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Abstract

Understanding the geographical distribution of phenotypically highly similar species
(i.e. cryptic species) represents a challenge to biogeographers, due to the obvious
difficulties in identifying such taxa without specific expertise. Besides, citizen sci-
ence is increasingly emerging as a key approach for supporting biodiversity data
collection, but remains hard to apply in the case of cryptic species. Here we aim to
test the combination of community records and photography-based quantitative
methods, for assessing the distribution of cryptic taxa, by using two grasshopper
species of the genus Aiolopus as models. To achieve these objectives, we first
assess the reliability of photography-based diagnostic criteria to differentiate
between A. thalassinus and A. puissanti without ambiguity from correctly identified
records, and then apply such criteria to geographical regions of potential range
overlap between the two species, in order to clarify their respective distributions.
By applying a multivariate classification approach based on ratio measurements
taken from photographs, we provide a quantitative tool to successfully identify the
two species, and disclose that A. puissanti widely occurs outside of its currently
known range, and outline potential research avenues on the biogeography of these
poorly studied species. Our results also point at how some types of cryptic species
may be effectively identified by adopting a quantitative photography-based
approach, with applicability for clarifying species’ distributions at wide scales by
exploiting publicly available citizen-science records. Our study thus, besides shed-
ding light onto the biogeography and distributions of Aiolopus grasshoppers across
the Mediterranean, represents an effective and repeatable framework to disentangle
the distributions of poorly studied cryptic species.

Introduction

Cryptic species are distinct biological entities that largely over-
lap in their external characters such as morphology and colora-
tion, consequently posing a challenge to scientists, since their
identification usually relies on the collection or measurement
of very specific traits, or biological tissues for genetic sam-
pling, that cannot be retrieved by non-trained operators (Struck
et al., 2018). Ignoring cryptic species though hampers our
understanding of biodiversity patterns, for example, by under-
estimating richness within a taxon or geographical area, and

undermines conservation of species that, going unnoticed, may
be excluded from conservation actions and/or remain unde-
scribed (Chenuil et al., 2019; Korshunova et al., 2019). Due to
the obvious difficulties in recognizing cryptic species, particu-
larly in the case of speciose taxonomic groups, their estimated
distributions are often likely to provide an inaccurate picture of
their actual geographical ranges, so that effective alternative
identification methods are required. Citizen – or community –
science is increasingly emerging as a key approach for biodi-
versity data collection, fostering the study of wildlife world-
wide, and namely addressing the urge of clarifying and
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understanding species’ distributions for ecological studies and
conservation (Campanaro et al., 2017). The reliability of
citizen-science derived data is often questioned, yet numerous
studies indicate that citizen science can provide high-quality
data, comparable to those collected by trained scientists
(Aceves-Bueno et al., 2017), even though their applicability to
the study of cryptic species remains limited (Gorleri
et al., 2022).
Insects, thanks to their approachability by people and fre-

quent visual identifiability, are recurrent targets of citizen-
science campaigns, particularly in the case of attractive taxa
appreciated by a wide public, for example, butterflies and bees
(Koffler et al., 2021; Wang Wei et al., 2016), while other less-
charismatic groups, such as Orthoptera (crickets, grasshoppers
and katydids), have so far received much less attention, despite
being also threatened by global changes (Hochkirch
et al., 2016). Within European orthopterans, species from the
genus Aiolopus Fieber, 1853 have received rather low interest
from entomologists compared to other taxa, despite the occur-
rence of four species from this genus across Mediterranean
Europe, namely A. strepens (Latreille, 1804), A. simulatrix
(Walker, 1870), A. thalassinus (Fabricius, 1781), and
A. puissanti Defaut, 2005. Among these, A. strepens is the best
known species, and poses few problems in its identification,
while A. simulatrix is mainly found in the African continent,
being only marginally present in Europe (on the island of Sar-
dinia; Ingrisch, 1983). Aiolopus thalassinus is also supposed to
be largely spread across the Palearctic, African and Austral-
asian regions (Hollis, 1968). The latest described taxon within
the genus, A. puissanti, has only been reported from the West-
ern Mediterranean basin (Morocco, Iberian peninsula, France)
and, more recently, from Qatar (Defaut, 2021), yet further
work is still needed to clarify the taxonomic status of these
Eastern populations (e.g., relative to A. oxianus Uvarov, 1926).
Several factors though converge in suggesting that the range of
A. puissanti has been largely underestimated in the Eastern part
of the Mediterranean basin, such as (i) the close morphological
resemblance with A. thalassinus, paired to a very high intra-
specific variation in color traits for both species, which make it
hard to distinguish these two taxa even by experts, (ii) the
need of exact measurements as key traits for unmistakably
identify A. puissanti, and (iii) the limited span of the relatively
recent description of this species (Defaut, 2005), which might
have hindered the search for this species across its potential
range.
Here we aim to test the combination of citizen-science

