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Aim: Understanding biodiversity patterns is crucial for prioritizing future conservation

tion of species remain undescribed (i.e. unknown biodiversity), hindering our ability

relevant in highly diverse, yet endangered, taxonomic groups, such as insects. Here
Editor: Christine Howard we explore the distributions of recently described freshwater insect species in Europe
to (1) infer the potential location of unknown biodiversity hotspots and (2) determine
the variables that can anticipate the distribution of unknown biodiversity.

Location: The European continent, including western Russia, Cyprus and Turkey.
Methods: Georeferenced information of all sites where new aquatic insect species
were described across Europe from 2000 to 2020 was compiled. In order to under-

stand the observed spatial patterns in richness of recently described species, spatial
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units were defined (level 6 of HydroBASINS) and associated with a combination of a
set of socioeconomic, environmental and sampling effort descriptors. A zero-inflated
Poisson regression approach was used to model the richness of newly described spe-
cies within each spatial unit.

Results: Nine hundred and sixty-six recently described species were found: 398
Diptera, 362 Trichoptera, 105 Coleoptera, 66 Plecoptera, 28 Ephemeroptera, 3
Neuroptera, 2 Lepidoptera and 2 Odonata. The Mediterranean Basin was the region
with the highest number of recently described species (74%). The richness of recently
described species per spatial unit across Europe was highest at mid-elevation areas
(between 400 and 1000 m), latitudes between 40 and 50° and in areas with yearly
average precipitation levels of 500-1000 mm, a medium intensity of sampling effort
and low population density. The percentage of protected areas in each study unit was
not significantly related to the richness of recently described species. In fact, 70% of
the species were found outside protected areas.

Main conclusions: The results highlight the urgent need to concentrate conservation
efforts in freshwater ecosystems located at mid-altitude areas and out of protected
areas across the Mediterranean Basin. The highest number of newly described spe-
cies in those areas indicates that further monitoring efforts are required to ensure the

aquatic biodiversity is adequately known and managed within a context of growing

KEYWORDS

1 | INTRODUCTION

Knowing where species occur is vital for setting priorities for bio-
diversity and ecosystem conservation (Whittaker et al., 2005).
Incomplete or biased information on the distribution of biodiver-
sity limits our capacity to effectively prioritize where conservation
efforts should be allocated (Hermoso, Kennard, & Linke, 2015;
Meyer et al., 2015), and thus to maintain healthy ecosystems and
the services they provide (Cardinale et al., 2012; Hermoso, Filipe,
et al., 2015). This is an urgent task, as climate change and other
anthropogenic impacts, such as habitat loss and degradation, are
causing an unprecedented biodiversity loss, and many species could
likely disappear even before they are collected, identified and for-
mally described (Costello, 2015).

Even though our knowledge about the number of current species
is growing, the vast majority of species are not formally described
yet, at least for some lineages (i.e. ‘Linnean shortfall’, Brown &
Lomolino, 1998). Also, for many described species, there are sev-
eral knowledge gaps related to their geographical distribution (i.e.
‘Wallace shortfall’, Lomolino, 2004), biology or ecological require-
ments (Bini et al., 2006; Hortal et al., 2015).

human impacts in freshwater ecosystems.

aquatic ecosystems, biodiversity loss, conservation priorities, protected areas, species
distribution, vulnerability

Improving the information on the distribution of biodiversity is
especially urgent in the case of freshwater ecosystems as they are
particularly affected by global change, even more than their terres-
trial or marine counterparts (Hermoso et al., 2012; Reid et al., 2019;
WWEF, 2020). Compared with terrestrial invertebrates, freshwater
species have smaller geographic ranges, lower dispersal abilities and
higher endemism levels (Dudgeon et al., 2006). Moreover, freshwa-
ter ecosystems are very sensitive to human disturbances, mainly
because they are not only receivers of disturbances (e.g. pollution
or biological invasions) but also transmitters, meaning that distur-
bances effects are transported downstream to the whole drainage
basin (Conti et al., 2014; Dudgeon et al., 2006).

Insects represent a big proportion of the world's total biodiver-
sity and are key to ecosystem functioning because they control and
maintain vital processes such as pollination, pest control and decom-
position (Losey & Vaughan, 2006; Noriega et al., 2018; Schuldt &
Assmann, 2010). However, around 80% of the expected insect spe-
cies are formally undescribed by science (Stork, 2018) and, more-
over, many other species are declining at an alarming rate (Cardoso
et al., 2020; Wagner, 2020). Although taxonomists continue to de-

scribe new species, even in regions where taxonomic studies are
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abundant, incomplete taxonomic knowledge and declining trends
are of particular concern for aquatic insects, as they occupy many
trophic niches and are found in almost all freshwater ecosystems
(Fenoglio et al., 2014; Mdrria et al., 2018). Finally, the ecology, evolu-
tionary biology and taxonomy remain poorly known for many groups
of aquatic insects, especially for those with different larval (mostly
aquatic) and adult (mostly terrestrial) habitat requirements (Dijkstra
et al., 2014; Tierno de Figueroa et al., 2013).

