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Abstract
Identifying priority conservation areas is critical in high-mountain streams (HMS), which are highly
vulnerable to climate change and biodiversity loss. However, systematic conservation planning rarely
integrates species vulnerability with taxonomic and intraspecific genetic diversity, potentially overlooking
important dimensions of biodiversity. We evaluated the climate change vulnerability of Trichoptera
species using trait-based vulnerability values and assessed how different taxonomic and genetic
diversity representations influence conservation priorities. We sampled Trichoptera across 17 streams,
with three sampling sites per stream, and generated three complementary biodiversity datasets based
on species-level identifications and Exact Sequence Variants (ESVs) obtained via COI metabarcoding.
We developed species-specific climate change vulnerability values and incorporated them into the
systematic conservation planning tool MARXAN, ensuring the representation of climate-sensitive
communities across alternative conservation scenarios. Integrating functional and biogeographical traits
into vulnerability values revealed differences in climate change sensitivity among taxa, identifying highly
vulnerable species associated with restricted distributions and specific ecological requirements.
MARXAN taxonomic scenarios selected fewer, more spatially clustered sites, whereas genetic scenarios
maintained a more even spatial configuration and recovered western priority sites that would have been
overlooked using taxonomic features alone. MARXAN genetic scenarios identified priority areas that
preserved overall taxonomic diversity while capturing higher intraspecific diversity and maintaining
vulnerability. Our findings demonstrate that integrating genetic diversity and species vulnerability into
conservation planning improves the identification of climate-sensitive areas and provides a robust
framework for biodiversity conservation in vulnerable high-mountain freshwater ecosystems.

Introduction
Global freshwater ecosystems are undergoing profound changes due to climate change, which is
altering temperature regimes, hydrological cycles, and water quality at unprecedented rates (Dudgeon et
al., 2006; IPCC, 2023). These changes pose significant threats to the biodiversity and ecological
functioning of rivers, lakes, and streams, which provide essential ecosystem services such as water
supply, nutrient cycling, and habitat provision (Jackson et al., 2001). The magnitude and pace of these
transformations compromise the stability and resilience of freshwater ecosystems, putting biodiversity
at risk and highlighting the urgent need to prioritize their conservation. To address these widespread
threats, global biodiversity initiatives, such as the Kunming-Montreal Global Biodiversity Framework, set
international targets for the conservation and representation of species, genetic, and ecosystem
diversity, providing a benchmark for assessing the effectiveness of conservation strategies (CBD, 2022).

The establishment of priority sites for conservation has been proposed as an effective measure to halt
biodiversity loss across different ecosystems (Brodie et al., 2023; Heino et al., 2009; Watson et al., 2014).
For this purpose, systematic conservation planning emerges as a cost-effective approach to correctly
represent biodiversity and promote its persistence in the long term through clear targets and strategic
area selection (Margules & Pressey, 2000). Despite the continued expansion of protected areas
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worldwide, this trend alone is not a reliable measure of conservation success, as biodiversity continues
to decline globally (Rodríguez-Rodríguez & Martínez-Vega, 2022). Biodiversity decline also extends to
reductions in functional and genetic diversity, which threaten ecosystem processes and adaptation
capacity. However, conservation planning still relies mostly on species over other biodiversity
dimensions (Hoban et al., 2020; Laikre et al., 2020). In this context, genetic tools enable the detection of
intraspecific genetic diversity and population-level variation, improving the integration of adaptive
potential into conservation planning (Nielsen et al., 2023; Pauls et al., 2013). Building on this perspective,
recent contributions have highlighted multiple ways of integrating genetic data into systematic
conservation planning, emphasizing either DNA barcoding, phylogenetic diversity, or population genomic
approaches (Asmyhr et al., 2014; Coates et al., 2018; Nielsen et al., 2020; Paz-Vinas et al., 2018; Sheth &
Thaker, 2017; Stark et al., 2025; Vasconcelos et al., 2018). Although these studies differ in the techniques
used and the levels of diversity considered, they consistently demonstrate that integrating genetic data
with traditional taxonomic assessments can enhance conservation planning by capturing evolutionary
processes and population-level variation in conservation priorities.

