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ABSTRACT

Aquatic insects are key for the correct functioning of freshwater ecosystems. Between 80 and
95% of insect species, however, remain to be formally described and most likely many of them
will disappear before they are known. The objective of this thesis was to assess where are the
unknown biodiversity hotspots of aquatic insects in Europe. To do so, a database with all the new
aquatic insects’ descriptions in the last twenty years (2000-2020) was compiled, and a set of
sampling effort, environmental and socioeconomic variables was used to determine the factors
behind the distribution of these recently described species. The results showed that the
Mediterranean Basin was the region with the highest unknown biodiversity of aquatic insects, with
Turkey being the country with more recently described species in the last 20 years. The three
Orders with more described species were Trichoptera, Diptera and Coleoptera. This unknown
biodiversity was mainly related to two environmental and socioeconomic factors; a high number
of unknown species was found in mid-elevation areas and in regions with a high number of
universities. Our findings suggest that future efforts to discover unknown biodiversity should be
focused in regions with these characteristics located at south and eastern European regions.
Surprisingly, the percentage of protected areas did not explain the unknown biodiversity, and
more new species were found outside than inside protected areas. New protected areas should
be established for the conservation of the still unknown species before they disappear by human
impacts, especially in the Mediterranean Basin where freshwater biodiversity inventories are far
from being complete and ecosystems are heavily impacted.

RESUM

Els insectes aquatics son clau pel bon funcionament dels ecosistemes d'aigua dolga. Entre el 80
i 95% de les especies d'insectes continuen sense estar formalment descrites i és molt probable
que desapareguin abans que puguin ser-ho. L'objectiu d'aquest treball de fi de grau ha sigut
determinar on es troben hotspots de biodiversitat d'insectes aquatics a Europa. Per fer-ho, s'ha
creat una base de dades amb totes les espécies d’insectes aquatics descrites en els ultims 20
anys (2000 — 2020) i s'han utilitzat un seguit de variables ambientals, socioecondmiques i d'esforg
de mostreig per establir els factors darrera la distribucié d'aquestes espécies recentment
descrites. Els resultats mostren que la conca Mediterrania era la amb més biodiversitat
desconeguda d'insectes aquatics, on Turquia és el pais amb més espécies noves descrites en
els ultims 20 anys. Els Ordres amb un major nombre de descripcions han sigut, respectivament,
Trichoptera, Diptera i Coleoptera. Aquesta biodiversitat desconeguda estava principalment
relacionada amb dos factors ambientals i socioecondmics; un gran nombre d’espécies
desconegudes es va trobar en regions d’elevacions mitjanes i amb un alt nombre d’universitats.
Els resultats suggereixen que futurs esforgos per descobrir biodiversitat desconeguda s'haurien
de focalitzar en zones amb aquestes caracteristiques del sud i est d'Europa. Sorprenentment, el
percentatge d'arees protegides no explicava al biodiversitat desconeguda, i moltes espécies
noves van ser trobades fora d'arees protegides. S'han d'establir noves arees protegides per la
conservacido de les especies encara desconegudes abans que aquesta desaparegui pels
impactes humans, especialment a la conca Mediterrania on els inventaris de biodiversitat d’aigua
dolga son lluny d’estar complerts i els ecosistemes estan greument afectats.
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1. INTRODUCTION

Even though our knowledge about biodiversity is growing, we are still far from
establishing the exact number of species inhabiting the Earth. The vast majority of
species are still not formally described (i.e. Linnean shortfall), and for many described
species, there are several knowledge shortfalls related to their geographical distribution,
biological characteristics, or ecological requirements (Bini et al., 2006; Hortal et al.,
2015). Understanding biodiversity in a wide sense is key to maintain ecosystems and
the services they provide to humans. However, anthropogenic impacts, such as habitat
loss and degradation, are causing an unprecedented biodiversity loss (Payo-Payo &
Lobo, 2016; Sanchez-Fernandez et al., 2008), and many species will likely disappear

before they are formally described.

Despite insects are key for the correct ecosystem functioning (Noriega et al., 2018;
Schuldt & Assmann, 2010), 80-95% of the expected species are still unnamed according
to Stork (2007. Several reasons including factors related to sampling effort, ecological or
socioeconomic characteristics may explain the weak description of insect species. To
find new species, taxonomists commonly sample regions that are already known for
having a high biodiversity and, therefore, regions that are expected to be poor in diversity
are mainly unexplored (sampling effort related factors) (Sastre & Lobo, 2009). Thus
protected or low impacted, pristine areas are probably more explored than others areas
(Sastre & Lobo, 2009). Society preferences also affect the priorities in research
investments and, for this reason, funds are commonly centred to charismatic species
such as birds or mammals, while insects (less charismatic) remain largely under-
represented (Troudet et al., 2017). However, there are several exceptions; Lepidoptera,
Orthoptera and Odonata are not under-represented when looking at protected species

list, probably because of their size and vivid colouring (Leandro et al., 2017).