Several reasons, including factors related to the scarce taxonom-
ical studies, the lack of experts, low sampling efforts or the limited
research funding (but see Meyer et al., 2015) may explain why in
most countries there is still a large proportion of insect species to be
described (Fontaine et al., 2012). To find new species, taxonomists
commonly survey regions that are already known for having a high
biodiversity, leaving regions that are expected to be poor in species
un-explored (Sanchez-Fernandez et al., 2022; Sanchez-Fernandez,
Lobo, et al., 2008; Sastre & Lobo, 2009). For example, protected areas
and pristine regions tend to be more explored than areas impacted
by human activities (Sastre & Lobo, 2009). Society preferences also
affect the priorities in research investments and, therefore, funds are
commonly devoted to studying charismatic species such as birds or
mammals, while insects (less charismatic) remain largely under-studied
(Troudet et al., 2017). Lepidoptera (Macrolepidoptera), Orthoptera
and Odonata are exceptions, with more species listed as conservation
concern than other insects, probably because of their size and vivid
colouring (Leandro et al., 2017). Medically important groups, such as
mosquitoes or black flies (Diptera), are also well-studied insects.

Here, the aim was to explore the distribution of recently de-
scribed aquatic insect species in Europe to (1) infer the location of
unknown biodiversity hotspots and (2) determine the variables that
explain their distribution. It was assumed that areas where more spe-
cies have been described in the last 20 years could be indicative that
more species await to be described. Therefore, the results should
indicate areas where more monitoring effort is still required, as their
biodiversity could be higher than what we currently know. The first
hypothesis was that unknown biodiversity hotspots would be found
in southern Europe, that is, the Mediterranean Basin, a freshwa-
ter biodiversity hotspot (Tierno de Figueroa et al., 2013). The sec-
ond hypothesis was that the location of the unknown biodiversity
hotspots could be anticipated by a combination of socioeconomic,
environmental and sampling effort variables. For instance, areas
with less investment in research should have fewer descriptions in
the time period studied than other areas, since the funds dedicated
to research are low. Similarly, areas with high environmental variabil-
ity (e.g. landscape heterogeneity) would show the highest number
of recently described species because they harbour more habitat
types (Nichols et al., 1998). Regarding sampling effort, regions that
have been sampled more intensively would have more complete tax-
onomic inventories than other regions, and therefore the probability
of new species descriptions is low. Knowing where unknown biodi-
versity hotspots are located will help anticipate where conservation
actions need to be implemented before unknown species are lost by
direct and indirect human impacts.
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2 | METHODS
2.1 | Studyarea

The study focused on the European continent, including western
Russia, Cyprus and Turkey (Figure 1), and comprised an extension
of 11,324,000 km? across several bioclimatic regions from the
Mediterranean to the Polar Artic. Despite being part of Europe,
the Macaronesian islands were not included given their unique
biogeographical history. For the whole study area, the level 6 of
HydroBASINS (Lehner & Grill, 2013) was used as a spatial unit for
summarizing the spatial information and carrying out statistical anal-
yses. HydroBASINS portrays the watershed boundaries and sub-
basin delineations at a global scale (Lehner & Grill, 2013) using the
Pfafstetter coding system. The level 6 was selected because larger
or smaller scales of spatial units were impractical, the former would
dissipate environmental and socioeconomic factors, and the latter
could have increased the number of spatial units with no data. This
resulted in a total of 1381 spatial units (Figure 1).

2.2 | Species data

A database with information on species of aquatic insects de-
scribed between 2000 and 2020 was compiled (see Table S1 in
the supplementary materials). Subspecies or species groups were
discarded. The list of monophyletic freshwater lineages in Murria
et al. (2018) was used to select the target taxonomic groups (or-
ders and families). A first search on new described species was
conducted in taxonomic and biodiversity web pages, including
the Taxa and Autecology Database for Freshwater Organisms
(freshwaterecology.info), the Index to Organisms Names (organ
ismnames.com/query.htm), PESI (eu-nomen.eu) and the Barcode
of Life Data System (boldsystems.org). A second search was fo-
cused on specialized journals (e.g. Aquatic Insects, Braueria,
Graellsia, Zookeys, Zootaxa) and order-specific web portals,
such as Ephemeroptera of the world (insecta.bio.spbu.ru/z/
Eph-spp/index.htm), Trichoptera World Checklist (entweb.sites.
clemson.edu/database/trichopt/index.php), Systema Dipterorum
(diptera.org), the Chironomid home page (chironomidae.net),
DragonflyPix (Odonata; dragonflypix.com/checklist_en.html) and
the Plecoptera species file (Plecoptera.SpeciesFile.org). The sci-
entific names, locality where the species was first recorded and
authorship of all species described between 2000 and 2020 were
retrieved from the original manuscript. In particular, the geograph-
ical coordinates of the holotype locality were preferably used,
even when paratypes or other specimens were collected in other
places that were usually close. When the coordinates were not
available in the original manuscript, corresponding authors were
contacted to get details on the locality and coordinates were re-
trieved using Google Maps. In addition, to ensure that all recently
described species were included in the study, the database was re-
viewed, corrected and expanded by taxonomic experts (see details
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Insecta Orders