While genetic approaches strengthen conservation planning by incorporating evolutionary processes
and adaptive potential, they do not explicitly account for how biodiversity is expected to respond to
future environmental change. In this regard, Climate Change Vulnerability Assessments (CCVAs) has
become an increasingly important framework for evaluating species' susceptibility to climate change
and guiding conservation priorities. CCVAs attempt to predict the degree to which climate change will
impact species, subspecies, or populations (Foden, 2016). Overall, the vulnerability of the species
depends on their ability to respond and adapt to changing conditions, which can be evaluated through
trait-based approaches (Harper et al., 2022). Trait-based CCVAs provide a practical tool to approximate
their loss, allowing the identification of critical traits for species resilience (Conti et al., 2014; Harper et
al., 2022; Hershkovitz et al., 2015). By integrating species’ adaptive capacity and environmental
sensitivity into CCVAs, conservation planners can prioritize areas where vulnerable species are most at
risk, improving the coverage of management for species under future climate scenarios (Summers et al.,
2012).

High-Mountain Streams (HMS), also known as alpine or high-elevation streams, are characterized by
high species endemicity with a limited adaptability to climate change resulting from the specific local
environmental conditions (Hotaling et al., 2017) and strong spatial isolation (Finn et al. 2011). HMS are
projected to face decreasing winter precipitation alongside rising summer temperatures and more
frequent droughts, thus accelerating snowmelt processes, glacial retreat, and disrupting hydrological
regimes (Amblar‑Francés et al., 2020). In addition, some HMS, such as the ones in the Pyrenees (north-
eastern Spain), also face climate-driven shifts in wind regimes that may influence species dispersal
dynamics along longitudinal diversity patterns (López-Rodríguez, 2026), potentially modifying population
connectivity for aquatic species with aerial stages. Overall, the cumulative changes of all these
conditions will potentially foster shifts in species distribution ranges in mountain ecosystems, increasing
extinction risk for narrowly distributed and specialized species (Brown et al., 2007; Guisan et al., 2019) or
even intraspecific lineages (Bálint et al., 2011).
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Trichoptera is an order of aquatic insects highly vulnerable to climate change (Kalaninová et al., 2014)
and well represented in HMS, with some families and subfamilies (i.e., Rhyacophilidae, Drusinae), being
particularly common. They exhibit high endemism, resulting from geographic isolation and evolutionary
processes linked to historical glaciations, which have promoted local adaptation and genetic divergence
(Domisch et al., 2011; Graf et al., 2008). In the Pyrenees, their distribution follows a pronounced
longitudinal (west-east) gradient (López-Rodríguez, 2026; de Mendoza et al., 2015), combined with
altitudinal temperature-related patterns associated with the cold and stable conditions typical of these
ecosystems (Hering et al., 2009). The ecological specialization, endemism, and spatial structuring of
Trichoptera makes them a key group to evaluate the potential of combining taxonomic, genetic, and trait-
based CCVAs to guide conservation planning.

Here, we aimed to improve freshwater conservation prioritization in the Pyrenees by integrating species-
specific climate change vulnerability with taxonomic and genetic biodiversity into systematic
conservation planning. Specifically, we (1) assessed species-specific climate change vulnerability in
Pyrenean Trichoptera by integrating functional and biogeographical traits into species-specific
vulnerability values. We expected this species-specific vulnerability to provide complementary
information to biodiversity patterns by identifying sensitive taxa whose conservation importance may
not be captured by biodiversity representation alone. Furthermore, we (2) incorporated this vulnerability
dimension into MARXAN to compare conservation scenarios based on taxonomic and genetic
biodiversity datasets. We expected genetic diversity to capture finer-scale biodiversity variation not
detectable through morphological identification (Paz-Vinas et al., 2018), providing additional information
to conservation scenarios while maintaining the representation of taxonomic diversity.

Material and methods
Study area and sampling

We selected 17 pristine HMS on the southern slope of the Pyrenees across a wide range of altitudes
(1128–2405 msl) and longitudes (2°19'3.6''E − 0°8'19.4''W) and located within national parks (Ordesa y
Monte Perdido and Aigüestortes i Estany de Sant Maurici) or natural parks (Capçaleres del Ter i del
Freser, Sorteny, Alt Pirineu, and Posets-Maladeta). We established three sampling sites along each
stream (upper course, middle course, and lower course; López-Rodríguez, 2026). We selected these
three sampling sites to obtain a broader characterization of the biodiversity of these HMS in the upper
course versus downstream river sections. We also conducted field sampling in summer 2019 and spring
2020–2021 to reflect seasonal biodiversity patterns, with the second sampling campaign extending over
two different years due to COVID-19 restrictions.

