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Protected areas (PAs) are the cornerstones of global biodiversity conservation
efforts, but to fulfil this role they must be effective at conserving both habitat and
species. Among protected taxa, freshwater fish are exposed to multiple
disturbances and are considered one of the most endangered. The Natura
2000 reserves network was established with the aim of preserving biodiversity
across Europe, but few assessments have been made on its effectiveness on the
conservation of freshwater fish species. We tested the hypothesis that fish
community is exposed to less anthropogenic pressures within the Natura
2000 sites than outside, hosting a higher number of native species and
maintain lower number of non-native species. We tested these hypotheses
considering 3,777 sampling sites, found across the entire Italian territory.
Results showed that PAs did not guarantee less anthropogenic impacts and
higher fish species richness than outside PAs, suggesting that PAs are not a
panacea for anthropogenic pressures and safeguarding fish diversity.
Nevertheless, more caution should be applied to the management measures
and the design of new PAs due to the limitations of the protection of a single
stretch within a whole river ecosystem. Moreover, the impossibility to operate any
management of invasive fish species on the broad scale of a whole river basin is
likely the most limiting factor to fish biodiversity conservation in Italy. Finally, it is
also necessary to extend the analysis to other basins and Natura 2000 sites in
Europe.
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1 Introduction

Biodiversity decline is a worldwide trend affecting almost all taxa and ecosystems
(Butchart et al., 2010; Cardinale et al., 2012; Dirzo, 2014). From eight million of total
estimated number of animal and plant species on Earth (including 5.5 million insect species),
up to one million of species are threatened with extinction, with a rate of extinction higher
than the rate to average over the last 10million years, which is accelerating in the last 50 years
(IPBES (Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services), 2019).
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In the last decades, the interest and awareness on the
importance of biodiversity and on the effects on its loss lead
to the increase of states’ commitments and laws to protect it.
Another effort to halt and reverse the decrease in biodiversity
resulted in the establishment of protected areas (PAs; e.g., Rands
et al., 2010). Although evidence exists about the positive effects of
PAs on species conservation (Cazalis et al., 2020), opposite
evidence also exists. For example, Laurance et al. (2012)
revealed a decrease of biodiversity inside tropical PAs mainly
due to habitat disruption, hunting and resources exploitation
which damage reserve health and boundary areas outside
reserves. Other authors pointed out the ineffectiveness of PAs
in maintaining biodiversity due to the lack of specific threat
management (e.g., Chessman, 2013).

The European Union has strong legislation to protect nature
and biodiversity, which revolves around a network of nature
protection areas (Natura 2000 network). This network is the
largest nature protection network in the world, which includes
more than 26,000 protected sites and covers one-fifth of the
Europe Union’s area. The Natura 2000 network comprises
Special Areas of Conservation (SACs) focusing on habitat and
species protection, designated under the Habitats Directive
(Council Directive 92/43/EEC), and Special Protection Areas
(SPAs) focusing on bird protection, designated under the
1979 Birds Directive (Council Directive 79/409/EEC). Due to
the Natura 2000 network extension and severe legislation, it is
expected that biodiversity would be adequately represented and
preserved in those areas. However, some incertitude exists on the
efficacy of the Natura 2000 network in maintaining biodiversity,
especially for freshwater fish (Hermoso et al., 2015; Splendiani
et al., 2019; Rico-Sánchez et al., 2020). Moreover, large predators
in exotic communities pose a substantial threat not only to native
fish, but also to protected birds, especially during nesting season.
This effect has been recently evidenced in Milardi et al. (2022a)
who found that waterbird reproductive performance was
negatively affected by high densities of invasive wels catfish
(Silurus glanis) by predating on chicks of waterfowl, coots,
and grebes.

Freshwater ecosystems appear more vulnerable to
biodiversity loss due to many and heterogeneous pressures
such as overexploitation, water pollution, habitat degradation,
flow modification and exotic species introductions (Vörösmarty
et al., 2010; Carpenter et al., 2011; Dudgeon, 2019), and due to
the high number of endemic and rare species in a limited spatial
extension (Gleick, 1998; Balian et al., 2008; Collen et al., 2014).
Indeed, reserve networks were not primarily designed to protect
freshwaters, and therefore may not adequately address its
biodiversity and related threats, such as, non-native species
impacts, water flow changes, habitat alterations, contaminants
from upstream stream stretches, among others (Chessman,
2013; Hermoso et al., 2015).