records and photography-based quantitative methods for asses-
sing the distribution of phenotypically highly similar taxa, by
using green-winged grasshoppers as models, specifically test-
ing the hypothesis that A. puissanti currently known distribu-
tion represents an underestimation. To achieve these
objectives, we first (i) assess the reliability of photography-
based diagnostic criteria to differentiate between A. thalassinus
and A. puissanti without ambiguity within their known range
of co-occurrence, and then (ii) apply such criteria to other
geographical regions, in order to clarify the respective species’
ranges.

Materials and methods

Assessing reliability of photographic
identification

We measured traits from photos posted and identified to
research grade on iNaturalist.org platform, retrieved by
searching for both species’ names. To build a valid reference
database of morphological traits (ratio values, see further), we
first limited our search to the spatial extent where the distinc-
tion between A. puissanti and A. thalassinus has already been
conducted for several years (France, Spain, and Portugal;
pers. obs.); moreover, we only used records with a ‘Research
Grade’ quality rate on iNaturalist, that is, for which consen-
sus among experts was reached on the given identifications,
that were also confirmed by some of the authors (MP and
BN), and thus considered as reliable. Each observation was
considered as an independent record. If any doubt about the
possible multiplicity of specimens for the same observation
or the identification were sensed, or the photo quality was
too poor (e.g., individual not fully pictured, not a good pro-
file, blurred photo), the photo was discarded from further
analyses. Only photos of adults for which the sex of the
specimen could be determined were retained (based on the
shape of the tip of the abdomen). Since reference scales are
virtually absent on citizen-science derived photos, we focused
on length ratios as potential discriminant criteria. Thus, only
lengths measured on the same photos (expressed as ratios
between numbers of pixels) were used for a given ratio.
According to published keys (Defaut, 2012, 2021), the fol-
lowing ratios, besides direct measurements (Defaut & Jau-
lin, 2008) differ between A. thalassinus and A. puissanti and
may thus be used as discriminant traits: (1) Eye length/Subo-
cular groove length, (2) Eye length/Interocular distance, (3)
Pronotum length (Pr)/Tegmina length (T), (4) Tegmina length/
Femur length (F), (5) Tegmina extension (Text; i.e., the por-
tion of tegmina extending beyond the distal end of femur)/
Tegmina length, and (6) Tegmina extension/Femur length.
Nonetheless, traits 1–2 are hard to measure from photos due
to the difficulties in locating reliable body landmarks and/or
to the need of more than one photo of the same individual
(i.e., from different angles), so we only focused on traits 3–
6, which only need a good profile picture and, in the case
of trait #3, should also be robust enough to the “parallax
effect” due to variability in the angle of photographs, since
both lengths are oriented along the same direction
(Figure S1). The photos were downloaded from iNaturalist
and traits were measured with ImageJ using standard body
landmarks for orthopterans (Fig. 1), for calculating the above
mentioned ratio values. We also preliminarily assessed the
reliability of the selected ratios by evaluating errors derived
from measurements taken by three operators upon the same
sub-sample of pictures (n = 14); since median error on ratio
values was on average <3% (Figure S2), and in order to
reduce error due to inter-operator variability, all final mea-
surements were taken by the same operator. For assessing the
efficacy of the selected values in discriminating A. thalassinus
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from A. puissanti, we ran a quadratic discriminant function
analysis (qDFA) with cross validation on the calculated
ratios, using all retrieved records. We built several qDFA
models by testing all combinations among the four ratio
values, in order to identify the best performing model(s). The
discriminant functions were run by following a re-substitution
approach that is, dividing records into two random sub-
samples for training and validating the models (70 and 30%
of records, respectively). Correct and erroneous classification
rates were then calculated by the confusion matrix. Models
were run and evaluated by using the MASS package (Ripley
et al., 2013) for R 4.2.1 (R Core Team, 2013).

