence records of 1631 species in 18,816 catchments.

We prioritized catchments based on the conservation status, range-restriction and ende-

mism of their species. For conservation status, we used the global Red List status, or, if it was

not available (n = 334 species), the European status. Threatened species were those listed as

critically endangered (CR), endangered (EN) or vulnerable (VU) [36]. Because CR species are

faced with imminent extinction [36], we targeted 100% of their occurrences to be included in

the optimized protected area network. For EN and VU species, for which extinction risks are

lower [36], we set lower targets (75% of the occurrences for EN species and 50% for VU spe-

cies) based on [25]. For all other species, at least two occurrences were specified as representa-

tion targets.

To estimate range restriction, we calculated range size as the total area of catchments in

which the species occurred. We considered a species range-restricted under 20 000 km2 for

fish and molluscs (taxa with low dispersal ability) and 50 000 km2 for odonates and aquatic

plants (good dispersal ability) [25]. We targeted 25% of the occurrences of range-restricted

species to be included in the optimized network. When a species qualified both as threatened

and as range-restricted, conservation status was considered first as it required higher percent-

ages of the species’ occurrences to be included in the optimized network. For non-threatened

species whose range was not restricted, we specified two separate occurrences as representa-

tion targets.

A species was considered endemic if its range was restricted to one Freshwater Ecoregion of

the World [42]. We considered a catchment to hold unique species assemblages if the propor-

tion of ecoregion-restricted fish and mollusc species was at least 5% of all fish and mollusc spe-

cies [25]. We included the qualifying catchments (n = 190) a priori (‘locked in’ by Marxan

terminology) into the prioritization.

We used software Marxan for spatial prioritization [43]. Marxan heuristically searches a

user-defined number of spatial configurations to identify the one that best meets the user-

defined targets of species representation at the lowest cost possible. Marxan was run 1000

times in each scenario studied (see below). In each run, we used the area of planning units as a
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proxy for the cost of protection [44] to minimize total selected area for efficiency. The maxi-

mum total cost of the solutions was specified as 17% of the total area of Europe, corresponding

to Target 11 of the global Aichi Biodiversity Targets. We used three Marxan outputs: (i) the

network that best met the targets at the lowest cost, (ii) the proportion of species’ ranges cov-

ered by the best network, and (iii) the number of times a catchment was selected as part of the

optimal network in 1000 runs (selection frequency, a proxy for the irreplaceability of the catch-

ments). We note that “irreplaceability” is used here as a general measure of conservation prior-

ity and not in the sense of “ecological irreplaceability” [45].

We obtained spatial data on Natura 2000 protected areas in member states of the European

Union (EU) from the European Environmental Agency [46] and on areas protected by

national laws from the World Database on Protected Areas (IUCN categories I to IV) [47]. We

then calculated the combined proportion of protected areas in each catchment as the sum of

all areas protected (either by Natura 2000 or national laws, with the overlap between the two

considered only once) divided by catchment area. We used the R statistical environment [48]

for all calculations and data preparations and ArcGIS 10.0 for Windows [49] for visualizing

the results on maps. All calculations were conducted in the Lambert Azimuthal Equal Area

projection (coordinate system GCS_ETRS_1989), which is appropriate for area calculations

and is recommended for statistical analysis and display in Europe [50].

To answer Questions 1–3, we ran three scenarios. In Scenario 1, catchment protection was

not considered. In Scenario 2, we studied whether the inclusion of well-protected catchments

improves the efficiency of prioritization, defined as the number of threatened species repre-

sented in the solution given a fixed surface area (17% of the planning area). We implemented

this by locking in well-protected catchments a priori in the prioritization. We defined a catch-

ment as well-protected if the proportion of protected areas exceeded 70% of the total catch-

ment area. This threshold was chosen to reflect that the macroinvertebrate and fish fauna of

pristine and degraded rivers do not differ substantially as long as not more than 30% of the

catchment area is transformed to agriculture [51]. The total area of well-protected catchments

(n = 1011) was 206,878 km2, corresponding to 2% of the total area of geographical Europe.

Finally, in Scenario 3, we aimed to identify catchments with high biodiversity and low protec-

tion (more than 30% not protected), which may be degraded, and which may thus need further

conservation interventions (more protected areas, management, restoration, species protec-

tion) by excluding (locking out) well-protected catchments from the prioritization.

To evaluate the effect of catchment connectivity on conservation priorities, we ran each sce-

nario without connectivity and then again with connectivity. In the first case, we used the Bound-

ary Length Modifier (BLM) parameter of Marxan to control for habitat fragmentation (Ball et al.