We measured several physicochemical parameters such as pH, dissolved oxygen (% and mg/L), water
temperature, specific conductivity (SPC), and total suspended solids (TSS), using a multiparameter
probe (YSI ProQuatro, Yellow Springs Instruments). We also obtained hydromorphological data, including
channel width (mean, minimum, and maximum), channel depth (mean and maximum), and discharge,
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which we measured using a flow velocity meter (MiniAir20, Schiltknecht). Finally, we assessed the Fluvial
Habitat Index (IHF) following the protocol described by Pardo et al. (2002) to determine instream habitat
heterogeneity (Supplementary material). We took a multihabitat macroinvertebrate sample along a 100-
meter reach using a kicking net with 250 µm mesh size and sorted Trichoptera larvae. We collected
successive samples until we found no new Trichoptera families in two consecutive samples.
Additionally, we also collected adult Trichoptera by sweep-netting riparian vegetation during the field
surveys whenever possible to improve taxonomic identification. We fixed all samples in 96% non-
denatured ethanol, changing the ethanol after 24, 48, and 72 hours; and kept all samples in the freezer at
-20 ºC until taxonomic identification to avoid DNA degradation.

Taxonomic and genetic diversity

We identified Trichoptera lavae under a stereoscope using specialised taxonomic keys (e.g., Décamps &
Pujol, 1975; Coppa et al., 2012; Décamps, 1965, 1970; Graf et al., 2015; Sainz-Bariáin & Zamora-Muñoz,
2015; Vieira-Lanero, 2000; Vieira-Lanero et al., 1998, 2008; Wallace & Wallace, 1983; Waringer & Graf,
2019). We sent adult specimens to regional Trichoptera taxonomic experts (Prof. Marcos González and
Dr. Jesús Martínez) for identification and used this information to refine larval identifications. We
updated larval identifications to lower taxonomic levels only when adult records provided unambiguous
support, such as when a taxon corresponded to a single known adult species in the study basin. We
retained higher taxonomic levels whenever species-level assignment was uncertain.

We extracted DNA from pooled larval tissue per site using PowerSoil Pro DNA Extraction Kits (Qiagen) in
a UV laminar flow cabinet inside a UV-sterilized room, using UV- and bleach-sterilized materials. To
analyze intraspecific diversity, we used population genetic studies based on the Cytochrome C Oxidase
subunit I (COI) gene, which showed congruent patterns with other intraspecific high-resolution genomic
approaches (Weiss & Leese, 2025). We amplified a fragment of the COI gene using a two-step PCR
protocol (Cruaud et al., 2017) and the primer pair fwhF2/ fwhR2n
(GGDACWGGWTGAACWGTWTAYCCHCC / GTRATWGCHCCDGCTARWACWGG; Vamos et al., 2017).
During the first PCR, we used 10 µl reaction volumes with 0.25 µM of each primer, 1X of the Multiplex
PCR Master Mix (Qiagen Multiplex PCR Plus Kit, Qiagen), 2,75 µL of RNase-free water, and 1 µL of DNA.
PCR conditions included an initial 5 min denaturation at 95°C, followed by 6 cycles of denaturation at
95°C, annealing at 68°C (decreasing by 1.5°C per cycle), and elongation at 72°C, followed by 24 cycles as
before but with an annealing temperature of 58°C. The reactions ended with a final extension at 68°C for
10 minutes. For the second PCR, we used 10 µl reaction volumes containing 1x Q5 High Fidelity
Polymerase Mix 2x (New England Biolabs), 0.25 µM of the universal forward and reverse primers, 1 µL of
the PCR 1 products, and we filled the remaining volume with nuclease-free water. We run the second PCR
with an initial 98°C for 30 seconds, followed by 10 cycles at 98°C for 10 seconds and 65°C for 75
seconds. We ended the reactions with a final extension at 65°C, 5 minutes. We verified amplification
success via agarose gel electrophoresis. We pooled the libraries at equal DNA concentrations and
purified them using 0.76X Ampure XP beads (Beckman). We quantified libraries with a Qubit 4.0
fluorometer (ThermoFisher) and checked for adapter dimers using a 2200 TapeStation with D1000 High
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Sensitivity DNA Screen tapes (Agilent). Finally, we sequenced our library pools at Novogene using an
Illumina NovaSeq system with 150 bp paired-end reads. We processed the sequence data using the
APSCALE graphical interface (Buchner et al., 2022; Macher, 2022). It includes external tools VSEARCH
(Rognes et al., 2016), CUTADAPT (Martin, 2011), and LULU filtering (Frøslev et al., 2017). Then, we
applied quality filtering and assigned taxonomy using the BOLDigger pipeline (Buchner & Leese, 2020),
retaining at species level when sequences showed ≥ 98% similarity to reference sequences and at genus
level when similarity was ≥ 95%. We passed the quality control using TaxonTableTools (Macher et al.,
2021). We subtracted potential contamination by removing, for each Exact Sequence Variant (ESVs), the
maximum number of reads detected for these ESVs in any of the negative controls. Additionally, we
applied a minimum relative abundance filter of 0.01% per sample to exclude low-read or potentially
spurious sequences from the final dataset.