This general study aims to investigate the adequacy of the
Natura 2000 reserves network in maintaining freshwater fish
diversity. We focused on Italy as a study case of the
Mediterranean region and on fish in inland waters as model
taxa, since freshwater fish diversity has been highlighted as one
of the most endangered taxa in this region, so far (Crivelli, 1995).
To address this aim, we hypothesized that sites included in PAs

showed less anthropogenic pressures than outside sites, and that
sites included in PAs also showed higher fish richness with
higher number of native species and lower number of non-
native species.

2 Materials and methods

2.1 Study area

The study area has Mediterranean climate and includes
freshwater watercourses from north to south across the
Italian peninsula, including the rivers on the main islands
(Figure 1).

Italian rivers are divided in three fauna districts according to
the established literature (Bianco, 1987; Bianco, 1998):the
Padano-Veneto district (PDV), the Tosco-Laziale district (TL),
and the islands district (ISL). The PDV district includes the
largest river basin in Italy, the Po River basin (71,000 km2) within
the Po River plain, limited in the north by the Alps and in the
south by the Apennines. All rivers in this district flow ultimately
into the Adriatic Sea. The TL district is characterized by the
highest longitudinal extension; with Apennines separate the
rivers that flow in the Tyrrenian Sea, in the west Italian coast,
from rivers that flow in the Adriatic Sea and Ionian Sea. The ISL
district encompasses the two major Italian islands (Sardinia and
Sicily islands), completely isolated from the continental lands by
sea stretches.

The Italian Natura 2000 network includes 2,636 protected areas,
both SACs and SPAs, with areas ranging from 0.001 km2 to
3872.89 km2, covering more than 19% of the national inland
territory and more than 13% of the marine one (ISPRA, 2020).
In this study, only the on-shore inland Natura 2000 sites were
considered (Figure 1). Overall, on-shore inland protected areas in
PDV, TL, ISL districts showed similar shape complexity, although
protected areas in ISL district are the largest (Supplementary
Table S1).

2.2 Fish species data

We derived 3,777 sampling sites of freshwater fish
community in Italian inland waters from Milardi et al., 2020b,
covering most of the Italian peninsula and islands and spanning
altitudes between -4 and 2,556 m above sea level, sampled
through official monitoring programs. Fish sampling was
mainly performed in the warm season by electrofishing,
combined with nets in sites of higher water depth and high
electrical conductivity as indicated in national monitoring
guidelines (APAT, 2007).

Fish species were classified according to Kottelat and Freyhof
(2007), taking into account recent taxonomic determinations and
corresponding common names as listed in Eschmeyer’s Catalog of
Fishes (Fricke and Eschmeyer, 2022) and FishBase (Froese and
Pauly, 2019), respectively.

Species were categorized as native and non-native species
according to their biogeographic origin, as established through
the current scientific literature (e.g. IUCN, 2021). Hybrid
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specimens due to difficult identification in the field were excluded
from this study.

For each sampling site the number of native species (i.e., Natives), the
number of non-native species (i.e., NNS) and the species richness (i.e., the
total amount of species) were calculated. Furthermore, the top 10 invasive
species were selected based on their invasiveness rank which was defined
through an index calculated by multiplying colonization (proportion of
sites colonized) and prevalence (average relative abundance in the fish
community) of each introduced species in Italy (Milardi et al., 2022b).
Finally, the selected top 10 invasive species and the native species

classified as Critically Endangered (CR) by IUCN (IUCN, 2014) were
selected to investigate differences in their abundances among sites.