2009). Based on the results of preparatory Marxan runs (S1-S3 Figs in S1 File), we selected an

appropriately large value (BLM = 10) to avoid solutions that are too fragmented and to enhance

clumping of priority catchments [52]. In the second case, we implemented the idea described by

[27] and implemented connectivity in Marxan runs by replacing the BLM file with a river connec-

tivity file that listed catchments and their immediate downstream catchment in a second field. We

used the HydroBASINS database to create this file, which contains the outflowing catchments for

each river catchment. Because upstream catchments are expected to have a larger influence on

catchments downstream than vice versa, we only used upstream connectivity. In Marxan, the

parameter Connectivity Penalty (CP) controls the connectivity of the optimal network relative to

the area selected for protection. To determine an optimal value for CP, we implemented prepara-

tory Marxan runs with eight different values of CP (S1 File). The results suggested that a CP = 10

is a reasonable compromise between costs and connectivity (S4 Fig in S1 File).

We developed three ways to assess the correspondence between conservation priority and

current level of protection (Question 4) by assuming that if protection is ideal, there should be
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a strong positive relationship between the proportion of protected areas and irreplaceability.

First, we classified catchments into four groups by dividing them into high/low irreplaceability

and high/low proportion of protected areas categories at the median values. Second, we calcu-

lated residuals from an ordinary least-squares linear regression of irreplaceability as a function

of proportion of protected areas. Finally, we measured the deviation of each catchment from

an ideal, hypothetical 1:1000 line that is expected if the correspondence between proportion of

protected areas (range: 0 to 1) and irreplaceability (range: 0 to 1000) is perfect. In these analy-

ses, we used irreplaceability values obtained in Scenario 1.

Results

Scenario 1 showed that catchments with high irreplaceability were in S Europe (S Spain, S

France, W, S and E Balkans), along major rivers (upper and lower Danube, lower Don, Dnies-

ter and Volga), and around large or smaller lakes in N Europe (Fig 1A). A list of catchments or

catchment groups with a selection frequency of 100% based on Scenarios 1 and 3 along with

the country or countries in which they are located is given in (S1 Table in S1 File). The pro-

portion of threatened (CR+EN+VU) species for which representation targets were met was

96.3% (547 of 568 species) in Scenario 1 (Table 1). When connectivity was considered in the

analysis, the variation in irreplaceability increased and high-irreplaceability catchments were

less clumped as many smaller river catchments had higher irreplaceability and lake catchments

(e.g. Lake Ladoga, lakes in E Finland) had lower irreplaceability (Fig 1B). With connectivity,

the proportion of threatened species with targets met decreased to 92.6% (526 of 568 species)

(Table 1).

When well-protected catchments were locked in (Scenario 2), irreplaceability increased for

catchments in N and central Europe (e.g. in Finland, Iceland, Norway, Poland, Russia, Swe-

den) and parts of southern Europe (e.g. Portugal) (Fig 1C), even when connectivity was con-

sidered (Fig 1D). The proportion of threatened species with targets met was 97.4% (553 of 568

species) without connectivity and 90.3% (513 of 568 species) with connectivity (Table 1).

When well-protected catchments were locked out (Scenario 3), the number of catchments

with high irreplaceability decreased, particularly in N and central Europe and along major

river systems, but remained high in the W and S Balkans, S Spain, S France and N Alps (Fig

1E, S1 Table in S1 File). The addition of connectivity further decreased the number of high-

priority catchments and increased the number of catchments with intermediate level of irre-

placeability (Fig 1F). The proportion of species with targets met was the lowest in this scenario

(89.3%, 507 of 568 species) and decreased further when connectivity was considered (79.2%,

450 of 568 species) (Table 1).

Freshwater ecoregions with the highest average irreplaceability were in S and E Europe,

including the catchments of the Volga delta and the N Caspian Sea, the Dalmatian and Ionian

coasts, Crimea, the Caspian Sea, Crete, western Anatolia, the N and S Adriatic Sea, followed by

southern Iberian and other W Mediterranean ecoregions (Fig 2A, S1 Table in S1 File). Add-

ing connectivity to the analysis changed this order slightly but did not affect the importance of

the E and the W Mediterranean regions (Fig 2A). Accordingly, countries with the highest

average irreplaceability also were mostly in S Europe (Malta, Montenegro, Albania, Portugal,

Bulgaria, Italy, Spain) and central Europe (Hungary, Slovakia, Austria) (Fig 2B, S1 Table in S1

File).The addition of connectivity led to a lower rank for Hungary and the replacement of Aus-

tria by Bosnia-Herzegovina in the top 10 (Fig 2B).

