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In non-marine environments, insects comprise one of the most species-rich and abun-
dant groups of organisms. They have always been the focus of scientific attention on
freshwater habitats, such as streams, rivers, lakes, and ponds. Although such habitats
cover only 2.3% of the Earth’s surface, they accommodate approximately 10% of all known
animal species, and represent “hotspots of endangerment” due to disproportionally high
biodiversity and anthropogenic pressures [1]. More than 60% of the freshwater species
diversity is represented by aquatic insects, with approximately 130,000 described extant
species [2-4]. They spend one or more stages of their life cycle in aquatic habitats, with the
majority moving to terrestrial areas as adults. Members of the orders Ephemeroptera, Ple-
coptera, Trichoptera, Megaloptera and Odonata are exclusively aquatic in their immature
stages (i.e.,, nymphs and larvae). Several other insect orders, such as Diptera, Coleoptera,
Neuroptera, and Hemiptera also have many aquatic representatives [3,4].

Aquatic insects have important ecological roles in both aquatic and terrestrial habitats
as primary consumers, detritivores, and predators. Moreover, they dominate in terms of
biomass and productivity, representing an important food resource for a vast number of
aquatic and terrestrial, both invertebrate and vertebrate, predators. Therefore, they repre-
sent an important link in food and energy transfer from aquatic to terrestrial ecosystems [4].
The composition and structure of their communities are closely related to habitat type,
abiotic parameters (e.g., water temperature, water depth, water velocity, oxygen content,
pH), predation, microhabitat (substrate) composition, and available food resources. Many
aquatic insects, such as mayflies, stoneflies, and caddisflies, have shown to be highly sensi-
tive to anthropogenic alterations in their habitats and have been widely used as valuable
taxonomic groups for biomonitoring programs worldwide [5]. Some aquatic insects, such
as mosquitoes, have been well-studied due to their important role as disease vectors [6]. In
a more anthropocentric view, many aquatic insects are crucial for the provision and support
of various ecosystem services (e.g., [7]). Although the efforts of aquatic entomologists
tremendously increased during the 21st century, much is yet undiscovered. Our knowledge
about aquatic insects is still far from being complete, both in natural systems, such as
springs, rivers, streams, lakes, but also in artificial habitats, such as irrigation canals and
man-made reservoirs.

The current Special Issue addresses all aspects of biodiversity of aquatic insects, in-
cluding taxonomic diversity and phylogeny, distribution patterns, and community ecology.
In addition to increasing fundamental knowledge, such data are crucial for understanding
the importance of anthropogenic disturbances and mitigating their unknown impacts. In a
context of rapid global biodiversity loss, encouraging signals, such as the upward trend
in the abundance of freshwater insects in some regions, have recently been detected [8].
Past efforts to improve water quality and restore habitats, which most probably explain
part of this positive trend, should motivate the scientific community to become even more
involved in describing, understanding, and protecting freshwater ecosystems in the future.

Diversity 2022, 14, 573. https:/ /doi.org/10.3390/d14070573 1
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Most of the important insect orders with aquatic representatives are represented in
this Special Issue (Figure 1). Geographically speaking, the papers published here represent
almost all continents and almost all biogeographical realms (Figure 2). Aquatic entomology
is widely investigated in Australia, Europe, and North America. The trends reflected here
indicate an increasing interest in certain African and Asian countries. This is mainly due to
the efforts of local research groups, highlighting the importance of training and supporting
scientists in additional countries.

m Coleoptera

u Diptera

 Ephemeroptera
Odonata

B Plecoptera

B Heteroptera

B Macroinvertebrates

Figure 1. Aquatic insect orders investigated in studies published in the Diversity Special Issue:
Aquatic Insects: biodiversity, ecology, and conservation challenges.

¥

' ¥

Figure 2. Distribution of contributions to the Special Issue. Colored countries are represented in the
Special Issue; color shade represents the number of contributions from a country (light—1, dark—3).

The most speciose aquatic insect orders, Coleoptera and Diptera, are represented with
only one [9] and two contributions [10,11], respectively. Studying the aquatic Coleoptera,
the authors have reviewed the Laccophilus alluaudi species group from the Comoro Islands,
and recognized five species, out of which four were newly described [9]. Both publica-
tions regarding the aquatic Diptera focused on the very diverse but still relatively poorly
investigated family Chironomidae in southeastern Europe. One study investigated the
diversity of periphytic Chironomidae in a floodplain aquatic ecosystem and revealed a
high dependency of diversity of chironomid assemblages on substrate type, where the
highest diversity was recorded on macrophytes [10]. The other study investigated Chirono-
midae assemblages in urban water bodies, which showed relatively high diversity but also
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different tolerance levels of chironomid taxa to environmental pressures recorded in such
aquatic systems [11].