Even though the maijority of insect taxonomists are based in North America and Europe
(Gaston & May, 1992), 60% of the new descriptions of species are made by amateur
taxonomists (Fontaine et al., 2012). The lack of funding, legal impediments, and the poor
recognition of taxonomy by academy, society and policy-makers has brought us to the
present situation, where taxonomy is in crisis and there is a very slow rate of publication
of studies describing new species (Fontaine et al., 2012; Guerra-Garcia et al., 2008).
Over the past years, several initiatives have emerged to try to solve this problem. In
Europe, Fauna Europea and the Pan-European Species directories Infrastructure (PESI)
provide a checklist with all the multicellular terrestrial and freshwater animals recorded
across Europe (Fontaine et al., 2012). Similarly, Fauna Iberica and the Swedish
Taxonomy Initiative (STD) are two examples of initiatives at the country level that aim to
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build a national biodiversity inventory (Guerra-Garcia et al., 2008). For the specific case
of insects, the European Union has partnered with the Consortium of European
Taxonomic Facilities (CETAF), the International Union for the Conservation of Nature
(IUCN) and the Pensoft Publishers, The Red List of Insect Taxonomists (2021), which
aims to create a database that will be the foundation of new policies to avoid the declining

of insects.

The prime focus of this thesis was not the whole Insecta class, but the aquatics insects,
which account for 60.4% of all freshwater animal species (Fenoglio et al., 2016).
Freshwater ecosystems and their biodiversity are particularly affected by anthropogenic
impacts, even more than terrestrial or marine ecosystem (e.g. see the Living Planet
Index). The reason for this is that freshwater species have small geographical ranges,
low dispersal abilities and high endemism levels, and the ecosystems where they are
found are receivers and transmitters (i.e. effects are transported to the whole basin) and
affected by multiple stressors, such as pollution, habitat destruction and biological
invasions among others (Conti et al., 2014; Dudgeon et al., 2006). Future predictions
also indicate that the rise in temperatures due to climate change will significantly impact
the distribution and life cycles of freshwater species (Bonada et al., 2007; Conti et al.,
2014) and local extinctions will be frequent (Murria et al., 2020). In particular, aquatic
insects account for a significant portion or freshwater biodiversity (i.e. 60.4% according
to Balian, Segers et al. (2008)). They have a wide variety or biological and ecological
traits, occupying many trophic niches and being present in almost all freshwater
ecosystems (Fenoglio et al., 2014). Aquatic insects also contribute significantly to the
process of organic matter and have effects on the nutrient cycling (Lundquist & Zhu,
2018). However, the knowledge we have on the ecology of aquatic insects at species
level is still very poor because the challeging taxonomic identification for most groups
(Tierno de Figueroa et al., 2013). Many species are still not known, there is a separated
taxonomy between larvae (mostly aquatic) and adults (mostly terrestrial), and very few
have recognised conservation concern (e.g. the IUCN Red List includes very few

threaten aquatic insects).
1.1. OBJECTIVES AND HYPOTHESES

Our objectives were to (1) determine where are the hotspots of unknown biodiversity of
aquatic insects in Europe (i.e. species that remain to be discovered), (2) know if
protected areas protect unknown biodiversity and (3) understand the factors behind the
distribution of this unknown biodiversity considering sampling effort, environmental and
socioeconomic variables. This thesis also contributes in the completeness of a

continental biodiversity inventory of aquatic insects. In this thesis is assumed that
2



unknown biodiversity is the compendium of new species descriptions during the last 20
years (from 2000 to 2020). In other words, this approach supposes that this thesis started
in 2000 and had the aim to know where new species would be described in the next 20

years in Europe.

Freshwater ecosystems around the Mediterranean Basin have been considered
hotspots for biodiversity, also for aquatic insects. This is because the area has been
subjected to several historical (e.g. glaciations) and ecological (e.g. seasonal and
predictable drying periods) factors (Bonada & Resh, 2013; Tierno de Figueroa et al.,
2013). In addition, this area has been traditionally less studied than central European
countries, where taxonomy has a longer tradition. Other factors related to political or
economic factors could also be important; for example, the Yugoslav Wars (1991 — 1999)
(Radovic, 2004) or the mining policies in Turkey that did not prohibit mining activities in
protected areas (Birben, 2019) could have slow down the rates of new species
description. Therefore, our first hypothesis would be that hotspots for unknown

biodiversity in Europe should be found in south and eastern areas.