Analyses of the correspondence between the irreplaceability and the proportion of pro-

tected areas of catchments showed that catchments in the Balkans (countries of the former

Yugoslavia: Bosnia and Herzegovina, Croatia, Montenegro, North Macedonia, Serbia; Albania;
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Turkish Thrace), in S Ukraine and in central and S Russia had high irreplaceability and low

protection (Fig 3A and 3B). In contrast, catchments in S Europe generally had high irreplace-

ability and high protection, those in NW Europe had low irreplaceability and high protection,

whereas catchments in NE Europe had low irreplaceability and low protection (Fig 3A and

3B).

There was a weak positive relationship between the proportion of protected areas and irre-

placeability (no connectivity: slope 170.7 ± 10.11; r = 0.122; n = 18,816; p< 0.0001; with con-

nectivity: slope 217.1 ± 11.23; r = 0.140; n = 18,816; p< 0.0001). The residuals from these

regressions confirmed that catchments in the W Balkans, S Ukraine and S Russia had higher

irreplaceability than predicted based protection level (Fig 3C and 3D). Catchments with lower

irreplaceability than predicted were in N Europe and in central and S Europe (Fig 3C and

3D). Catchments on the Iberian peninsula showed a particularly mixed pattern, whereas

smaller residuals showed adequately protected catchments in central Europe and the E Balkans

but less so in N Italy and SW France (Fig 3C and 3D).

Finally, deviations from the ideal 1:1000 line showed high irreplaceability and low protec-

tion in most catchments south of the 49˚ latitude (i.e., Upper Danube), and in the lower Volga

and Lake Ladoga (Fig 3E and 3F). The majority of catchments N from the 49˚ latitude did not

show large deviations (Fig 3E and 3F), indicating more or less adequate protection. In con-

trast, many catchments in northern Europe showed negative deviations, i.e., lower irreplace-

ability than expected based on protection (Fig 3E and 3F), with large deviations especially in

N Europe and smaller deviations in central Europe. The addition of connectivity did not influ-

ence these patterns in any of the three analyses of correspondence (Fig 3B–3D and 3F).

Discussion

Our study represents a first attempt at continental-scale conservation prioritization based on a

large database of freshwater biodiversity and catchments as planning units, which

Fig 1. Conservation priority (irreplaceability) of river and lake catchments in Europe (n = 18,816), estimated as

selection frequency in 1000 runs of Marxan in three scenarios (rows), each without connectivity (left) or with

connectivity (right). In Scenario 1 (upper row), catchment protection was not considered, whereas well-protected

catchments (more than 70% of catchment area protected) were a priori included in Scenario 2 (middle row) and were a
priori excluded in Scenario 3 (bottom row). The spatial data for species distributions are deposited in http://project.

freshwaterbiodiversity.eu, while the shapefile containing freshwater catchments are available at http://hydrosheds.org/

page/hydrobasins. Spatial information on protected areas were obtained from http://protectedplanet.net and http://

www.eea.europa.eu. The maps were created with ArcGIS 10.0 by ESRI.

https://doi.org/10.1371/journal.pone.0267801.g001

Table 1. Number of species of different Red List conservation status for which representation targets were met (Yes) or not met (No) in the three scenarios, each

replicated without or with connectivity.

Red List status Scenario 1 Scenario 2 Scenario 3

Connectivity Connectivity Connectivity

Without With Without With Without With

Yes No Yes No Yes No Yes No Yes No Yes No

CR 144 9 137 16 147 6 135 18 126 27 107 46

EN 142 5 131 16 144 3 124 23 129 18 111 36

VU 261 7 258 10 262 6 254 14 252 16 232 36

NT 127 0 126 1 127 0 126 1 126 1 126 1

LC 831 3 831 3 832 2 830 4 829 5 828 6

DD 100 2 100 2 100 2 100 2 100 2 99 3

Total 1605 26 1583 48 1612 19 1569 62 1562 69 1503 128

https://doi.org/10.1371/journal.pone.0267801.t001
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simultaneously considers the conservation status, range-restriction of the species, and the

uniqueness (endemicity) of species assemblages, and which also evaluates the effects of current

protection and hydrological connectivity of catchments. Our results showed high conservation