Relatively small orders of aquatic insects, Ephemeroptera [12-14] and Odonata [15-17],
are represented with three papers each. New data about the diversity and distribution
of Moroccan mayflies are presented. Currently known Moroccan mayfly fauna consists
of 54 species and is characterized by a clear dominance of Mediterranean groups with
a strong rate of endemism [12]. Phylogenomic analyses of the family Coloburiscidae,
which consists of three extant genera with a Gondwanan distribution (Coloburiscoides
from Australia, Coloburiscus from New Zealand, and Murphyella from Chile), confirmed
its monophyletic origin [13]. The third publication on mayflies resolved the taxonomy,
distribution, and life cycle of the Maghrebian endemic mayfly species, Rhithrogena sartorii
in Algeria [14]. Taxonomy and distribution were investigated for the gomphid dragonfly
species, Orientogomphus minor from Thailand, where the nymph was described for the
first time, and the male specimen was re-described and illustrated [15]. A checklist of
Odonata from Cyprus revealed 37 species, among which some have a very restricted
distribution range, such as Ischnura intermedia [16]. An ecological study on Odonata of
Mediterranean intermittent rivers revealed the importance of aquatic vegetation structure
and composition of Odonata assemblages, which were shown to be species-rich in such
habitats, with 22 recorded species [17].

Another small aquatic insect order, Plecoptera, was investigated in two publica-
tions [18,19]. In the first publication, the stonefly diversity was investigated in Indiana,
USA, and revealed 93 species. Plecoptera species richness in the study area was highly
influenced by hydrology and glacial history [18]. The Israeli stonefly fauna is extremely
species-poor, and historically, only five species were recorded. In the study published in
this Special Issue, a strong decrease in stonefly occurrence was observed. The populations
of three species have dramatically declined in recent decades (Protonemura zernyi, Leuctra
hippopus, and Leuctra kopetdaghi), whilst the remaining two species (Brachyptera galeata and
Marthamea beraudi) have not been collected at all in over four decades and are considered
locally extinct [19].

Aquatic Heteroptera, a species-rich but poorly known insect order, was the focus of
two publications, both from the same research group [20,21]. The first publication investi-
gated the aquatic (Nepomorpha) and semiaquatic (Gerromorpha) Heteroptera assemblages
in three streams within the Kaeng Krachan National Park in Thailand. The study revealed
high species richness, with 60 recorded species [20]. Both mangrove ecosystems, and their
biota, are still poorly known. The second publication investigated Gerromorpha assem-
blages in mangroves located in the central and eastern regions of Thailand and recorded a
total of nine species, four of which were new records for the country [21].

In many ecological studies, aquatic insects are sampled and analyzed within the en-
tire macroinvertebrate community. Indeed, two papers adopted a wider perspective and
examined the macroinvertebrate community in freshwater habitats of Central America
(Mexico) [22,23]. The first publication investigated water quality analysis in a subtropical
river using a newly created adapted biomonitoring working party index based on macroin-
vertebrate communities [22]. The second, and the last publication within this Special Issue,
investigated aquatic macroinvertebrates in a biosphere reserve, at sites encompassing
different impact and human influence scenarios. The results emphasize the importance
of the relationships between the functional macroinvertebrate diversity indices and the
physicochemical parameters as well as the environmental indices measured within the
study area [23].

The overview of this Special Issue perhaps highlights, in a nutshell, important knowl-
edge gaps in the field of aquatic entomology. Better distribution of taxonomic and geo-
graphical foci should be considered in future studies.

Conflicts of Interest: The authors declare no conflict of interest.



Diversity 2022, 14, 573

References

1.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

Reid, A.J.; Carlson, A.K.; Creed, L.LE; Eliason, E.J.; Gell, P.A.; Johnson, P.T.; Kidd, K.A.; MacCormack, T.J.; Olden, ].D.;
Ormerod, S.J.; et al. Emerging threats and persistent conservation challenges for freshwater biodiversity. Biol. Rev. 2019,
94, 849-873. [CrossRef] [PubMed]

Mayhew, PJ. Why are there so many insect species? Perspectives from fossils and phylogenies. Biol. Rev. 2007, 82, 425-454.
[CrossRef] [PubMed]

Balian, E.V,; Lévéque, C.; Segers, H.; Martens, K. Freshwater Animal Diversity Assessment. Developments in Hydrobiology.
Hydrobiologia 2008, 595, 1-637.