Protected areas are one of the most useful tools to protect species and, as Guareschi et
al. (2015) indicated, a big number of species’ survival depends on their presence in
protected areas. Actually, biodiversity hotspots has been used as a cost-effective
strategy to establish conservation areas (Myers et al., 2000) although it should not be
seen as the only way to protect and preserve biodiversity (Stork & Habel, 2014). In
addition, protected areas are pristine areas with complex and heterogeneous landscapes
that potentially host high levels of biodiversity. Therefore, our second hypothesis would
be that protected areas should harbour more unknown biodiversity. Alternatively,
unknown species would be found outside of protected areas, because these areas are

usually much more explored.

Several factors related to sampling effort, ecological or socioeconomic characteristics
can explain unknown biodiversity patterns and, therefore several hypotheses are related
to our third objective. Firstly, we expect that areas with more sampling effort should have
more species described in the last 20 years. Sampling effort is directly correlated with
the socioeconomic level of each country; in those regions where the socioeconomic level
is higher, such as the northern of Europe, the number of resources available to do
sampling work is higher. Also, island regions such as England or Ireland, have their
biodiversity inventories saturated due to their relatively small extent (which facilitates the
required sampling effort). Secondly, environmental conditions also play a significant role

in determining the patterns of distribution of the unknown biodiversity, since



environmental conditions drive where the biodiversity is located and should indicate if
there are still more taxa to describe. For instance, those habitats more holding higher
aquatic insect biodiversity (Hershkovitz et al., 2015) should have high levels of unknown
biodiversity unless they are completely explored. Finally, it is expected that those basins
with a higher number of universities, research funding and development, education
expenditures and researcher personnel should have a greater number of described
species because more funds and researchers are present. For example, since 2008 to
2013, the economic crisis took a big toll on the budgets associated to science and
environmental protection, which have made even bigger the differences in the efforts on
diversity conservation between northern and southern countries (Landesmann, 2013).
These consequences are still observable, the eastern and southern countries of the EU
have less investment in research than its central and northern counterparts (Van
Noorden & Butler, 2019).

2. MATERIALS AND METHODS
2.1. STUDY AREA

The study focuses in the European continent, including western Russia, Turkey and
Cyprus (Fig. 1), and comprises an extension of 11.323.564 km?, ranging across several
bioclimatic regions from the Mediterranean to the Polar Artic. The Macaronesian islands,
belonging politically to Europe, were not included given the drastic climatic differences
with continental Europe. Countries in the middle east such as Georgia, Armenia and
Azerbaijan were discarded because scarce data availability. For the whole area,
HydroBASINS was used to select the spatial unit most appropriated for our study.
HydroBASINS portrays the watershed boundaries and sub-basin delineations at a global
scale (Lehner & Girill, 2013), and uses the Pfafstetter coding system (Verdin & Verdin,
1999), ranging from levels 1 to 12, to delineate the size of the spatial unit (12 being the
higher resolution). The layers are based on a grid resolution of 15 arc-seconds (~ 500
m) and use the WGS84 datum. In this study, the level 4 was selected given the scale of
the study. This corresponded in a total of 146 spatial units and an average polygon area
of 80.234,22 km?, larger or smaller spatial units than 4 would be unpractical to

understand biodiversity patterns.



Fig. 1. Map showing the extent of this study and the spatial units considered by the level
4 of HydroBASIN (Lehner & Grill, 2013).

2.2. SPECIES DATA

A database of the number of new species of aquatic insects described in the study area
in the last 20 years (2000 — 2020) was complied. Subspecies or species group were
discarded. The initial selection of Orders and families was done based on the list of
monophyletic freshwater lineages published by Mdurria et al. (2018). Based on this list, a
first research was conducted in general taxonomic and biodiversity web pages, including
the Taxa and  Autecology Database for  Freshwater Organisms

(https://www.freshwaterecoloqgy.info/), the Index to Organisms Names

(http://www.organismnames.com/query.htm), PESI (http://www.eu-nomen.eu/portal/)

and the Barcode of Life Data System (https://www.boldsystems.org/). A bibliographical

research was done using search engines (e.g. Google Scholar and Scopus). In the case
that | could not access to the original paper, the corresponding author of the article was

contacted.