¢ Coleoptera (105 sp.) ¢ Lepidoptera (2sp.) < Plecoptera (66 sp.)

© Diptera (398 sp. ¢ Neuroptera (3sp.) ®  Trichoptera (362 sp.
1500  2.250 km AET(E ) ptera (3 sp.) ptera (362 sp.)

| ¢ Ephemeroptera (28 sp.) ¢ Odonata (2 sp.)

FIGURE 1 Map showing the extent of this study and the spatial units considered by the level 6 of HydroBASINS (Lehner & Grill, 2013)
and all of the recently described species (2000-2020) of aquatic insects in Europe separated by taxonomic orders.

TABLE 1 Used data from the Global Biodiversity Information Facility (GBIF).

Order

Coleoptera

Diptera

Ephemeroptera

Hemiptera

Lepidoptera
Megaloptera
Neuroptera

Odonata

Plecoptera

Trichoptera

Families
Dryopidae, Dytiscidae, EImidae, Gyrinidae, Haliplidae, Helophoridae, Hydraenidae, Hydrochidae, Hydrophilidae,
Hydroscaphidae, Hygrobiidae, Noteridae, Sphaeriusidae

Athericidae, Blephariceridae, Ceratopogonidae, Chironomidae, Culicidae, Dixidae, Dolichopodidae, Empididae,
Ephydridae, Limoniidae, Muscidae, Psychodidae, Ptychopteridae, Rhagionidae, Scatophagidae, Sciomyzidae,
Simuliidae, Stratiomyidae, Syrphidae, Tabanidae, Thaumaleidae, Tipulidae

Ameletidae, Baetidae, Caenidae, Ephemerellidae, Ephemeridae, Heptageniidae, Isonychiidae, Leptophlebiidae,
Metretopodidae, Neoephemeridae, Oligoneuriidae, Palingeniidae, Polymitarcyidae, Potamanthidae,
Prosopistomatidae, Siphlonuridae

Aphelocheriridae, Corixidae, Gerridae, Hydrometridae, Mesoveliidae, Naucoridae, Nepidae, Notonectidae, Pleidae,
Veliidae

Crambidae
Sialidae
Osmylidae, Sisyridae, Nevrorthidae

Lestidae, Calopterygidae, Euphaeidae, Platycnemididae, Coenagrionidae, Aeshnidae, Gomphidae, Cordulegastridae,
Macromiidae, Corduliidae, Libellulidae

Capniidae, Chloroperlidae, Leuctridae, Nemouridae, Perlidae, Perlodidae, Taeniopterygidae

Apataniidae, Beraeidae, Brachycentridae, Calamoceratidae, Dipseudopsidae, Ecnomidae, Glossosomatidae, Goeridae,
Helicophidae, Helicopsychidae, Hydropsychidae, Hydroptilidae, Lepidostomatidae, Leptoceridae, Limnephilidae,
Limnophilidae, Molannidae, Odontoceridae, Philopotamidae, Phryganeidae, Polycentropodidae, Psychomyiidae,
Rhyacophilidae, Sericostomatidae, Thremmatidae, Uenoidae
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in Table S1): Marcos A. Gonzélez, Fisun Sipahiler and Wolfram
Graf for Trichoptera, Andrés Millan and David Sanchez-Fernandez
for Coleoptera and Hemiptera, José Manuel Tierno de Figueroa
and David Muranyi for Plecoptera, Wolfram Mey for Lepidoptera,
Tomas Derka for Ephemeroptera, Marija Ivkovi¢ for Diptera and
Joel Moubayed for Chironomidae (Diptera).

2.3 | Potential explanatory variables

A preliminary list of socioeconomic, environmental, sampling effort
and local variables that could potentially explain the distribution of
recently described species such as elevation, temperature, precipi-
tation or extent of ice sheets at the last glacial maximum, was com-
piled (see Table S2 in the supplementary materials). Environmental
and socioeconomic data came from HydroBASINS, the European
Tertiary Education Register (ETER) project (eter-project.com) and
Eurostat (ec.europa.eu/eurostat), while environmental variables
were retrieved from HydroBASINS (hydrosheds.org/page/hydroba-
sins; see Table S2 in the supplementary materials). Sampling effort
was inferred from the number of species records currently available
at the Global Biodiversity Information Facility (GBIF) by counting all
records for the taxa included in the analyses (gbif.org) (Table 1) in
each spatial unit (i. e. level 6 of HydroBASINS). The references for
each downloaded data can be found at Table S3 in the supplemen-
tary material. The GBIF datasets included some fossil families such
as Perlariopseidae (Plecoptera) that were disregarded. The final list
of socioeconomic, environmental, sampling effort, environmental
and spatial variables is found in Table 2.