Vulnerability metric

We developed species-specific climate change vulnerability values for the identified Trichoptera species
based on Conti et al. (2014), Graf et al. (2008), Hering et al. (2009), Hershkovitz et al. (2015), and
Sarremejane et al. (2020). We selected 12 traits particularly relevant in HMS and categorized them into
two groups: biogeographical (endemicity and persistence) and ecological + biological (stream zonation
preference, temperature preference, altitude preference, microhabitat/substrate preference, feeding type,
forewing female length max, emergence/flight period, duration of emergence period, life span, and
reproductive cycle). The selected vulnerability traits reflect multiple functional angles, with a special
emphasis on factors such as dispersal potential and habitat preferences (Isasi-Bea, 2020). For each trait,
we scaled each trait category from 1 to 4 according to its relative contribution to climate change
vulnerability (1 low, 2 medium, 3 high, and 4 very high) (Table 1). We obtained biogeographical traits
using the “rgbif” package (Chamberlain et al. 2025) to retrieve species distribution data from the GBIF
database (https://www.gbif.org/). While relying solely on GBIF may not always provide fully robust
estimates due to gaps in sampling or reporting, in our study, GBIF allowed us to capture expected
species distribution patterns. We reviewed all GBIF-derived distributions based on expert knowledge to
ensure consistency with known species ranges (see supplementary material). We categorized
endemisms into three levels based on the species’ known geographic distribution: non-endemic, for
species with broad distributions beyond the Pyrenees; Pyrenean endemic, for species restricted to the
Pyrenees; and Pyrenean micro-endemic, for species with extremely narrow distributions within specific
areas of the Pyrenees. We also categorized species’ persistence based on their temporal occurrence in
our samples. In this case, we defined four levels: Last year only, for species detected on GBIF exclusively
in the most recent year; between 2 and 3 years, for species detected in the last two or three consecutive
years; between 4 and 5 years; and + 5 years, for species consistently detected across historical records,
but not recently detected. For biological and ecological traits, we scored each species on a 10-point
scale for each trait modality (Supplementary Material). Finally, we scored each species based on data
from the Freshwater Ecology database (www.freshwaterecology.info; Schmidt-Kloiber, & Hering, 2015)
and specific bibliographic references, reflecting species' affinity to each trait category (see further
information in Supplementary Material).
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The species’ vulnerability value represents how sensitive the species is to climate change, and we
calculated it as the average of all traits values. We analyzed the potential association of vulnerable
species with altitudinal position using an Indicator Value Analysis (IndVal) and computed corrected
point-biserial correlation coefficients (Phi) using the “IndVal” package (Cáceres & Legendre, 2009; de
Cáceres et al., 2010). For each group, we calculated Phi coefficients and their 95% confidence intervals
via bootstrapping (n = 1000). We considered taxa whose confidence intervals did not overlap zero as
significant indicator species. We performed all statistical analyses using R version 4.4.1 (R Core Team,
2024), and generated graphs using the "ggplot2" package (Wickham, 2016; Wickham et al., 2024).

Prioritization of conservation sites

We identified priority sites for conservation using the MARXAN software (Ball et al., 2009). MARXAN is a
widely used decision-support tool in systematic conservation planning that identifies sets of sites that
achieve biodiversity representation targets at minimum cost, providing transparent and repeatable
prioritization scenarios (Ball et al., 2009). In MARXAN, the objective function as defined in Hermoso et al.
(2014) and Serra et al. (2020) includes:

Where:

Objective function = the value MARXAN seeks to minimize, with lower values indicating more optimal
site selections, considering the cost and the conservation targets.

Cost = the sum of the costs of the selected sites; in our study, we kept the cost constant for all sites
(Cost = 10) to ensure that prioritization reflected only species vulnerability. So the total cost simply
increased with the number of sites selected.

Shortfall Penalty = the penalty applied when a conservation target is not met, calculated as the shortfall
(the difference between the target and the proportion actually represented). For a given conservation
feature (e.g. a species), the conservation target was the proportion of its total distribution area to be
conserved in the final solution.