2.3 Geospatial features, land features and
invasion degree

The geographical, climate and anthropogenic landscape factors
used were derived fromMilardi et al., 2022b (Table 1). Geographical
and climate factors were used to investigate environmental

FIGURE 1
Map showing on-shore (green) and off-shore (cyan) protected areas of Natura 2000 network and 3,777 sampling sites (red dots). The solid black line
shows the border of the Padano-Veneto (PDV), Tosco-Laziale (TL), and Islands (ISL) districts.
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differences across sites. Specifically, the mean slope of the sampling
sites (derived from a seamless digital elevation model of the entire
Italian territory at 10 m resolution) was considered to account for
stream morphology (Tarquini et al., 2007). Among climate factors,
the annual average of daily air temperature was considered as a
proxy for temperature regimes and the mean annual basin
precipitation was used as a proxy for hydrological regimes of the
stream reaches (ISPRA, 2006). As a proxy for overall anthropogenic
impact, the 2009 Human Footprint was used (Venter et al., 2018),
with lower values indicating fewer anthropogenic impact. The
intensity of animal farming in 2010 was also considered among
anthropogenic impacts (numbers of animals reared, ISTAT, 2021).

The Italian LIM index was considered as proxy for
eutrophication levels in the watercourses. LIM index is calculated
on the concentration of seven different parameters linked to nutrient
levels (oxygen saturation, biochemical oxygen demand, chemical
oxygen demand, NH4

+, NO3
−, total P and Escherichia coli levels

(Spaggiari and Franceschini, 2000).
Among land use features, the total urbanized areas were

considered as a proxy of human presence (European
Environment Agency, 2012). Finally, the presence of barriers to
fish migration (e.g., hydrological dams, weirs) was considered as a
proxy for riverine habitat fragmentation (Milardi et al., 2022b).

2.4 Data analyses

To determine the protection status of each sampling site, ArcGIS
Software (ESRI, 2011) was used by overlaying the GIS layer of the
Natura 2000 network (European Environmental Agency, 2021) over the
fish sampling sites layer. The 32% of the Natura 2000 areas contains
sampling sites, these sampling sites within Natura 2000 areas were
classified as Protected sites (n = 708 sampling sites), whereas sampling
sites located more than 3 km away from a Natura 2000 area were
defined as Unprotected sites (n = 1,291 sampling sites).

To identify diversity patterns at sampling sites outside the
protected areas, but close to them, two buffer zones were defined.
The first buffer zone included sampling sites closest to a Natura 2000
(i.e. site in the buffer zone of 1 km from the Natura 2000 site) which
were classified as Contiguous sites (n = 832 sampling sites). The
second buffer zone included sampling sites from 2 to 3 km away the

Natura 2000 areas which were classifies as Nearby sites (n =
946 sampling sites). The assumptions of normality and
homogeneity of variances were investigated through the
shapiro.test and leveneTest functions in ‘car’ R package (Fox and
Weisberg, 2020). As data did not satisfy these assumptions even after
being transformed, non-parametric statistics were applied.

The Kruskal-Wallis test was used to test whether Protected,
Contiguous, Nearby, and Unprotected sites differed in native, non-
native species richness as also as geographical (i.e. mean slope),
climate (i.e. mean air temperature and mean basin precipitation),
and anthropogenic (i.e. human footprint mean density, animal
farming basin density, LIM, urbanized areas, river fragmentation
index) factors. Finally, the Kruskal-Wallis test was used to identify
differences in the abundances of the top 10 invasive species and the
CR native species among Protected, Contiguous, Nearby and
Unprotected sites. The Dunn’s test of multiple comparisons with
Bonferroni correction was used to determine which sites are
different (Dunn, 1964). The Kruskal-Wallis test and the Dunn’s
test were performed in FSA R package (Ogle et al., 2020).

3 Results

Overall, 98 fish species (of which 36 non-native) were found in
Italian rivers (Supplementary Table S2).

Among geographical, climate and anthropogenic landscape
factors, Protected, Contiguous, Nearby, and Unprotected sites
showed no significant differences of human footprint levels (p >
0.05; Figure 2A) with mean ± SD of 30.13 ± 253.03, 49.95 ± 389.48,
19.38 ± 195.59 and 44.39 ± 515.32, respectively.