The next step was to search in specialized journals (e.g. Graellsia or Braueria) and
Order-specific  web  portals, such as Ephemeroptera of the world

(http://www.insecta.bio.spbu.ru/z/Eph-spp/index.htm), Trichoptera World Checklist

(https://entweb.sites.clemson.edu/database/trichopt/index.php), Systema Dipterorum

(http://diptera.org/Nomenclator), Plecoptera species file

(http://Plecoptera.SpeciesFile.orq) and the Chironomid home page

(http://www.chironomidae.net). To ensure that all recently described species were

included in the study, the database was sent to several taxonomic experts (listed in the
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acknowledgments) for comments and corrections. It was common that some of the
holotype descriptions did not come with the geographic coordinates, so the database
was sent again to the taxonomic experts to ask for the coordinates. In some cases, the
holotype collector did not include the coordinates, and to solve it, an approximation of
the coordinates was done using the holotype description and the web mapping platform
Google Maps. This back and forth with the taxonomic experts continued for several
months until we had the reassurance that the database was exhaustive and as much

complete as possible.

2.3. SAMPLING EFFORT, ENVIRONMENTAL AND
SOCIOECONOMIC DATA

To understand patterns of unknown biodiversity in the study area, we considered a series

of variables related to sampling effort, environmental and socioeconomic factors.

A tentative preliminary list of these variables can be found in Table S1 in the
supplementary materials. Using the original list, we removed some variables because
they were represented, correlated or covered by other closely related variables (see
details in the statistical analysis). The final selected variables can be found in Table 1.
The sampling effort was provided by the Global Biodiversity Information Facility (GBIF)

(https://www.gbif.org), the environmental information comes from HydroBASIN

(https://hydrosheds.org/page/hydrobasins), while the socioeconomic data comes from
HydroBASIN, the European Tertiary Education Register (ETER) project

(https://www.eter-project.com) and Eurostat (https://ec.europa.eu/eurostat).




Table 1. Sampling effort (S), environmental (E) and socioeconomic (SE) variables used.

Variable Meaning Units Rationale Source
Number of recorded
Spegles pt'er species Number of Countries with more species
spatial unit occurrences for . .
. . species per could potentially have more GBIF
according to each basin based countr species to describe
GBIF® on the data y P
provided by GBIF
Number of Mgre naturalists gomlg to the
s field to collect specimens,
Researchers researchers per Count . Eurostat
. more chances to describe
basin .
new species
More remote areas (such as
Elevation (MDE)E Height above sea m those in higher elevation) HydroBASIN
level have more chances to have
undescribed species
Geographic Latitude and Decimal Sncw)gqer::trltt)l:)ifsm%rrf rs]gggiizs
coordinates of longitude of the y P HydroBASIN
. E . . degrees than others (e.g. south vs
each basin centroid of each unit
north)
Precipitation level play a big
Annual precivitation role in species distributions.
Precipitation & precip mm Higher precipitation could HydroBASIN
average . L
give more speciation
opportunities
Temperature ranges play a
Annual air distrizlugtiro(:: Igsrizcjsesecies
Temperature E temperature °C ) . P HydroBASIN
could favour mild
average .
temperature ranges against
more cold ones
Higher population densities,
more impacts on freshwater
Populgtlgn Population per unit Peoplezper ecosystem§ and less HydroBASIN
density area km chances to discover new
species (probably already
extinct)
Percentage of ] Aregs un-der km? Protected areas could algo HydroBASIN
protected areas protection figures protect undiscovered species
Numpfar of . .Ur?lvers-lty Universities More universities per ETER
universities per institutions in each country, more researchers .
S SE per country ; Project
country > country working on taxonomy
Resources More money dedicated on
Expenditure on dedicated towards Euros education could increase the Eurostat
education (EU) 8 education amongst number of experts dedicated
the EU members to taxonomy
Research and Countries that assign more
development Money intended for Euros money on R&D projects Eurostat

expenditure
(EU)SE

R&D projects

might invest also more on
taxonomy




2.4. STATISTICAL ANALYSIS

The spatial analysis was done using the Environmental Systems Research Institute
software (ESRI, 2017) and the statistical analysis was performed using the R
programming language (R Core Team, 2020). All the graphics are presented using the
ggplot2 package (Wickham, 2016). A first analysis was carried out to establish if the
discovered species in the last 20 years were more frequent inside or outside the
protected areas, according to their taxonomic Order and using information from
Protected Planet (UNEP-WCMC & IUCN, 2021).

To prevent multicollinearity problems (Alin, 2010), the correlations between the
explanatory variables were checked using the Hmisc package (Harrell, 2020). Those
pairs with an R-square value over 0.6 were removed to assure that the selected
independent variables (Table 1) could explain the best our dependent variable, i.e. the
number of total species discovered in the last 20 years per HydroBASIN unit.
Considering that independent variables covered different range and magnitude, they

were scaled.