In the case of predictive variables obtained from HydroBASINS
(elevation, geographic coordinates, precipitation, temperature,
population density and percentage of protected area), the variable
values were already calculated at the resolution of our spatial units
(level 6 in our case) in the polygonal layer. The data coming from
GBIF and ETER Project (sampling effort and number of universities
respectively), were georeferenced so it was possible to link each
occurrence with the corresponding study unit using the Spatial Join
tool in ArcMap. Regarding the researchers, education and R&D data
from Eurostat, the values for each of these variables were averaged
across the studied period at the NUTS2 level. Then they were trans-
lated into the network of spatial units, averaging across all NUTS2
that fell within each HydroBASINS polygon. The dependent variable,
that is, the number of described species from 2000 to 2020 per spa-
tial unit, was calculated as the counts of the species described at

each sampling unit.

2.4 | Statistical analysis

Multicollinearity between pairs of predictive variables can lead
to errors when estimating the effects of predictors in the model
(Alin, 2010). Therefore, a correlation matrix with all pairwise combi-
nations of the predictive variables was checked. In those pairs with
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an R-square value over 0.6, only one variable was randomly selected
and kept to assure that only independent variables were used in the
modelling procedure. All these independent variables covered dif-
ferent ranges and magnitudes and were accordingly scaled. Since
elevation and species richness tended to have a quadratic relation-
ship because species richness peaks at mid-elevations (Sanders &
Rahbek, 2012), models considering the elevation as a quadratic term
were tested.

A Shapiro-Wilk normality test on the dependent variable (i.e. the
number of described species from 2000 to 2020 per spatial unit)
showed that data were not compatible with a normal distribution (p-
value <2.2e-16), likely because most of the spatial units did not have
species described from 2000 to 2020.

A zero-inflated Poisson regression approach was used to model
the richness of recently described species within each spatial unit
(dependent variable) in front of a combination of potential explana-
tory variables (predictive variables). This approach assumes that the
excess zeros are generated by separated processes from the rich-
ness values and zeros can be modelled independently (Long, 1997).
This approach was chosen given the distribution of our data, that
contains a disproportionate number of spatial units with no new
descriptions and highly skewed towards lower richness values. The
zero-inflated Poisson model has two components: a Poisson counts
model for the units with at least one observed new species, and a
logit model for predicting excess zeros. In the logit model, all spatial
units with at least a newly described species are considered as ‘pres-
ence’, while all the remaining units with no new species described
as ‘absences’. Therefore, the first component of the model informs
about the importance of each predictive variable at explaining the
observed richness of new descriptions, while the second component
informs about the probability of finding new species (Long, 1997).
The zero-inflated Poisson regression models were ran using all in-
dividual non-correlated predictive variables and also all their possi-
ble combinations. The Akaike information criterion (AIC) was used
to determine which combination of predictive variables better fit
the distribution of the richness of described insect species between
2000 and 2020. Following this criteria, the lowest AIC models were
considered the most adequate to explain the data since they had
more statistical support (Burnham & Anderson, 2002). In addition,
all models with an AIC increase equal to or less than seven units
in relation to the model with the lowest AIC value were consid-
ered statistically significant (Burnham & Anderson, 2002; Hermoso
et al,, 2011).

The three orders with the highest number of species described
between 2000 and 2020 (i.e. Diptera, Trichoptera and Coleoptera)
were also analysed separately. The main reason for this additional
analysis was because of the differential ecological features of these
groups. For instance, Diptera and Coleoptera can tolerate a wide
range of environmental conditions, whereas most Trichoptera re-
quire clean, cool and well-oxygenated waters (Resh & Cardé, 2009).
Furthermore, an important number of Diptera and Coleoptera
are found in the ecotone between land and inland waters, a habi-
tat known for its rich biodiversity and sensitivity to environmental
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TABLE 2 Socioeconomic (SE), environmental (E), sampling effort (S) and spatial (SP) variables selected after checking for multicollinearity
of a longer list of potential variables (Table S2 in the supplementary material). In italics, variables used after checking for correlation.