SPF = the Species Penalty Factor applied to the penalty. The higher it is, the more strongly solutions that
fail to meet the conservation target are penalized. We set SPF = 50 for all species.

We carried out MARXAN scenarios independently for the taxonomic and genetic data. First, we
computed a MARXAN scenario for the taxonomic data using species as conservation features. We
defined the target as a proportion of the distribution of a given species, and calculated its proportion as
a function of the species vulnerability value, scaled between 0 and 50%. This means that, for the most
vulnerable species, MARXAN aimed to include 50% of the sites where we detected the species in the
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final solution. Meanwhile, the target for the least vulnerable species was 0, which means that their
distribution had no weight in the site selection. We chose the 50% threshold because higher values led to
an over-selection effect, in which MARXAN tended to keep all sampling sites in the solution to meet the
targets for the different vulnerable taxa. Conversely, setting the minimum to 0 ensured that the least
vulnerable species did not influence the selection outcome, although they could be covered in sites
prioritized for other vulnerable species. This parameterization allowed us to balance the weight given to
species vulnerability while avoiding artifacts in the prioritization results.

Secondly, we ran a MARXAN scenario on the genetic data using the ESVs as conservation features. We
defined the proportion of the distribution to conserve for each ESVs the same way as in the taxonomic
scenarios, as a function of vulnerability scaled between 0 and 50%. We transferred species-level
vulnerability values to corresponding ESVs when species-level identification was available. For ESVs
resolved only to the genus level, we averaged the species-level vulnerability of all species present in the
study area (observed or likely to be observed, see Supplementary Table 06 − 2 for details). All ESVs of a
given species or genus contributed equally to site prioritization.

However, the genetic and taxonomic MARXAN scenarios differed substantially in the number of
conservation features considered, with 46 taxa included in the taxonomic scenario versus 135 ESVs
scenario. Because MARXAN must achieve conservation targets for each feature individually, the larger
number of ESVs likely increased the number of sites required to meet all targets. This effect may have
been further reinforced by the narrower spatial distributions of some ESVs compared to morphologically
defined taxa. To avoid this effect, we aggregated ESVs according to the lowest available taxonomic level
to generate a second dataset representing genetic diversity (ESVs-aggregated scenario). Whenever
possible, ESVs were aggregated at the species level; otherwise, they were aggregated at the genus level.
This intermediate scenario included 52 conservation features and allowed comparison between
taxonomic and fine-scale genetic approaches while reducing the disparity in the number of conservation
features among scenarios. Therefore, we evaluated three MARXAN prioritization scenarios (all including
species vulnerability values): a taxonomic scenario, an ESVs scenario, and an ESVs-aggregated scenario.

Given the limited number of sites and high taxonomic turnover, identifying priority sites for all taxa
simultaneously would have resulted in the selection of most sites across all scenarios. To address this,
following previous studies (Bruno et al., 2022; Fernández-Calero et al., 2024), we performed 100
bootstrap iterations, in which we identified priority sites for 50% of the conservation features for each
MARXAN scenario (i.e., species, ESVs, and ESVs-aggregated). We then calculated the site selection
frequency across the best solutions from all bootstrap iterations to identify consistently prioritized
areas. Finally, we compared the frequency of selection in MARXAN solutions with the average
community vulnerability to explore whether sites with higher community vulnerability were consistently
prioritized.

Results
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Upper course sites were characterized by the presence of vulnerable species, while tolerant species were
associated with lower courses. The IndVal analysis consistently revealed vulnerable species in upper
course sites, including Rhyacophila intermedia McLachlan, 1868, Micrasema vestitum Navás, 1918,
Polycentropus cf. kingi McLachlan, 1881, or Plectrocnemia laetabilis McLachlan, 1880 (Fig. 1).
Conversely, less vulnerable species, such as Hydropsyche dinarica (Marinkovic-Gospodnetic, 1979),
Hydropsyche instabilis (Curtis, 1834), Allogamus auricollis (Pictet, 1834), Halesus digitatus (Schrank,
1781), or Glossosoma boltoni (Curtis, 1834), were negatively associated with upper course sites. In
downstream sites, the pattern was reversed: species such as H. instabilis, Agapetus fuscipes (Curtis,
1834), G. conformis (Neboiss, 1963), and Beraea maurus (Curtis, 1834) showed positive associations and
low vulnerability, whereas highly vulnerable species, especially Synagapetus placidus (Navás, 1918) and
R. angelieri (Decamps, 1965), were negatively associated with them. In middle-stream sites, a mixture of
species from both upper course and downstream communities, including some exclusive to these
transitional sites, was consistently found; reflecting the gradual replacement of upper course-associated
species by downstream-associated species.