Our dependent variable is a discrete variable that follows a Poisson distribution. Since
we used parametric statistics, we transformed the dependent variable using a logarithmic
transformation (log(x+1)). Because the data does not follow a Normal distribution, the
relationship between the species richness and the sampling effort, environmental and
socioeconomic variables were tested using Generalized Linear Models (GLM). Although
our data follows a Poisson distribution, the values of the dependent variable are numeric
(not integer) and a Gaussian distribution was assumed. A Likelihood Ratio Test (LRT)
was performed to establish which of the independent variables could explain part of the
data distribution (Johnson & Omland, 2004).

An additive complex model was built with all non-correlated variables, and also two-way
models were built with all possible combinations. Since elevation and species richness
tend to have a quadratic relationship, which means that species richness peaks at mid-
elevations (Sanders & Rahbek, 2012), models where the elevation had a quadratic term
were also tested. The Akaike Information Criterion (AIC) was used to determine which
model was more accurate in predicting the distribution of the insect species described in

the last 20 years.

In parallel, the three Orders with the biggest number of species described between 2000
— 2020 were analysed separately: Trichoptera (360 sp.), Diptera (223 sp.) and
Coleoptera (105 sp.). The main reason of this analysis is because factors that explain

the number of species described could be different across Orders. For instance, Diptera
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is a diverse Order able to tolerate a wide range of environmental conditions, whereas
most Trichoptera species require waters that are clean, cool and well-oxygenated (Resh
& Carde, 2009). Coleoptera individuals are found in the ecotone between land and inland
waters, a habitat known for its rich biodiversity and sensitivity to environmental changes
(Resh & Carde, 2009; Ribera, 2000). The models for these individual Orders were built
following the same process as for the total species richness’.

3. RESULTS
3.1. SPECIES DATABASE

The final database included 789 species described in the last 20 years, belonging to the
Orders Coleoptera (105 sp.), Diptera (223 sp.), Ephemeroptera (28 sp.), Lepidoptera (2
sp.), Neuroptera (3 sp.), Odonata (2 sp.), Plecoptera (66 sp.) and Trichoptera (360 sp.)
(Fig. 2). No new species from the Order Hemiptera (Heteroptera) were found. Although
the initial database included 799 species, several records were eliminated because the
localities of the holotype was missed. The majority of the recently described species
corresponded to Trichoptera, whereas Lepidoptera and Odonata were the Orders with

the lowest number of described species (two in both cases) (Fig. 4).

Turkey was the country where more descriptions have been made (199 sp.), followed by
Spain (90 sp.) and ltaly (89 sp.). Meanwhile, in the northern part of Europe a small
number of recently described species were recorded, mostly Diptera. Therefore, the
highest number of recently described species was found in southern Europe, in particular

around the Mediterranean Basin (Fig. 4 & 5).



Insecta Orders
Coleoptera (105 sp.)
Diptera (223 sp.)
Ephemeroptera (28 sp.)
Lepidoptera (2 sp.)
Neuroptera (3 sp.)
Odonata (2 sp.)
Plecoptera (66 sp.)
Trichoptera (360 sp.)

o0 e 8 8 o e
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Fig. 2. Map of all the recently described species (2000-2020) of aquatic insects in

Europe. The different colours correspond to different Orders.
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Fig. 3. Number of recently described species (2000-2020) of aquatic insects per

sampling unit in Europe.
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Fig. 4. Number of recently described species (Sp. nov.) in Europe per Order (2000-2020)
(arranged alphabetically) (top) and per country (2000-2020) (arranged from lowest to
highest latitude) (bottom).
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3.2. PROTECTED AREAS

In general, a higher number of recently described species were found outside than inside
protected areas. Figure 6 showed that the majority of the recently described species
were found outside the protected areas (580), especially for Trichoptera (mainly found in
Turkey, where a great portion of its territory is not protected), with 278 species outside
protected areas. This trend was similar in almost all orders and, therefore, the majority
of recently described species was found in spatial units where the 25% or less of the

surface was a protected area (Fig. 7).
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Fig. 6. Number of recently described species (Sp. nov.) inside and outside protected

areas (PA). Protected areas include.
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Fig. 7. Log-transformed number of recently described species (Sp. nov.) as a function of

the percentage of protected area in each spatial unit.
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3.3. DISTRIBUTION OF UNKNOWN SPECIES

ALL SPECIES RECENTLY DESCRIBED

A Shapiro—-Wilk normality test on the dependent variable informed that data was not
compatible with a normal distribution (p-value = 1.543e-14), likely because most of the
spatial units did not have species described in the last 20 years. As a result, the models
were performed using a GLM Gaussian distribution. As the economic variables (R&D
expenditure, education expenditure, and researches) had some NA values that can

invalidate the GLM, these values we replaced by the mean of values for that variable.