Variable

Species per spatial unit
according to GBIF®

Researchers®

Elevation (DEM)E

Geographic coordinates of
each spatial unit>’

Precipitationt

TemperatureE

Population density*t

Percentage of protected
areast

Number of universities per
country 5. SE

Meaning

Number of recorded species'
occurrences for each
spatial unit based on the
data provided by GBIF

Number of researchers per
spatial unit

Height above sea level

Latitude and longitude of the
centroid of each spatial
unit

Annual average precipitation

Annual air temperature
average

Population per spatial unit

Areas under protection
figures

University institutions in
each country

Units

Number of species per
country

Count

Decimal degrees

mm

“C

Rationale

Countries with more species could

Source

GBIF

potentially have more species to be

described

More naturalists going to the field to

Eurostat

collect specimens, more chances to

describe new species

Remote areas (such as those in higher

HydroBASINS

elevation) have more chances to host

undescribed species.

High is above 1000 m, mid between 400
and 1000m, and low below 400 m

Some latitudes or longitudes may harbour

HydroBASINS

more species than others (e.g. south

vs north)

Precipitation levels play a big role
in species distributions. Higher
precipitation levels can increase

HydroBASINS

nutrient availability, increasing insect

populations

Temperature ranges play a big role

HydroBASINS

in species distribution. Higher
temperatures lead to shorter

life cycles and, therefore, more
evolutionary capacity (higher
temperature means more mutation
frequency), favouring speciation

Higher population densities, more impacts ~ HydroBASINS
on freshwater ecosystems and less
chances to discover new species

(probably already extinct)

Protected areas could also protect HydroBASINS

undiscovered species

Universities per country

More universities per country should lead

ETER Project

into more researchers working on

taxonomy

More money dedicated on education

Eurostat

Expenditure on education Resources dedicated Euros
(EU)*E towards education
amongst the EU
members

Money intended for R&D Euros
projects

Research and development
expenditure (EU)%E

could increase the number of
experts dedicated to taxonomy

Countries that assign more money on Eurostat
R&D projects might invest also more

on taxonomy

Note: Due to difficulties obtaining socioeconomic data from Russia, some spatial units had NA values in the socioeconomic variables (R&D
expenditure, education expenditure and the number of researchers) that could invalidate the models, this is why these NA values were replaced by
the mean of values for that variable.Links to source webpages: ETER Project eter-project.com; Eurostat http://ec.europa.eu/eurostat/data/database;

GBIF gbif.org; HydroBASINS hydrosheds.org/products/hydrobasins.

changes (Ribera, 2000; Tachet et al., 2002; Resh & Cardé, 2009;
Millan et al., 2014). The models for each individual order were car-
ried out following the same process as for all orders together ex-
plained above.
The spatial using  ArcGIS

(Environmental Systems Research Institute (ESRI), 2017) and the

analyses were conducted

statistical analyses using the R programming language (R Core
Team, 2021). The Hmisc package (Harrell Jr., 2021) was applied
for the correlations between explanatory variables, and the
pscl package (Jackman, 2020) to run the zero-inflated Poisson
models. All graphics were presented using the ggplot2 package
(Wickham, 2016).
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3 | RESULTS
3.1 | Species database

The initial database included 1003 species described between 2000
and 2020. However, 37 species were discarded because the geo-
graphical coordinates of the holotype could not be obtained.

Therefore, final database included 966 recently described spe-
cies, belonging to Diptera (398 sp.), Trichoptera (362 sp.), Coleoptera
(105 sp.), Plecoptera (66 sp.), Ephemeroptera (28 sp.), Neuroptera
(3 sp.), Lepidoptera (2 sp.) and Odonata (2 sp.) (Figure 1). No new
species of Hemiptera (Heteroptera) or Megaloptera (Sialidae family)
were described. The highest number of recently described species
was found around the Mediterranean Basin (Figure 2), with Turkey
being the country with most recent descriptions (220 sp.), followed
by France (110 sp.), Italy (104 sp.) and Spain (100 sp.). In contrast, a
small number of recently described species were recorded in north-
ern and central Europe, mostly Diptera (Figure 3 and Figure S2).

3.2 | Variables influencing the distribution of
recently described species

From the 45 tested models (individual models, additive model with
all pairs of non-correlated variables and two-way additive models

with all possible combinations of non-correlated variables), the one

with the lowest AIC was the additive model with all non-correlated
variables (see Table S4 in the supplementary materials for all the re-
maining models). The Poisson count component of the models ex-
plaining the distribution pattern of richness of recently described
species, showed that the two variables with the highest weight were
elevation and number of universities, that is, higher values for el-
evation/number of universities are associated with higher number
of descriptions (Table 3), where a big part of the descriptions peak
at mid-elevation areas (400-1000m; Figure 4). Latitude, the num-
ber of GBIF occurrences and longitude also had a significant effect
explaining the dependent variable, although less important than the
previous two variables, as shown by their lower standardized regres-
sion coefficients (Table 3). When looking at the logistic portion of the
models, exploring the probability of finding new species, regardless
of richness, elevation and the number of GBIF records were the varia-
bles with higher standardized regression coefficients, indicating that
lower probability of not finding new species at higher elevations and
areas with already a large number of GBIF records. Results for the in-
dividual orders were somewhat similar to the ones obtained consid-
ering all orders together (see Tables S5 and Sé in the supplementary
materials). In all three cases, the only model with enough statistical
support was also the additive model with all non-correlated variables
(Table S6). For Diptera, the number of universities was the variable
with higher standardized regression coefficients and, therefore, the
most important at explaining the distribution of the new descrip-