MARXAN identified different priority sites for conservation under the three scenarios (i.e., taxonomic,
ESVs, and ESVs-aggregated), resulting in differences not only in the location of the sites that were
repeatedly selected across bootstraps but also in the number of sites selected and in their ecological
characteristics (Fig. 2; Table 02). The ESVs scenario showed a wide spatial coverage (Fig. 2a, 2c),
selecting at least one site in almost every basin and including sites not selected in the other scenarios.
This scenario represented the highest taxonomic (67%) and genetic (72%) diversity covered and an
average vulnerability of 2.48 (SD = 0.20). However, it required the highest number of sites (n = 21) among
those selected in at least 50% of the 100 MARXAN iterations. Meanwhile, the taxonomic scenario
selected the fewest sites (n = 8), with an average vulnerability of 2.49 (SD = 0.13); and achieved a diverse
coverage of 64% of species and 41% of ESVs. It also showed good overlap with the ESVs-aggregated
scenario following a bimodal selection structure (Fig. 2b), with low selection frequency on western HMS
and high selection frequency of sites located in central and eastern HMS. However, The ESVs-
aggregated scenario preserved higher ESVs diversity (59%) and showed the highest mean vulnerability
score among scenarios (2.51; SD = 0.16).

Discussion
Here, we found that integrating species-specific vulnerability with taxonomic and genetic diversity
reveals complementary conservation patterns that would remain overlooked when considering each
biodiversity dimension independently. This result reflects four main contributions: (i) integrating
biogeographical, biological and ecological traits into a species-specific vulnerability values revealed
differences in climate change sensitivity among taxa, identifying highly vulnerable species associated
with restricted distributions and specific ecological requirements; these sensitivity patterns were
spatially structured across the river network, with vulnerable taxa concentrated in headwater habitats; (ii)
incorporating this vulnerability dimension into MARXAN resulted in priority scenarios that consistently
represented areas supporting vulnerable communities, as all scenarios selected sites with comparable
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levels of community vulnerability and altitudinal distribution despite differences in biodiversity
representation; (iii) genetic diversity revealed additional intraspecific variation that generated
conservation scenarios different from, and requiring larger spatial networks than those based solely on
taxonomy; and (iv) aggregating genetic diversity at the taxonomic level provided a balanced scenario
that incorporated additional information from intraspecific diversity while maintaining comparability with
traditional taxonomy, resulting in a more integrated representation of multiple biodiversity dimensions.

Species vulnerability reveals hidden conservation priorities under climate change

Our species vulnerability values were primarily driven by altitudinal gradients, highlighting the importance
of environmental filtering in shaping species sensitivity (Brown et al., 2007; Leathers et al., 2023). High-
altitude streams consistently harbored the most vulnerable communities, likely reflecting the strong
filtering imposed by the cold, stable, and oxygen-rich conditions characteristic of headwater habitats,
which favor taxa with narrow ecological requirements and limited ecological plasticity (Finn et al., 2013;
Kuemmerlen et al., 2025). Species such as R. intermedia, R. angelieri, M. vestitum, and Silo graellsii Pictet,
1865, among others, display high vulnerability values, consistent with their dependence on these
specialized environmental conditions typical of western Pyrenean headwaters (Cauvy-Fraunié et al.,
2015; Graf et al., 2008). These patterns highlight the particular sensitivity of high-mountain stream
ecosystems to climate change and anthropogenic pressures, as alterations in temperature, hydrological
regimes, and habitat stability may disproportionately affect species adapted to narrow environmental
conditions (Dudgeon et al., 2006; IPCC, 2023; Amblar Francés et al., 2020). Therefore, preserving climatic
refugia in headwater habitats is essential for maintaining highly specialized and range-restricted taxa
(Martini et al., 2024), as even minor thermal changes can shift or eliminate species with narrow climatic
niches (Domisch et al., 2011; Isaak & Rieman, 2013).