Among the four site types, significant differences in river
fragmentation index and eutrophication LIM index were
observed (KWχ2 = 26.13, df = 3, p < 0.001; KWχ2 = 82.97, df =
3, p < 0.001, respectively; Figures 2B, C). Protected sites showed the
lower values of river fragmentation index (mean ± SD = 0.016 ±
0.093), whereas no differences in river fragmentation resulted
between Contiguous (mean ± SD = 0.039 ± 0.144), Nearby
(mean ± SD = 0.042 ± 0.148), and Unprotected sites (mean ±
SD = 0.041 ± 0.152; Figure 2B). Contiguous sites showed the highest
values of LIM index (i.e. lower levels of eutrophication) with mean
value of 318.30 ± 115.89, whereas Unprotected sites showed the

TABLE 1 Minimum, maximum, mean and standard deviation (Dev. St) of geographical, climate and anthropogenic landscape factors derived from Milardi et al.,
2022b.

Min Max Mean Dev.St Group

Mean slope (%) 0.00 39.36 10.98 9.72 Geographical factor

Mean air temperature (°C) 2.14 19.83 12.16 2.79 Climate factors

Mean basin precipitation (mm) 463.80 2756.48 1066.16 359.20 Climate factors

Human footprint index 0.00 5485.72 32.67 289.24 Anthropogenic factors

Animal farming basin density (animals/km2) 0.00 1714.25 56.07 118.30 Anthropogenic factors

Eutrophication LIM index 114.00 480.73 309.19 73.72 Anthropogenic factors

Urbanized areas (%) 0.00 100.00 3.68 8.58 Anthropogenic factors

River Fragmentation index 0.00 1.00 0.03 0.13 Anthropogenic factors
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FIGURE 2
Mean values (black points) and standard deviations (vertical bars)
of human footprint (A), river fragmentation index (B), LIM (C) and
animal farming density (D) for Protected, Contiguous, Nearby, and
Unprotected sites. Capital letters show the results of the Dunn’s
test, with sites having different letters indicating significant difference
(p < 0.05).

FIGURE 3
Mean values (black points) and standard deviations (vertical bars)
of richness (A), number of native species (B), number of non-native
species (C) and percentage of invasion degree (D) for Protected,
Contiguous, Nearby, and Unprotected sites. Capital letters show
the results of the Dunn’s test, having different letters indicating
significant difference (p < 0.05).
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lowest values of LIM index (i.e. higher levels of eutrophication) with
mean ± SD of 290.34 ± 73.31. In Protected and Nearby sites, LIM
index showed mean ± SD of 299.60 ± 70.54 and 308.34 ± 76.21,
respectively (Figure 2C). Furthermore, no differences were found in
animal farming between Protected, Contiguous, Nearby, and
Unprotected sites (p > 0.05; Figure 2D with mean values of
59.91 ± 126.75, 55.69 ± 115.89, 53.51 ± 113.82 and 72.33 ±
158.71 animal/km2, respectively).

Significant differences between sites were found in total species
richness (KWχ2 = 56.41, df = 3, p < 0.001), native species richness
(KWχ2 = 29.07, df = 3, p < 0.001), non-native species richness
(KWχ2 = 46.28, df = 3, p < 0.001) and invasion degree (KWχ2 =
47.11, df = 3, p < 0.001; Figure 3).

Protected sites significantly differed from Contiguous and
Nearby sites regarding total species richness, native and non-
native species richness, but are similar to the Unprotected sites
(Figures 3A–C). Unprotected sites were significantly different
from Protected, Contiguous and Nearby sites regarding
invasion degree, having higher values of invasion with
mean ± SD of 25.91 ± 30.52%. Whereas Protected,
Contiguous and Nearby sites did not differ in invasion
degree with mean ± SD of 20.22 ± 27.52, 17.93 ± 27.54 and
22.00 ± 31.01, respectively (Figure 3D).

Mean abundance of non-natives Oncorhynchus mykiss,
Gambusia holbrooki, Lepomis gibbosus, and Abramis brama did
not differ significantly between Protected, Contiguous, Nearby, and
Unprotected sites (Table 2).

Protected and Unprotected sites did not show differences in the
abundances of non-natives Cyprinus carpio, Carassius auratus,
Pseudorasbora parva, and Ameiurus melas species. The highest

abbundance of Silurus glanis resulted in Protected sites, rather
than Contiguous, Nearby, and Unprotected sites.