tions of Diptera. In this case the possibility of finding new species

0 750 1.500 2.250 km
L | | J

" Total sp. nov. (2000 — 2020)
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Bl 23-35

FIGURE 2 Total number of aquatic insect species described between 2000 and 2020 per spatial unit.
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was determined by elevation and the number of GBIF records: spatial
units at higher elevation and larger number of records in GBIF had
a lower probability of finding new species (Table S5). In the case of
Trichoptera, elevation and number of universities were the predictive
variables with the largest importance at explaining the distribution
of the richness of new descriptions of this order: more descriptions
were found in spatial units with higher elevation and/or number of
universities. Elevation was also a significant variable at explaining the
probability of finding new species. Lastly, for Coleoptera, number of
universities was the most important predictive variable explaining
the description of new species for this order: more descriptions were
made in spatial units with more universities. The probability of find-
ing at least one new species was explained by the latitude.

4 | DISCUSSION

Europe is one of the most well-known regions in terms of biodiversity
(Fontaine et al., 2012). Yet, the results show that a high number of

new aquatic insects have been recently described (around 1000 new
species in the span of 20years). In agreement with the first hypoth-
esis, the results revealed that the unknown biodiversity hotspots
in Europe corresponded mainly to the southern areas around the
Mediterranean Basin (Figure 2): Turkey, Iberian Peninsula, Pyrenees,
Italy, Corsica and Malta, Alps, Dinaric western Balkan, Hellenic west-
ern Balkan and Eastern Balkan ecoregions (lllies, 1967). Despite the
fact that the Mediterranean Basin is a well-known biodiversity hot-
spot (lvkovi¢ & Plant, 2015; Moubayed-Breil, 2020; Myers, 1990),
including aquatic insects (Bonada & Resh, 2013; Tierno de Figueroa
et al., 2013), a high number of new species might yet be undescribed
in this area according to our results.

The Pleistocene southern refugia during glacial periods and
the high topographic barriers limiting species movement from
south to north during glaciations (i.e. Pyrenees, Alps, Dinaric Alps)
likely explain why the Mediterranean region has the highest num-
ber of recently described aquatic insect species in Europe (Blondel
et al.,, 2010; Grigoropoulou et al., 2022; Ivkovi¢ & Plant, 2015; Tierno
de Figueroa et al., 2013). Other reasons are related to the particular
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TABLE 3 Results for the model with statistical support.

Count model (Poisson with log link)

oiversty r Distributions TRV

Predictor variable Estimate Std. error zvalue Pr (>|z])<0.05
Universities 5.156 1.030 5.004 5.62e-07
poly(Elevation, 2)1 6.409 1.608 3.986 6.73e-05
poly(Elevation, 2)2 -6.514 1.318 -4.943 7.79e-07
Population density -0.170 0.071 -2.403 0.016
Percentage protected 0.087 0.050 1.748 0.081
GBIF occurrences® 0.688 0.068 10.178 <2e-16
Latitude -0.951 0.091 -10.498 <2e-16
Longitude 0.653 0.075 8.721 <2e-16
Precipitation 0.170 0.040 4.292 1.77e-05
Researchers -0.039 0.041 -0.968 0.333
Zero-inflated model (Binomial with logit link)

Predictor variable Estimate Std. Error zvalue Pr (>|z])<0.05
Universities 0.218 0.335 0.651 0.515
poly(Elevation, 2)1 -19.432 3.894 -4.990 6.03e-07
poly(Elevation, 2)2 8.678 2.984 2.909 0.004
Population density -0.197 0.165 -1.188 0.235
Percentage protected -0.094 0.125 -0.753 0.451
GBIF occurrences? -0.671 0.163 -4.119 3.80e-05
Latitude 0.626 0.190 3.293 0.001
Longitude 0.238 0.189 1.257 0.209
Precipitation -0.116 0.112 -1.038 0.299
Researchers 0.250 0.099 2.524 0.012

*Transformed using log(x + 1).

environmental conditions (strong seasonal and predictable hydrolog-
ical fluctuations, including dry/wet phases) and the high landscape
heterogeneity in this region, which has led to a higher spatial and
temporal taxonomic and functional diversity (Bonada & Resh, 2013;
Muirria et al., 2020; Tonkin et al., 2017). Although the largest accu-
mulation of new descriptions was found in the Mediterranean Basin,
new species of Diptera were described all-over the studied area.
This finding shows that the discovery of new Diptera species follows
a unique pattern, most likely because of their complex taxonomy,
and suggest that a number future Diptera descriptions could be ex-
pected across Europe.