Fig 2. Mean ± SE irreplaceability (selection frequency) of freshwater ecoregions (A) and countries (B) of Europe.

https://doi.org/10.1371/journal.pone.0267801.g002
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Fig 3. Correspondence between the irreplaceability and the proportion of protected areas per catchment by three methods (rows), each

without connectivity (left) or with connectivity (right): distribution of catchments in four combinations of irreplaceability and

proportion of protected areas, divided at the medians (A-B); residuals from an ordinary least squares linear regression of irreplaceability

over the proportion of protected areas (C-D); and deviations from a hypothetical 1:1000 ideal relationship between proportion of

protected areas (range 0 to 1, X axis) and irreplaceability (0 to 1000, Y axis) (E-F). The spatial data for species distributions are deposited
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priority of rivers and lakes in S Europe, large rivers in E Europe and lakes in N Europe, and of

karst/limestone areas in the W Balkans and NW Greece, S France, W Bavaria and the E Alps

(Fig 1). Freshwater ecoregions and countries with the highest average catchment irreplaceabil-

ity were in S, E and central Europe, with the E Mediterranean and south-central ecoregions

ranking slightly higher than ecoregions in the W Mediterranean.

Hydrological connectivity had little influence on the spatial distribution of priorities,

although irreplaceability values were more balanced throughout Europe and showed higher

averages in ecoregions and countries when connectivity was included than when it was not

(Fig 2). More importantly, however, the number of threatened species for which representa-

tion targets were not met doubled or tripled with connectivity compared to without connectiv-

ity in each of the three scenarios (Table 1). This result draws attention to a possible trade-off

between the inclusion of connectivity and meeting species representation targets [53]. In prac-

tice, this trade-off means that the inclusion of connectivity can compromise the protection of

some of the threatened species when the maximum amount of land which can be protected is

fixed [54]. Moreover, when the emphasis is on river connectivity in a landscape with different

water bodies, lakes might appear as less important. Finally, we found that the inclusion of con-

nectivity did not really affect the correspondence between irreplaceability and current protec-

tion, which may suggest that connected rivers per se were not a priority in the designation of

protected areas in the past in Europe. Although the inclusion of hydrological connectivity of

catchments into prioritization with systematic conservation planning for freshwater biodiver-

sity is highly desirable [26], these potential issues should be considered in future systematic

conservation planning efforts.

The comparison of conservation priority and current catchment protection showed inade-

quate protection of many catchments in S Europe and generally high protection of catchments

in NW Europe relative to their conservation priority. The main difference was that high-prior-

ity catchments in S and E Europe were adequately covered by protected areas in countries with

the Natura 2000 network (EU member states) but not in others (former Yugoslavia, Ukraine, S

Russia) (Fig 3). This result suggests that existing protected areas, in particular, the Natura 2000

network, are probably well placed in Europe for freshwater biodiversity conservation and that

they adequately cover the freshwater groups studied here, especially in countries with the

Natura 2000 network.

The a priori inclusion of well-protected catchments (Scenario 2) also resulted in geographi-

cally more balanced priorities (cf. Fig 1A vs. 1C) and a more efficient solution (slightly better

coverage of threatened species: 97.4% or 553 species in Scenario 2 vs. 96.3% or 547 species in

Scenario 1). This result indicated that the consideration of current protected areas produced a

similar or better network than a completely new network found by the algorithm. Such an out-

come is not evident as similar studies have often reported mismatches between conservation

priority and current protection [45, 55]. It also provides hope that the ongoing designation of

Natura 2000 protected areas in countries aspiring to EU membership in the Balkans will also

better cover freshwater biodiversity than the existing national networks of protected areas.

The a priori exclusion of well-protected catchments (Scenario 3) further refined the results

of the analysis of correspondence between priority and protection by providing a more

detailed map on priority catchments with less than 70% area protection and increased chances

of degradation [51], which may thus need further conservation interventions. These

in http://project.freshwaterbiodiversity.eu, while the shapefile containing freshwater catchments are available at http://hydrosheds.org/

page/hydrobasins. Spatial information on protected areas were obtained from http://protectedplanet.net and http://www.eea.europa.eu.

The maps were created with ArcGIS 10.0 by ESRI.

https://doi.org/10.1371/journal.pone.0267801.g003
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catchments are mostly located in S and E Europe (W and S Balkans, S Spain, S France, N Alps;

cf. Fig 1A vs. 1E). Scenario 3 also resulted in the lowest coverage of threatened species (89.3%

or 507 species without connectivity, 79.2% or 450 species with connectivity) as it ignored

occurrences of threatened species in well-protected catchments, demonstrating that the inclu-

sion of well-protected catchments is essential to achieve species representation targets.