Elevation, number of universities, and GBIF data were the three predictor variables that
had significant p-values values (Table 2), and therefore explained the distribution of
recently described species. A big proportion of recently described species were found in
mid-elevations, around 250 and 700 meters. The number of universities located in each
basin and the species richness described in that basin followed a positive correlation,
and therefore, spatial units with more universities had more species recently described.
The relationship between the recently described species and the GBIF occurrence data
followed a unimodal distribution. Hence, in basins where the number of GBIF
occurrences is nor low nor extremely high — so when the sampling effort is mostly

intermediate — the number of recently described species was the highest (Fig. 8).

Table 2. Results of the individual GLMs (Gaussian distribution) for each independent
variable.

Hypothesis test*
Predictor variables AlC
df Pr (>Chi) £0.05
Longitude 472.27 1 0.4384
Latitude 471.75 1 0.2914
Elevation 431.53 1 6.631e-12
Precipitation 472.18 1 0.4069
Population density 470.02 1 0.09186
Percentage protected 472.83 1 0.8383
Researchers 472.73 1 0.708
Universities 440.53 1 2.286e-09
GBIF** 457.88 1 7.912e-05

*Analysis of Deviance Table, Likelihood-ratio test (LRT). **Transformed using log(1+x).
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Fig. 8. Relationship between the log-transformed number of recently described species

(Sp. nov.) per spatial unit and the three variables that best fitted the model.

Out of the 43 models tested, the one that had a lower AIC is the model with the additive
effect of the elevation (quadratic factor) and the number of universities, (AIC = 369.29),
indicating that the distribution of the number of species recently described in a basin is
explained by the number of universities at mid-elevations. For this best model, adding
the quadratic term to the elevation improved the fitting models and, therefore, reduced
the AIC (Table S2). The number of occurrences of species according to GBIF’s data (a
sampling effort variable) was individually relevant (Table 2), but it did not contribute

significatively in the global model.

TRICHOPTERA, DIPTERA AND COLEOPTERA RECENTLY DESCRIBED

Results for the richest Orders were similar to the ones obtained considering all species.
For Trichoptera, four predictor variables explained the distribution of the recently
described species: elevation, latitude, GBIF occurrence data and number of universities.
Elevation was the most significant variable (p-value = 1.948e-14). For the GBIF data, the
specific data occurrences for Trichoptera was used, whereas this data was unavailable
for Diptera and Coleoptera, since it was not possible to discriminate the total amount of
species by type of ecosystem in the GBIF database. Surprisingly, this variable was not
significant (p-value = 0.09318), even though GBIF’s total occurrences are significant (p-
value = 0.01279). In general, the recently described species of Trichoptera were located
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in mid-elevation zones at latitudes between the 40 and 65 degrees. The distribution of
recently described species according to the number of universities and the GBIF
occurrences followed a similar pattern as the ones obtained for the entire dataset of

recently described species.

For Diptera and Coleoptera, the significant variables were the same three as for the
total of recently described species: elevation, GBIF occurrences, and the number of
universities. For Diptera, the number of universities was the most significant variable (p-
value = 6.084e-15), whereas for Coleoptera the elevation was the most significant
variable (p-value = 2.891e-07). In these two cases, the distribution of the number of
recently described species followed a similar pattern as previously described for the
entire dataset: a higher description of species in areas that had a higher number of
universities and streams located at mid-elevations. Overall, the most accurate model that
explained the data distribution was the additive model with the elevation in quadratic

factor and the number of universities.

4. DISCUSSION

Our results revealed that during the last 20 years, the areas with the highest number of
described species corresponded to the southern areas in Europe, in particular to the
Mediterranean Basin (Fig. 3). These results are in accordance to our first hypothesis and
are not surprising because the Mediterranean Basin is a well-known biodiversity hotspot
(Ivkovi¢ & Plant, 2015; Myers, 1990) also for aquatic insects (Bonada et al., 2013; Tierno
de Figueroa et al., 2013). One of the reason can be the cyclic Pleistocene glacial periods,
that are associated to a high concentration of endemisms in the Iberian, Italic and Balkan
peninsulas (Blondel et al., 2010; Ivkovi¢ & Plant, 2015; Tierno de Figueroa et al., 2013)
and the seasonal and predictable hydrological conditions (i.e. flow intermittence), which

results in more niche spaces and higher temporal diversity (Tonkin et al., 2017).