Among native species, Anguilla showed differences across site
locations, with the highest abundance in sites located in protected
areas. Salmo marmouratus showed the highest abundance in sites
located outside protected areas (Table 2).

4 Discussion

Our results showed that the anthropogenic impacts
(i.e., human footprint, animal farming and water
eutrophication) within the PAs were not significantly lesser
than outside areas where protection measures are not applied.
Among the anthropogenic impacts considered, only the river
fragmentation index showed lower impacts in PAs than outside
areas. It was surprising to find that native, non-native, and total
fish species richness were not significantly different between
Protected and Unprotected sites, suggesting that sites located
within PAs may not uniquely contribute to the species richness of
the region, and also that native and non-native species showed
similar level of richness despite the protection measures in the
region.

Furthermore, Unprotected sites showed higher levels of
invasion degree, but the abundance of some of the top
10 invasive species did not differ between Protected and
Unprotected sites or, contrariwise, showed the higher
abundance in Protected sites (e.g., the wels catfish S. glanis),
suggesting that protection measures are not adequate to prevent
non-native species presence in protected sites.

TABLE 2 Mean abundance (Moyle classes) and standard deviation of fish species in sites in Protected, Contiguous, Nearby and Unprotected sites. The status of
non-native (i.e. top 10 invasive species) and native and the IUCN class (CR = Critically endangered) are reported for each species.

Species Status IUCN Protected sites Contiguous sites Nearby sites Unprotected sites

Cyprinus carpioa Non-native -- 1.06(±2.43)A,B 0.8(±2.24)A 0.85(±2.25)A 1.27(±2.82)B

Oncorhynchus mykiss Non-native -- 0.21(±1) 0.27(±1.12) 0.22(±1.11) 0.26(±1.15)

Pseudorasbora parvaa Non-native -- 0.37(±0.88)A,B 0.37(±0.99)A 0.46(±1.14)A,B 0.58(±1.28)B

Carassius auratusa Non-native -- 0.36(±0.86)A,B 0.33(±0.86)A 0.4(±1)A 0.52(±1.16)B

Silurus glanisa Non-native -- 0.79(±2.2)B 0.47(±1.68)A 0.36(±1.52)A 0.51(±1.79)A

Rhodeus sericeusa Non-native -- 0.35(±0.93)A 0.28(±0.9)A 0.32(±1.03)A 0.59(±1.31)B

Gambusia holbrooki Non-native -- 0.12(±0.54) 0.08(±0.44) 0.13(±0.63) 0.14(±0.64)

Lepomis gibbosus Non-native -- 0.19(±0.59) 0.19(±0.66) 0.19(±0.67) 0.2(±0.68)

Abramis brama Non-native -- 0.31(±1.29) 0.15(±0.84) 0.15(±0.78) 0.22(±1.11)

Ameiurus melasa Non-native -- 0.1(±0.61)A,B 0.1(±0.67)A 0.14(±0.8)A,B 0.19(±0.94)B

Anguillaa Native CR 0.96(±1.82)B 0.72(±1.67)A 0.61(±1.55)A 0.78(±1.78)A

Salmo marmoratusa Native CR 0.42(±1.7)A 0.71(±2.21)A,B 0.56(±2.1)A,B 0.81(±2.59)B

Squalius lucumonisa Native CR 0.07(±0.66)A,B 0.06(±0.54)A 0.2(±1.11)B 0.26(±1.24)B

Salmo cettii Native CR 0.14(±0.98) 0.09(±0.78) 0.07(±0.71) 0.09(±0.74)

Knipowitschia punctatissimaa Native CR 0.09(±0.48)A 0.06(±0.42)A,B 0.07(±0.47)A,B 0.03(±0.26)B

aIndicate significant differences between site types (p < 0.05). Site groups sharing a capital letter did not differ signficantly (p < 0.05).