Clarifying species’ ranges

Values of correct classification rates >0.7 are indicative of a
good model for classification for DFA (Eiras et al., 2021). As
such, we selected DF models reaching high efficiency (>0.7)
to classify iNaturalist photographic records from outside of the
known range of co-occurrence of our target species, selecting
geographical areas where records of A. thalassinus are present
and A. puissanti is likely to occur. Namely, we screened for
suitability, and subsequently tested, records from Italy, Croatia,
Albania, Greece, Crete, Turkey, Cyprus and Israel. Data selec-
tion and measurements from photographic records followed the
very same procedure specified for method calibration. Records
reaching excellent assignment probabilities (>90%) were con-
sidered as reliable, and identified as the species assigned by
the qDFA. For two sites from Italy, we also confirmed species
identification by directly measuring collected individuals (with
a digital caliper, to the nearest 0.01 mm) and following the
available keys (Defaut, 2021). As a final step, we re-evaluated
and mapped both species’ records as classified by the qDFA,
and estimated their respective geographic ranges across Medi-
terranean Europe.

Results

Assessing reliability of photographic
identification

We obtained a total of 100 photographic records of Aiolopus
grasshoppers from the known co-occurrence range of
A. thalassinus (n = 37) and A. puissanti (n = 63) fulfilling our
inclusion criteria. The four ratio values considered varied
between the two species with different degrees (Fig. 2a–h),
with the most discriminating trait, in terms of factor loadings,
being the ratio between tegmina extension (Text) and total teg-
mina length (T). The qDFA obtained a satisfactory proportion
of correct classification rates, with the best result being that
including all four of our selected ratio values (86.5% of correct
classifications); most influencing predictors for correct classifi-
cation were the two ratios including the values of the tegmina
extension (Text/F and Text/T, respectively showing loading
correlation values of 19.34 and 6.17). Namely, only eight out
of 63 A. puissanti and six out of 37 A. thalassinus were mis-
classified by the best model (see Fig. 2i).

Clarifying species’ ranges

We retrieved a total of 69 independent records of Aiolopus
spp. from the iNaturalist platform that fulfilled our inclusion
criteria, covering most part of the genus’ range in the Mediter-
ranean basin, and namely coming from Italy (n = 32), Greece
(n = 11), Croatia (n = 7), Turkey (n =5), Albania (n = 3), Bul-
garia (n = 3), Macedonia (n = 2), Austria, Montenegro, Slove-
nia, Cyprus and Israel (1 from each country). Of these records,
only four fell within the overlap area between A. thalassinus
and A. puissanti, within the multidimensional space defined by
the qDFA (two records from Italy, two from Greece). Thus,
they were excluded from further considerations and not
assigned to either species. Of the remaining 65 records, 34
were confidently assigned to A. thalassinus (15 from Italy, six
from Greece, three from Albania, two from Bulgaria, two from
Croatia, two from Macedonia, one from Slovenia, one from
Austria, and one from Turkey), and 31 to A. puissanti (15
from Italy, five from Croatia, three from Greece, four from
Turkey, one from Montenegro, one from Bulgaria, one from
Cyprus and one from Israel; Fig. 3). Besides, among 13 speci-
mens collected in central Italy, seven were unequivocally con-
firmed as A. puissanti (two from Bolsena Lake, five from
Rome), based on diagnostic body measurements (tegmina
extension >5.3 mm in males, and >6.3 in females), while the
remaining six individuals fell within the known size range of
A. thalassinus.