In agreement with the second hypothesis, socioeconomic, en-
vironmental, sampling effort and spatial variables explained the
distribution of recently described species. First, the majority of the
new species descriptions were found in spatial units with low pop-
ulation density (see Figure 4), meaning that (i) human impacts as-
sociated with highly populated areas, such as habitat degradation
and fragmentation, could have reduced diversity and, therefore, led
to impoverished communities (Newbold et al., 2015) and lower the
number of new descriptions; and (ii) the few species living close to

high population densities have already been described [although

centred in Brazilian worm lizards, Colli et al., 2016 provide a good
example of this phenomenon].

Second, a high number of new descriptions were found at mid-
elevations, ranging between 400 and 1000 m. Low-elevation areas
(below 400m) tend to be heavily impacted by human activities, and,
therefore, as explained above could host either an impoverished or
well-studied biodiversity. On the other hand, high-elevation areas
have been recurrently surveyed in the past (Sanchez-Fernandez
et al., 2022; Sdnchez-Fernandez, Lobo, et al., 2008), which could ex-
plain the low number of new descriptions at high altitudes. Finally,
the habitat of mid-elevation ranges provides an ideal set of con-
ditions to harbour a large number of species, since they have the
potential to be colonized by species from both lower and higher el-
evations (Bertuzzo et al., 2016). This is reinforced by the refugia ef-
fect of mountain areas, because their intricate topography increases
isolation with elevation (Elsen et al., 2018; Finn et al., 2011; Perrigo
et al., 2020). Furthermore, the presence of aquatic insects at mid-
elevations, which very often corresponds to mid-order sections,
could also be supported by the River Continuum Concept (RCC).
The RCC postulates high alfa diversity in mid-order sections [but see

Finn et al., 2011 for beta diversity] because of the increasing width,
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depth, flow characteristics, temperature and the complexity of the
water from headwater to mid-order sections (Vannote et al., 1980).
Third, the northern, western and central European territories
had a higher survey density, meaning that these areas are tradi-
tionally highly sampled regions and the probability of finding new
species is low. Specifically, the areas corresponding to Belgium,
the Netherlands and the southern regions of Norway and Sweden
present the highest sampling effort levels based on the data pro-
vided by GBIF. Although important, high survey intensity is not
the only decisive factor in the description of new species. Survey
effort has to be accompanied by a sufficient task force of taxono-
mists that have the knowledge and expertise to determine whether
or not we have a new species. The current support for taxonomy
is not enough to face the present biodiversity crisis (Guerra-Garcia
et al., 2008). According to the European Red List of Taxonomists re-
port (Hochkirch et al., 2022), the taxonomic capacity in Europe is
threatened or eroded a 41.4%, meaning that despite recent efforts,
we still do not have enough task force to continue with the descrip-
tion of new species. Funding is strongly related to the impact factor
of publications, and taxonomic publications have lower impact fac-
tors, so the lower the impact factor involves less funding (Hochkirch
et al., 2022). Other factors not considered here, such as the number
of researchers, research centres and funding specifically dedicated

to molecular approaches, could be also relevant considering the

recent advantages in the field to detect new species, and should be
considered in future analyses.

When looking at the number of different taxonomists that have
described the freshwater insect species in the time period consid-
ered per order, it resulted that orders with fewer new descriptions
had more taxonomic experts (i.e. authors of the species descrip-
tion). For example, Odonata only had two descriptions in the time
period considered, but there were four experts behind those de-
scriptions. Meanwhile, Trichoptera and Diptera, two orders with the
highest number of new descriptions (362 and 398 respectively) had
fewer experts (39 and 164 respectively) (Table S7). As Hochkirch
et al. (2022) indicate, the use of Plecoptera and Ephemeroptera for
freshwater monitoring programs and the promotion of European
pollination programs (that involve Diptera and Lepidoptera), has
augmented the number of taxonomists dedicated to those groups,
although it is still inadequate.