The Orders with the highest number of recently described species are the ones that have
more aquatic lineages in Europe (Balian, Lévéque, et al., 2008). In contrast, other groups
such as Lepidoptera and Neuroptera, have a small number of aquatic lineages and,
therefore, a low number of recently described. In the case of damselflies and dragonflies,
the number of recently described species was low because these are well-studied
groups, with high dispersal abilities and relatively low total species numbers, so it is rare

to find new species (Fontaine et al., 2012).

One of the most surprising result of our study is the lack of significance of the protected
areas in explaining the unknown aquatic insects biodiversity, in contrast to our second
hypothesis. Around 73% of the described species during the past 20 years were found

17



outside protected areas. Despite the percentage of protected areas and the number of
new species should be related since these areas tend to have the highest sampling
effort, our results showed that they do not protect unknown biodiversity. Unfortunately,
freshwater ecosystems and aquatic insects are seldom considered when conceiving the
conservation plans (Ilvkovi¢ & Plant, 2015), and current protected areas fail in protecting
freshwater biodiversity (Guareschi et al., 2015; Hermoso et al., 2015). Protected areas
are not designed considering aquatic insects and, therefore, it is not surprising that an
important part of the recently discovered species are recorded in unprotected areas
(Ivkovi¢ & Plant, 2015; Payo-Payo & Lobo, 2016). Despite these recent efforts, we still
need more initiatives to protect freshwater ecosystems. Sadly, the Iberian Peninsula is
one example of the poor protection of the freshwater habitats and the diversity that they
harbor (Sanchez-Fernandez et al., 2008). The lack of specific legislation to protect
invertebrates (including aquatic insects) is also critical for ensuring the conservation of
freshwater biodiversity (Schuldt & Assmann, 2010). Turkey deserves a special mention,
given the high rates of endemisms and because it hosts between 60.000 and 80.000
invertebrate species (Kucuk & Erturk, 2013). However, the lack of resources and poor
conservation policies in this country resulted in a decreased of the number of protected
areas from 10.1% to 8.9% between 2013 and 2018 (Birben, 2019). Finally, Russia is
also particular case because the political and socioeconomic consequences caused by
the collapse of the Soviet Union had a tremendous negative impact on the creation and
safeguard of protected areas (Miiller, 2013; Wendland et al., 2015). Therefore, our study
suggests that future biodiversity conservation plans should focus on non-protected
areas, which could still hold unknown and highly vulnerable species. The creation of
entomologic (micro)reserves could be a promising approach to conserve unknown
freshwater biodiversity. This concept appeared in 1992, proposed by Emilio Lagunas
Lumbreras, and the objective is to create small protected areas to try to preserve natural
habitats and flora and fauna species of interest, due to their rarity or risk of
extinction (Quartau & Simdes, 2014). 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) five entomologic

(micro)reserves have been recently created in Spain (Galante et al., 2015).

An alternative reason that could explain the failure of protected areas in protecting
unknown biodiversity is that 199 species are from Turkey, a country with a low
percentage of protected areas, skewing our data. Also, our results could also be distorted
by the high number of zeros in our data; 81 out of the 146 spatial units did not have any

recently described species. The resolution used could also blur the possible spatial
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effects, since we are homogenizing several basins within a unit. Future analysis
exploring finer resolutions and using alternative zero-inflated statistical models would be

required to confirm the obtained results in current.

In our third objective, we hypothesized that a higher sampling effort would result into a
higher number of species descriptions, that new species would be found in areas with
environmental conditions that favour high biodiversity, and in regions with more
economic resources. Our results agreed with these hypothesis, with elevation (an
environmental variable) and the number of universities per spatial unit (an sampling effort
and socioeconomic variable) explaining unknown biodiversity patterns. The recently
described species are found at mid-elevation zones, which is in agreement with our
hypothesis, and may contain higher diversity values. There are several reasons that
could explain this phenomenon, the first one being the protective effect of mountain
areas. Through time, mountains have become biodiversity refugia due to their intricate
topography, increasing isolation and speciation, moreover, changes in rainfall, soil type
and vegetation could occur in short distances (Elsen et al., 2018; Perrigo et al., 2020).
As Pereira et al. (2007) pointed out, elevations allow for more ecological niches to coexist
which prompts for more speciation (i.e. high species diversity may drive high speciation
rates). Importantly, at lower elevations there are fewer river sections in pristine conditions
due to urban expansion and anthropic pressure that reduce the expected richness in
these areas. On the contrary, higher elevations present scarce opportunities since the
topographic complexity prevents the developing of large human activities, which
preserves the quality of the ecosystems (Elsen et al., 2020). Another factor that could
explain the presence of aquatic insects at mid-elevations,which very often correspond to
mid-order sections,is related to 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 the increase of the width, depth, flow characteristics, temperature,
and the complexity of the water from headwater to mid-order sections (Vannote et al.,
1980). At high elevations the environmental conditions are harsher and the stream
smaller, which should reduce the abundance of taxa that inhabit high elevations streams.
On another hand, a higher number of universities means that the probability of having
more taxonomists is higher, i.e. there is a higher chance of finding new species. This
emphasizes the importance of investing in taxonomy, a relatively inexpensive field. Our
results suggested that more money dedicated towards research did not necessarily
resulted into more species descriptions, but more number of universities did. The
northern and central European territories have higher GBIF occurrences (i.e. an