Discussion

Unveiling the geographical distribution of cryptic species repre-
sents a challenge to biologists and biogeographers, particularly
in the case of relatively poorly studied species (Chenuil
et al., 2019), such as the orthopterans we focused on in this
work. Our results point at how two closely resembling species

Figure 1 Example of body measurements taken from photos

(F = femur length, T = tegmina length, Pr = pronotum length,

Text = tegmina extension) for the calculation of ratios used for

species discrimination, here on a female Aiolopus thalassinus from

southern France. Photo by M. P�elissi�e.
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of grasshoppers may be effectively identified by adopting a
quantitative photography-based approach, with applicability for
clarifying species’ distributions at wide scales by exploiting
publicly available citizen-science records (Aceves-Bueno
et al., 2017; Gallozzi et al., 2022).
Specifically, and in agreement with our hypothesis – also

previously advanced by Defaut (2005) – we found that
A. puissanti actually occurs outside of its currently known
range, namely in the Italian Peninsula, possibly in sympatry
with A. thalassinus throughout the Tyrrhenian coasts (as also

confirmed by collected specimens), as well as in Sardinia, a
result partly expected due to the close proximity to the known
distribution of the species in southern France and Corsica
(Defaut, 2021). Besides, we also highlight the occurrence of
only A. thalassinus along the Adriatic coasts of southern Italy,
an area from which this taxon was formerly not recorded (Iorio
et al., 2019). Since we only retrieved one or few testable
records from other locations, and in absence of any measured
specimen from these sites, we hold back from assuming that
A. puissanti is certainly present in other parts of the study
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Figure 2 Morphological trait variation between two species of green-winged grasshoppers from the genus Aiolopus (A. thalassinus, n = 37;

A. puissanti, n = 63). Traits are ratios calculated from photographs: Pr_T = Pronotum length/Tegmina length, T_F = Tegmina length/Femur length,

Text_T = Tegmina extension/Tegmina length, Text_F = Tegmina extension/Femur length. a–c–e–g: boxplots showing trait variation between A.

thalassinus (in green) and A. puissanti (in gray); b–d–f–h: density distribution of traits values between the two species; i: scatterplot showing the

distribution of sampled individuals in the multivariate space defined by quadratic discriminant functions (DF1, DF2); green symbols = A. thalassi-

nus; gray symbols = A. puissanti; triangles = males, circles = females; j and k: adult A. thalassinus (j) and A. puissanti (k). Photos by L.

Ancillotto.
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area. Yet, our results strongly suggest a wider occurrence of
this taxon throughout the eastern Mediterranean, that is, Sicily,
Greece, Israel, Turkey, and Cyprus, also with a possibly iso-
lated record from the Balkans; moreover, the species’ range
may well extend beyond the boundaries of our study area, as
also suggested by specimens from Qatar (Defaut, 2021). As
such, we urge increased research efforts in these areas of
potential occurrence, in order to confirm, for example, by
direct measurements and/or molecular approaches, the specific
identity of green-winged grasshoppers of the genus Aiolopus
occurring therein. Nonetheless, we also disclose that our
approach does not rule out the potential occurrence of other –
currently undescribed – taxa within this species complex that
may have been erroneously identified as either A. puissanti or
A. thalassinus by our exercise, again highlighting the impor-
tance of further investigation on this genus. All four ratios
considered for the method involve the tegmina length or exten-
sion, and are therefore sensitive to rare cases of macropterism
(Steenman et al., 2015) that may affect species classification.
As an example of the potential limits of our approach, the iso-
lated Croatian records our functions assigned to A. puissanti
actually feature wing patterns more consistent with potentially
macropterous A. thalassinus, a possibility that our method can-
not rule out. We refrained to adopt wing color pattern as a
potentially discriminating factor between A. thalassinus and
A. puissanti since this is a far more qualitative trait prone to
subjective appraisal, whose analysis would have required a dif-
ferent approach and photographic records collected under stan-
dardized conditions, thus hampering the use of citizen science
data.
The discovery of A. puissanti in Italy – not mentioned by a