Integrating species vulnerability into conservation planning

Trait-based vulnerability assessments identify the species most sensitive to environmental change, but
incorporating this information into spatial conservation planning remains challenging. By including
species vulnerability values in MARXAN, all prioritization scenarios consistently represented high-altitude
headwaters supporting the most vulnerable communities, despite substantial differences in the
biodiversity features used for prioritization. This result indicates that integrating species vulnerability into
conservation planning can safeguard climate-sensitive taxa while maintaining flexibility in biodiversity
representation across alternative conservation solutions. Rather than favouring widespread and tolerant
taxa, this approach ensures that species with restricted distributions and narrow ecological
requirements remain incorporated into priority networks, improving the capacity of conservation
planning to anticipate future climate change (Martini et al., 2024).

Integrating genetic diversity balances biodiversity resolution and conservation feasibility

Prioritization tools are essential when human and financial resources are limited, as they improve spatial
efficiency and provide a more comprehensive representation of ecosystem complexity (Ball et al., 2009).
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However, the outcomes of these approaches strongly depend on the nature of the conservation features
used to define prioritization targets. Taxonomic scenarios selected fewer, more spatially clustered sites
than genetic-based approaches, whereas ESVs and ESVs-aggregated scenarios identified a broader
network of priority areas across the Pyrenees. The greater overlap between taxonomic and genetic
scenarios in the eastern Pyrenees may reflect the west-to-east climatic gradient, where lower elevations
and higher habitat heterogeneity promote macroinvertebrate diversity and increase the probability that
sites are prioritized regardless of the biodiversity feature considered (de Mendoza & Catalan, 2010;
Cuadrat et al., 2024; López-Rodríguez, 2026). Differences were particularly evident in the western region,
where genetic diversity highlighted additional priority sites that were not recovered by taxonomy alone.
This pattern likely reflects the ability of genetic data to capture intraspecific variation and evolutionary
processes that remain hidden when species are treated as homogeneous conservation units (Paz-Viñas
et al., 2018; Nielsen et al., 2023), consistent with previous studies showing that genetic approaches
reveal complementary conservation priorities (Asmyhr et al., 2014; Rosauer et al., 2017). Although
representing genetic diversity generally requires selecting more sites and therefore increases
conservation costs (Nielsen et al., 2023), our results show that aggregating ESVs at the taxonomic level
provides a practical compromise between biodiversity resolution and conservation feasibility. This
approach retains information on intraspecific diversity while avoiding the substantial increase in spatial
requirements associated with using all ESVs individually in our study, complementing previous proposals
to integrate genetic data into conservation planning (Balint et al., 2011; Carvalho et al., 2019; Hermoso et
al., 2016; Paz-Viñas et al., 2018). By combining species vulnerability, taxonomic and genetic biodiversity
within MARXAN, our prioritization framework identifies not only where biodiversity is concentrated, but
also where its most vulnerable evolutionary and ecological components are represented.

Methodological considerations and future perspectives

Despite these advances, several limitations should be acknowledged. First, our genetic analyses were
based on a single mitochondrial marker (COI), which captures only a subset of genetic variation within
species and may overlook population structure revealed by higher-resolution nuclear markers (Weiss et
al., 2024). Integrating genome-wide or adaptive genetic information could further improve the
identification of populations with greater evolutionary potential under climate change (Barratt et al.,
2024). Second, the species vulnerability values obtained in our study represent an evidence-based
approximation of species sensitivity derived from available ecological, biogeographical, and biological
trait information (Kuemmerlen et al., 2025). However, this framework does not incorporate species’
adaptive genetic variation, which may influence their capacity to respond to future environmental
changes (Barratt et al., 2024). As knowledge of species ecology, genetics, and trait databases improves,
vulnerability assessments could be refined and incorporated into future prioritization exercises. Third,
our prioritization focused on taxonomic and genetic diversity representation and do not consider
landscape connectivity or dispersal dynamics to maintain population linkages and ecological corridors
(Hermoso et al., 2020), which are also critical for long-term population persistence under changing
climatic conditions (Daigle et al., 2020). Fourth, we did not account for functional diversity but
acknowledge that our species vulnerability approach includes traits that might reflect ecological
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functions (e.g., reproductive cycle could be related to secondary production). Finally, our analyses were
restricted to Trichoptera communities inhabiting Pyrenean high-mountain streams, many of which are
already included within protected areas. Further evaluations across other freshwater taxa, mountain
systems, and conservation contexts will be necessary to assess the broader applicability of this
approach. Therefore, our results should be interpreted as a framework for improving biodiversity
representation within existing conservation networks rather than as a replacement for current protection
schemes.