Frontiers in Environmental Science frontiersin.org06

Gavioli et al. 10.3389/fenvs.2023.1122464

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1122464


4.1 Anthropogenic pressures in protected
areas

River fragmentation due to dams or barriers is a critical threat to
the conservation of fish diversity (Poff et al., 2007; Anas and
Mandrak, 2021). In our study, river interruptions are rarer in
PAs than outside PAs, as a result of local protection measures.
However, rivers which must be considered as continuous
ecosystems, specifically for guaranteeing the longitudinal
connectivity for fish fauna to complete their life cycles. Low river
fragmentation restricted within PAs may be beneficial for short-
range migrators for example stopping the non-native invasions
(Gavioli et al., 2018), but it could be detrimental for long-range
migrators (Hermoso et al., 2018).

Several studies documented the effects of dams along the river
which can cause alteration of flow condition and the creation of
lentic waters above the dam, and also obstruct the movement of fish
along the river and alter the taxonomical diversity and the genetic
patterns and the functional diversity of fish community (Oliveira
et al., 2018; Machado et al., 2022). Unfortunately, in our study, long
range migratory fish species, such as the Adriatic sturgeon
(Acipenser naccarii), were not sampled in a sufficient number of
sites to investigate fragmentation effects on these species and at
widest scale. The European eel (A. anguilla) was the unique long
range migratory species sufficiently sampled which resulted more
present in PAs. This result was probably driven by the presence of
vegetation and woody materials in these areas which are subjected to
protection measures and which are used as refuge by eels (Acou
et al., 2011; Harwood et al., 2022).

Water eutrophication showed lower values in protected areas
and in the near buffer zones, suggesting that PAs showed better
water quality conditions than unprotected sites. In PAs, limitations
imposed to vegetation management by water authorities may favour
self-purification capacity of eutrophication loads, thus allowing
better water quality conditions. Several studies performed in the
Po River basin have showcased this effect in a variety of water
courses, from rivers to managed canals (e.g. Castaldelli et al., 2013a;
Pierobon et al., 2013; Soana et al., 2018), highlighting also the
exosystemic effect of grass carp introduction on the drop of
water quality (Milardi et al., 2020a).

Human footprint and animal farming affected similarly all sites
despite their degree of protection, suggesting that these kinds of
anthropogenic pressures are widespread and their effects could not
be highlighted at this scale (Milardi et al., 2022b; Schipper and
Barbarossa, 2022).

4.2 Effectiveness to protect freshwater fish
diversity in protected areas

The most striking result of this study is that protected and
unprotected sites did not differ in terms of fish species richness both
considering all fish community and separating native and non-
native species. Although invasion degree was higher in unprotected
sites, the occurrence of invasive species did not differ between
Protected and Unprotected sites or, even, non-native species with
detrimental effects on native fish diversity such as S. glanis
(Castaldelli et al., 2013b) resulted more located in protected

areas. Contrariwise, the marbled trout (S. marmuratus) showed
the highest occurrence outside the PAs, suggesting that the
protection measures are not effective in preserving this species
inside PAs, and, most likely, outside PA areas were subject to
restocking activities of marbled trout for angling purposes. These
results suggest that the current PAs network, in Italy, is not effective
in guaranteeing a higher level of fish species richness and protection
to fish invasions compared to areas outside PAs.

The uncertainties on the usefulness of protected areas to
preserve fish diversity has been previously highlighted in other
European regions (Trochet and Schmeller, 2013; Hermoso et al.,
2015), South Africa (Jordaan et al., 2020), Australia (Chessman,
2013), South America (Azevedo-Santos et al., 2019) and
United States (Lawrence et al., 2011) where several
anthropogenic factors were found to be responsible for the lack
of effectiveness of the program, including fishing, water
management (e.g., dams and flow restrictions), habitat
degradation, and invasive non-native species.

In Italian rivers and canals, despite European, national, and
regional regulations and the conservation measures, an ample
majority of recreational fishermen have adopted the catch and
release fishing technique both for native and non-native species.
This implies that most of captured non-native species (included also
the most invasives ones) are released right after being caught, not
contributing to non-native biomass removal as desired. Due to the
low number of fishermen active on large rivers, even professional
fishing is unable to contrast the presence of non-native species. Also,
the illegal activities targeting non-native species as wels catfish,
common carp and other carp species are located outside PAs
contributing in this way to remove non-native species only in the
areas outside the PAs, in spite penalties and Police controls are less
severe in such areas.