very recent review on Italian Orthoptera (Iorio et al., 2019) –
opens novel and promising research avenues on the ecology of
this genus of orthopterans and more in general on insect

biogeography across the Mediterranean. As an example, exact
location of records and field evidence both suggest that
A. thalassinus is more dependent upon water bodies and wet
grasslands than A. puissanti, which is found in a wider variety
of habitat types, including drier grasslands (pers. obs.). Conse-
quently, environmental niche segregation may have played an
active role in the evolutionary radiation within the genus Aio-
lopus, at the same time representing a key driver of their cur-
rent distributions and potential responses to climate change, as
evidenced for other taxa (Vaissi, 2022), including orthopterans
(Oecanthus tree crickets: Labadessa & Ancillotto, 2022). The
apparent tolerance to drier conditions suggested by the distribu-
tion of A. puissanti may in fact promote its poleward range
expansion (Mammola & Isaia, 2017), a prediction also sup-
ported by the morphological dissimilarities between the two
species, suggesting higher dispersal abilities by A. puissanti
(Steenman et al., 2015). Aiolopus grasshoppers are being
increasingly recorded as range-expanding in central Europe
(Fischer, 2018; M€uckstein & Vlk, 2015), yet our results sug-
gest caution and urge to verify whether such expansion is
occurring in A. thalassinus and/or A. puissanti. As such, Aiolo-
pus grasshoppers may represent an excellent study system to
test ecological hypotheses and unveil subtle biogeographical
patterns by being targeted by more in-depth investigations.
The use of measurements taken from photographs allowed

us to provide a robust approach in species’ assignment, as
already common for individual-based recognition methods (De
Lutio et al., 2021; Ferreira et al., 2020), a factor that is key to
the use of citizen-science records, particularly in the case of
cryptic species (Gorleri et al., 2022). We acknowledge that our
approach is only applicable to cryptic species with identifiable
morphological differentiation that correspond to levels 2 and 3
of the classification proposed by Chenuil et al., 2019. The
same authors suggest that such cases of cryptic species sensu

Figure 3 Distribution map of Aiolopus thalassinus (in green) and A. puissanti (in gray) across Western Europe and Eastern Mediterranean

regions, depicted as colored polygons (adapted from the Global Biodiversity Information Facility). Squares: calibration records; filled circles:

occurrences identified through quantitative photography-based classification of citizen science records (from the iNaturalist.org platform). Circles

falling outside of the respective polygons indicate potential new locations.
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lato where our approach is suitable often stem from taxonomic
causes rather than truly evolutionary processes, and yet might
represent a significant part of the so-called cryptic species
cases among arthropods (Chenuil et al., 2019). Yet, molecular
analyses are still crucial to clarify the level of genetic differen-
tiation, which are currently lacking for our focal species pair.
Our approach may also represent a first step in the develop-
ment or improvement of automatic species recognition systems,
by following an artificial intelligence approach (Schermer &
Hogeweg, 2018), possibly including more or all species within
this genus. However, artificial intelligence still largely lacks the
possibility to inform the operator about the diagnostic traits to
differentiate between species (W€aldchen & M€ader, 2018), and
thus can have limited relevance for more traditional taxonomic
studies relying on sets of explicit diagnostic characters. Our
results also add to the increasing evidence highlighting the
invaluable role of data collected by citizen scientists in contrib-
uting to understand species’ distributions and ecology, as well
as for fostering species’ conservation at different spatial scales
(Allen-Ankins & Schwarzkopf, 2022; Wang Wei et al., 2016).
To our best knowledge, this is the first case study to apply a
quantitative photography-based identification method for dis-
criminating phenotypically highly similar species from citizen-
science records, thus representing an effective and repeatable
framework to disentangle the distributions of poorly studied
species.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Example of tegmina extension (Text) measure-
ments taken when the femur is not parallel to the tegmina
(F = femur, T = Tegmina, A = distance between the start of
the tegmina and the start of the femur).
Figure S2. Relationship between the measurements made by

Mathieu P�elissi�e and two authors on 14 testing specimens.
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