individually significant variable), meaning that these are regions well sampled and the
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probability of finding new species is low. Diptera is a really diverse Order that requires
more taxonomic effort, this could have generated a delay in Diptera descriptions and
could explain why in these 20 years new Dipterans have been described in central and
northern Europe (Fig. 2 & 6).

The species database generated in this thesis is a useful resource of information to
complete freshwater biodiversity inventories in Europe and to know where are located
the unknown biodiversity of aquatic insects in Europe, aiding in the decision process of
conservation and management efforts. Despite we did not apply complex statistical
models to know where new species of aquatic insects will be found in the future, our
findings suggest that taxonomic efforts to find new species should be directed towards
south and eastern European areas, with a high number of universities and at mid-
elevations. The creation of new protected areas should be especially focused in the
Mediterranean Basin, where freshwater biodiversity inventories are still incomplete and

ecosystems suffer from heavy human impacts.
5. CONCLUSIONS

In regards to our hypotheses we can say that (1) the Mediterranean basin is, indeed, a
hotspot of unknown aquatic insect biodiversity, (2) protected areas do not contain more
biodiversity, (3) those basins with a higher number of GBIF records, and consequently,
that have more sampling efforts over extended time, are not the ones with a higher
number of described species in the period considered, and (4) Mediterranean basins
with a higher number of universities have more species discovered, even though it does
not necessary mean that the given basin is richer since the taxonomist and the described

species do not have to be from the same country.

The results highlight the importance of the protector effect of the mountainous areas,
especially at mid-elevations, do for preserving biodiversity, whether it is known or not.
Moreover, our findings also emphasize the importance of re-thinking our protected areas
and the criteria behind them, as it is highlighted in this thesis by the fact that more than
half of the described species between 2000 and 2020 are located outside protected
areas. Our results indicate that more efforts are needed for protecting the mid-elevation

streams, which still harbor a high number of unknown species.
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B) TESTED MODELS

Table S2. Models equation and AIC for all complex models tested.

Response variable Model equation AIC
Universities + Elevation + Latitude + Population 308.17
density + Percent protected + Researchers + GBIF* '

Universities + Elevation (quad.) + Latitude +

Population density + Percent protected + 376.03

Researchers + GBIF*
Longitude + Latitude 473.37
Longitude + Elevation 431.98
Longitude + Elevation (quad.) 394.31
Longitude + Population density 471.65
Longitude + Researchers 474.10
Longitude + Universities 442.53
Longitude + Percent protected 474.24

Recently described ]

Longitude + GBIF* 459.80
species per study
basin* Latitude + Elevation 432.75
Latitude + Elevation (quad.) 398.24
Latitude + Precipitation 473.19
Latitude + Population density 470.59
Latitude + Researchers 473.47
Latitude + Universities 434.66
Latitude + GBIF* 452 .47
Latitude + Percent protected 473.54
Elevation + Population density 429.30
Elevation (quad.) + Population density 394.31
Elevation + Researchers 432.09
Elevation (quad.) + Researchers 396.21

VIl



Elevation + Universities 394.81
Elevation (quad.) + Universities 369.29
Elevation + Precipitation 433.48
Elevation (quad.) + Precipitation 398.80
Elevation + Percent protected 433.09
Elevation (quad.) + Percent protected 398.87
Elevation + GBIF* 410.51
Elevation (quad.) + GBIF* 387.15
Population density + Universities 442 .46
Population density + Researchers 471.90
Population density + Precipitation 471.51
Population density + Percent protected 472.00
Population density + GBIF* 458.23
Researchers + GBIF* 459.82
Researchers + Precipitation 473.97
Researchers + Universities 441.32
Researchers + Percent protected 474.71
Universities + GBIF* 441.05
Universities + Precipitation 442 .24
Universities + Percent protected 442.00
Percent protected + Precipitation 474.16

*Transformed using log(1+x).
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