4.3 Management implications for
conservation

The value of PAs for the protection of native biodiversity is
undisputable but our results highlight the need to consider in detail
the selective effect of protection measures on different taxa. In the
case of native fish, the highly connected nature of freshwater
ecosystems makes them intrinsically vulnerable to several threats
from the basin and, in the specific case of invasive exotic species,
from upstream and downstream reaches. In order to maintain the
ecological and hydrological processes that support fish diversity, it is
crucial to design conservation area networks considering these
threats and their propagation dynamics (Tognelli et al., 2019).

For example, several actions were already proposed by Acreman
et al. (2019) to enhance PA effectiveness, most of which are also
applicable to the analysed situation in Italy, such as incorporating
PA strategies into the conservation of aquatic habitats, including
hydrological regime, water quality, and riparian vegetation and
preventing, removing, or controlling invasive non-native species.

Rivers are among the most impacted ecosystems worldwide,
being difficult to mitigate the multiple impacts on fish communities,
and where the engagement of local communities and stakeholders in
the application of protection measures is a key factor in managing
the effectiveness of the protection in PAs (Fidler et al., 2022; Pereira
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et al., 2022). Additional management measures, such as removing
barriers or building fish passes, are needed to allow the long-distance
migratory fishes to complete their breeding cycle (Hermoso et al.,
2015). However, removing barriers may also turn out in promoting
invasions of fish species along the river continuum, since instream
barriers restrict the movement of non-native species and thus may
prevent localised extinctions of native fishes in headwater streams
(Gavioli et al., 2018). This evidence supports that management
measures (e.g., removing barriers) must be evaluated considering
the entire ecosystem context (Jordaan et al., 2020).

All these management actions need to be framed into an
ecological evaluation which goes beyond local and even national
level, particularly in interstate river basins, to cite one, the Danube
(e.g. Tóth et al., 2019).

PAs were historically developed and managed to protect
terrestrial ecosystems and species (Abell and Harrison, 2020). In
riverine ecosystems, a specific analysis is needed to increase the
effectiveness of protection of fish diversity, in some cases to be
performed at the basins scale or, at least, at the entire length of the
river (Azevedo-Santos et al., 2019). Thus, our results highlight that
the implementation of Natura 2000 network and its associated green
infrastructure, within the Prioritised Action Framework (PAF), need
a comprehensive overview of the measures, extended from the
physical to the ecosystem and social levels, as requested to the
Member States by the European Commission.

Our study highlights that in Italy the PAs network has not been
effective to protect river stretches from multiple anthropogenic
pressures and as real safeguard of fish diversity, according to
other assessments at the global scale (Geldmann et al., 2019). As
recently pointed out in an analysis of protected taxa inside Natura
2000 network, to increase the effectiveness of Natura 2000 network
in Europe a general reconsideration of principles and criteria for PAs
selection might be needed (Trochet and Schmeller, 2013). To
achieve this aim, our results lead us to propose two operative
levels, one general and one specific. To increase PAs’
effectiveness for endangered fish species, a general effort should
be devoted, from local to national and international scale, to the
development of public awareness and participation to improve a
shared knowledge of the risk deriving from the introduction of new
invaders, an updated knowledge of the conservation status of
endangered fish species and a more deeply rooted consciousness
of the cultural and historical value of iconic species on the brink of
extinction as, to cite some, sturgeons, lampreys, and eels.

On the more specific level, technical and research institutions
should increase management effectiveness by developing
accurate species-specific analyses to define proper measures
and interventions which, case by case, are addressed to
restoring the specific ecological needs of each single protected
species under consideration. This second operative level cannot
be based on general knowledge but needs updates, accurate
monitoring data and dedicated research from local to
European scale.

All above cited actions need dedicated middle to long-term
financing at national and international level which, in turn, is
favoured by a more effective public engagement, bringing higher
political attention on conservation. In a practical way, it remains a
matter of debate what to start with first, if to increase social
awareness/political support or to improve the technical base of

knowledge. Surely, it is more certain that, to be effective, both
political and monitoring programs should be discussed, financed,
and enacted at the whole Natura 2000 network level.
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