In the face of the present biodiversity crisis, combined with
incomplete species distribution maps and a decline in taxonomic
experts, the distribution patterns observed in our models could be
used as a starting point for guiding conservation and further re-
search efforts for aquatic insects across Europe. For instance, the
results could be used to establish future sampling areas, and to de-
termine where the conservation efforts and resources should be

allocated. In this study, it was assumed that unknown biodiversity
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hotspots are likely located in areas where more species have been
described during the last years. Despite this assumption could
have the reverse interpretation (i.e. no more species will be de-
scribed because we have discovered all), it is unlikely that the spe-
cies discovery has reached a saturation because a large proportion
of them were discovered during the last 5years of the time series
(see Figures S1 and S2 in the supplementary materials). Moreover,
the high level of endemism found in the eastern and western areas
of the Mediterranean Basin (Sdnchez-Fernandez et al., 2004), sug-
gest that new species will be described in the future. Out of 966
described species in the time period considered, 74.43% of them
have been described in areas corresponding to the Mediterranean
Basin, compared to the 25.57% found in the rest of the study area,
thus emphasizing the importance of its conservation and further
research efforts. For instance, the Mediterranean northern Africa
(e.g. Morocco, Algeria, Libya) is often overlooked despite evidence
showing its high biodiversity of particular freshwater, which is
threatened and unprotected (Slimani et al., 2022). Order wise,
in the Mediterranean Basin, the highest number of new descrip-
tions corresponds to Diptera and Trichoptera (Figure S3). These
orders, together with Coleoptera, are the richest in aquatic eco-
systems (Dijkstra et al., 2014). These results show the importance
the Mediterranean Basin has in the overall biodiversity of Europe.
Additionally, it is known that the European Mediterranean area
contains the greatest known diversity for most of the aquatic in-
sect orders of the continent [see Schmidt-Kloiber et al., 2017 for
Trichoptera and Boudot & Kalkman, 2015 for Odonata]. One of
the most surprising results of the study was the weak significance
of the protected areas in explaining the unknown aquatic insect
biodiversity. Around 70% of the described species between 2000
and 2020 were found outside the limits of protected areas. There
are several potential explanations for this pattern. One the one
hand, the acquisition of sampling permits which is usually adminis-
tratively complex, therefore discouraging researchers to conduct
sampling campaigns. Also, most new species in protected areas
could have been already discovered because protected areas usu-
ally report better species inventories (promoted by local projects)
than the surrounding areas, for example, an extensive inventory
is necessary condition to those countries that have signed the
Ramsar convention (Dudley, 2008). Another reason to explain
the observed pattern could be that freshwater ecosystems and
aquatic insects are seldom considered when conceiving the con-
servation plans (lvkovi¢ & Plant, 2015), and current protected
areas fail to cover the distribution of freshwater biodiversity
(Guareschi et al., 2015; Hermoso, Filipe, et al., 2015; Sanchez-
Fernandez et al.,, 2021). As a result, protected areas are not
designed considering aquatic insects and, therefore, it is not sur-
prising that an important part of the recently discovered species
was recorded in unprotected areas (Ivkovi¢ & Plant, 2015; Payo-
Payo & Lobo, 2016). The design of protected areas tends to be
biased towards less economically profitable regions, such as high
mountainous areas, because the economical profits of farming in

those areas are non-existent (Pressey, 1994; Pressey et al., 2002).
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Therefore, by establishing protected areas in regions with these
characteristics, managers are leaving areas that could harbour
more biodiversity without protection.

Despite the conservation effort implemented in the las de-
cades, we still need more initiatives to study and protect freshwa-
ter ecosystems. Sadly, the Iberian Peninsula is one example of the
poor protection of the freshwater habitats and the diversity that
they harbour (Hermoso, Filipe, et al., 2015; Sanchez-Fernandez,
Bilton, et al., 2008). The lack of specific legislation to protect in-
vertebrates (including aquatic insects) and their poor representa-
tion under current policy such as the Habitats Directive (Hermoso
et al., 2019) is also critical for ensuring the conservation of freshwa-
ter biodiversity (Schuldt & Assmann, 2010). Therefore, the results
suggest that future biodiversity conservation plans should extend
the current network of protected areas towards those that hold a
high diversity of taxa currently underrepresented, and also to areas
that could still hold unknown and highly vulnerable species. The
designation of entomologic (micro)reserves in such areas where in-
sect hotspots have been found could be a promising approach to
conserve also unknown freshwater biodiversity. For example, this
figure was used in Portugal to create (micro)reserves to protect
Eurypha contentei (Insecta, Hemiptera, Cicadoidea) and through the
Spanish Entomological Association (AEE: Asociacion Espariola de
Entomologia) five entomologic (micro)reserves have been recently
created in Spain (Galante et al., 2015).

5 | CONCLUSIONS

The database generated in this study will be a useful resource of
information to complete freshwater biodiversity inventories in
Europe, and to know where the unknown biodiversity hotspots
of aquatic insects in Europe are located. Based on and assuming
that new species of aquatic insects will be described in the com-
ing years (in particular with the boost of molecular approaches),
taxonomic efforts to find new species must be directed towards
south and eastern European areas at mid-elevations. Future pro-
tected areas should also prioritize these areas, where freshwater
biodiversity inventories are still incomplete and ecosystems suffer

from heavy human impacts.
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