The importance of catchments in S Europe corresponds well with biogeographical patterns

and processes. Areas in southern Europe provided refuges during Pleistocene glaciation

events, and the post-glacial recolonization of northern areas took place from these refuges

[56], mainly from the middle and lower Danube basin in the case of freshwater fish [57, 58]

and macroinvertebrates [e.g. 59]. Southern areas separated from northern ones by mountain

ranges that funcion as migration barriers (e.g. Pyrenées in Iberia, Alps in Italy, Dinarides in

the western Balkans) evolved isolated faunas rich in endemics [57]. Finally, karst/limestone

areas rich in dolinas, underground waterflows and springs could serve both as glacial refuges

for some species (e.g. fish) and interglacial refuges for cold-tolerant others (e.g. spring snails),

particularly for shell-bearing mollusks dependent on CaCO3, while the geomorphological

complexity of karst/limestone areas also increases the chances of isolation and diversification

[60].

Our results provide a basis for a more efficient allocation of conservation resources to the

protection of freshwater biodiversity and will thus be of interest to conservation scientists,

water management authorities, policy-makers and the general public. For instance, because

well-protected catchments made up 2% of the total planning area, Scenario 2 identified the

next best 15% of the catchments necessary to meet species representation targets, whereas Sce-

nario 3 identified 17% of catchments that are suitable candidates for increased protection

other than the already well-protected catchments. It is also important to note that catchments

in the western Balkans (Bosnia and Herzegovina, Croatia, Montenegro) had consistently high

irreplaceability and further need of conservation interventions (Figs 1, 2) but are also a global

hotspot of ongoing or future hydropower development [5].

This study provides novel insights relevant in conservation policy and practice in addition

to a previous identification of critical catchments in Europe [17]. This study presents spatial

conservation priorities for all catchments in Europe rather than only for critical catchments

(that hold threatened species), thus, it exploits the full benefits of complementarity and irre-

placeability in spatial prioritization. In addition, this study uses a broader range of species,

includes range-restriction as a new criterion, presents summary statistics on conservation pri-

ority of ecoregions and countries, and evaluates priorities relative to the current protection

and the connectivity of catchments. Finally, this study presents a list of high-priority catch-

ments, based on both Scenario 1 and 3, in (S1 Table in S1 File) that may be of relevance in

international conservation policy and practice, e.g. in the allocation of resources to freshwater

biodiversity conservation, but they may also be of interest to conservation scientists and practi-

tioners as well as water management authorities, managers and other local and regional

stakeholders.

Finally, our approach to measuring the correspondence between priority areas and existing

catchment protection provides a novel contribution to methodology in conservation planning.

In most studies, this correspondence is typically measured by the identification and quantifica-

tion of overlapping areas between maps of conservation priority on one hand and maps of cur-

rent protection on the other [e.g. 61, 62]. This approach typically uses a subset of the entire

range of priority, e.g. the top 17% of the planning units, and examines its overlap with existing

protected areas. In contrast, our approach uses information from all planning units and from

the entire ranges of priority and protection, and it evaluates whether a certain catchment has

more (or less) priority given its protection level relative to all other catchments. By quantifying
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the match between priority and protection in three ways (classification of catchments into four

groups of high/low priority and protection, calculation of residual priority from a regression of

priority over protection, estimation of the deviation from an ideal perfect match between pri-

ority and protection), our approach thus avoids arbitrary decisions on priority and protection

levels, and potential biases arising from using only the top-priority or the best-protected areas.

Finally, it provides bench-marked information on the correspondence between priority and

protection in each catchment, which will be of interest for conservation policy and practice.

In conclusion, our results draw attention to the high priority of catchments in southern

Europe, particularly in the Balkans, and in eastern Europe, particularly in southern Ukraine

and Russia, and to karst/limestone areas in the conservation of freshwater biodiversity of

Europe. These results are directly applicable in European, regional and local conservation

efforts and provide a basis for potential future refinements. Two such potential refinements

include restricting the prioritization to protected areas designated specifically for freshwater

biodiversity, and implementing a spatial constraint on the proportion of area that can be

selected in each ecoregion or country to distribute conservation effort more evenly across

Europe. Similar continental-scale assessments based on ecologically meaningful planning

units and data from terrestrial and marine biodiversity can greatly improve the efficiency of

the allocation of international conservation effort.
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