Conclusions
Towards multiscale conservation planning under climate change This study exemplifies how the
multiscale conservation principles of the Kunming-Montreal Global Biodiversity Framework (CBD, 2022)
can be implemented by integrating species-specific climate change vulnerability with taxonomic and
genetic biodiversity, expanding traditional taxonomic-based prioritization towards more inclusive
conservation scenarios. Vulnerability assessments identified sensitive taxa and environmentally
vulnerable sites associated with key environmental gradients, particularly altitude. By incorporating
species vulnerability values to climate change and ESVs-aggregated diversity into MARXAN
prioritization, we identified conservation scenarios that captured complementary biodiversity
dimensions while maintaining spatial feasibility. These results highlight the importance of moving
beyond only taxonomic prioritization towards multiscale conservation strategies that account for
species sensitivity, community composition, and intraspecific diversity. Such integrative approaches
provide a foundation for adaptive conservation planning and contribute to the implementation of
biodiversity targets under global environmental change.
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Tables
Table 01: Traits used to assess species vulnerability based on biogeographic, biological and ecological
characteristics. The scoring system reflects the level of climate change vulnerability associated with
each trait category, ranging from low (1) to high (4).
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Category Trait Trait category Scoring

Biogeographical Endemicity Non endemic 1

Pyrenean endemic 3

Pyrenean micro-endemic 4

Persistance Last year 1

Between 2 and 3 years 2

Between 4 and 5 years 3

Older 4

Biological and
Ecological

Stream zonation preference Other 1

Metarhithral (mrh) 2

Epirhithral (erh) 3

Eu/Hypocrenal (euc/hyc) 4

Temperature preference Warm (was) 1

Moderate (cos) 2

Cold (eut) 4

Altitude preference Other 1

Montane (sal) 2

Subalpine (alp) 3

Alpine (niv, sni) 4

Microhabitat/substrate
preference

≥ 4 microhabitats 1

3 microhabitats 2

2 microhabitats 3

1 microhabitat 4

Feeding type ≥ 4 feeding strategies 1

3 feeding strategies 2

2 feeding strategies 3

1 feeding strategy 4

Forewing female length max ≥ 15 mm 1
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10-15 mm 2

5-10 mm 3

< 5 mm 4

Emergence/flight period All seasons 2

Winter dominant  4

Spring & Autumn
dominant

3

Summer dominant 4

Duration emergence period Long duration  1

Short duration 4

Life span < 1 year 2

≥ 1 year 4

Reproductive cycle Multivoltine (sup1) 1

Bivoltine (eq1) 3

Univoltine (inf1) 4

Table 02. Summary of MARXAN prioritization results for taxonomic, ESVs, and ESVs-aggregated
analyses. The table shows the number of targets considered in MARXAN, the number of sites that had
been selected in more than half of the 100 iterations, the number of taxa and ESVs across these
selected sites (and the percentage it represents from the total diversity observed in the study area), and
the mean and standard deviation of the altitude and the average community vulnerability across selected
sites. 

  MARXAN
selection

 

Taxonomic
diversity

ESVs  diversity Altitude (m) Vulnerability

 

Model Nº
targets 

Nº
sites

Nº
taxa

%
total

Nº
ESVs

%
total

Mean SD Mean SD

Taxonomic 46 8 41 64 75 41 1851 268 2.49 0.13

ESVs 135 21 43 67 131 72 1901 321 2.48 0.20

ESVs-
aggregated

52 13 40 62 107 59 1982 251 2.51 0.16
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Figures

Figure 1

Species vulnerability patterns.Strength of the association of a given species (mean ± SE) with each
altitudinal position (upper course, middle course y lower course). IndVal score represents the Indicator
Value for each species with respect to each group of sites, combining specificity and fidelity. Positive
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values indicate a strong association with the group, while negative values indicate a weak or absent
association. When the IndVal statistic was significant, the corresponding point was colored according to
species vulnerability

Figure 2
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Comparison of selection frequency (100 MARXAN runs) across different biodiversity metrics. (a) the
relationship between the taxonomic approach and ESVs scenarios, (b) the relationship between the
taxonomic approach and aggregated ESVs scenarios, (c) the relationship between ESVs and ESVs-
aggregated scenarios. In each panel, the two metrics are represented by their corresponding colors (blue
for the taxonomic approach, pink for ESVs, and orange for ESVs-aggregated). White indicates no
selection, pure colors represent selection by a single metric, and intermediate tones indicate varying
degrees of overlap in selection between the two approaches.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SuplementaryMaterial.docx

Page 26/26

https://assets-eu.researchsquare.com/files/rs-10501311/v1/20d213a81e3574cd1677d25c.docx