Dijkstra, K.D.; Monaghan, M.T.; Pauls, 5.U. Freshwater biodiversity and aquatic insect diversification. Annu. Rev. Entomol. 2014,
59, 143-163. [CrossRef] [PubMed]

Kitchin, P.L. Measuring the amount of statistical information in the EPT index. Environmetrics 2005, 16, 51-59. [CrossRef]
Roberts, L. Mosquitoes and disease. Science 2002, 298, 82-83. [CrossRef]

Jacobus, L.M.; Macadam, C.R.; Sartori, M. Mayflies (Ephemeroptera) and Their Contributions to Ecosystem Services. Insects 2019,
10, 170. [CrossRef]

Van Klink, R.; Bowler, D.E.; Gongalsky, K.B.; Swengel, A.B.; Gentile, A.; Chase, ]. M. Meta-analysis reveals declines in terrestrial
but increases in freshwater insect abundances. Sciernce 2020, 368, 417-420. [CrossRef]

Bergsten, J.; Bistrom, O. Diversification in the Comoros: Review of the Laccophilus alluaudi species group with the description of
four new species (Coleoptera: Dytiscidae). Diversity 2022, 14, 81. [CrossRef]

Cerba, D.; Koh, M.; Vlaicevi¢, B.; Turkovi¢ Cakali¢, I; Milogevi¢, D.; Stojkovi¢ Piperac, M. Diversity of periphytic Chironomidae
on different substrate types in a floodplain aquatic ecosystem. Diversity 2022, 14, 264. [CrossRef]

Popovi¢, N.; Marinkovi¢, N.; Cerba, D.; Rakovi¢, M.; Buknig, J.; Paunovi¢, M. Diversity patterns and assemblage structure of
non-biting midges (Diptera: Chironomidae) in urban waterbodies. Diversity 2022, 14, 187. [CrossRef]

El Alami, M.; El Yaagoubi, S.; Gattolliat, J.-L.; Sartori, M.; Dakki, M. Diversity and Distribution of Mayflies from Morocco
(Ephemeroptera, Insecta). Diversity 2022, 14, 498. [CrossRef]

Meecham, J.; Ogden, T.H. Is Coloburiscidae (Ephemeroptera) Monophyletic? A Comparison of Datasets. Diversity 2022, 14, 505.
[CrossRef]

Samraoui, B.; Vuataz, L.; Sartori, M.; Gattolliat, J.-L.; Al-Misned, F.A.; El-Serehy, H.A.; Samraoui, F. Taxonomy, distribution and
life cycle of the Maghrebian endemic Rhithrogena sartorii (Ephemeroptera: Heptageniidae) in Algeria. Diversity 2021, 13, 547.
[CrossRef]

Chainthong, D.; Boonsoong, B. Taxonomy and distribution of the gomphid dragonfly Orientogomphus minor (Laidlaw, 1931)
(Odonata: Gomphidae) in Thailand. Diversity 2022, 14, 291. [CrossRef]

Sparrow, D.J.; De Knijf, G.; Sparrow, R.L. Diversity, status and phenology of the dragonflies and damselflies of Cyprus (Insecta:
Odonata). Diversity 2021, 13, 532. [CrossRef]

Vilenica, M.; Rebrina, F.; Matoni¢kin Kep¢ija, R.; Segota, V.; Rumisek, M.; Ruzanovi¢, L.; Brigi¢, A. Aquatic macrophyte vegetation
promotes taxonomic and functional diversity of Odonata assemblages in intermittent karst rivers in the Mediterranean. Diversity
2022, 14, 31. [CrossRef]

Newman, E.A.; DeWalt, R.E.; Grubbs, S.A. Plecoptera (Insecta) diversity in Indiana: A watershed-based analysis. Diversity 2021,
13, 672. [CrossRef]

Yanai, Z. The stoneflies (Insecta: Plecoptera) of Israel: Past, present, future...? Diversity 2022, 14, 80. [CrossRef]

Attawanno, S.; Vitheepradit, A. Species composition of aquatic (Nepomorpha) and Semiaquatic (Gerromorpha) Heteroptera
(Insecta: Hemiptera) in Kaeng Krachan National Park, Phetchaburi Province, Thailand. Diversity 2022, 14, 462. [CrossRef]
Nakthong, L.-a.; Vitheepradit, A. The Gerromorpha (Heteroptera: Gerridae, Mesoveliidae, Veliidae) of Mangroves of Central and
Eastern Regions, Thailand. Diversity 2022, 14, 466. [CrossRef]

Magallon Ortega, G.; Escalera Gallardo, C.; Lopez-Lopez, E.; Sedeno-Diaz, J.E.; Lopez Hernandez, M.; Arroyo-Damian, M.;
Moncayo-Estrada, R. Water quality analysis in a subtropical river with an adapted biomonitoring working party (BMWP) index.
Diversity 2021, 13, 606. [CrossRef]

Rodriguez-Romero, A.J.; Rico-Sanchez, A.E.; Sedeno-Diaz, J.E.; Lopez-Lopez, E. Characterization of the multidimensional
functional space of the aquatic macroinvertebrate assemblages in a biosphere reserve (Central México). Diversity 2021, 13, 546.
[CrossRef]



diversity

Article

Diversification in the Comoros: Review of the
Laccophilus alluaudi Species Group with the Description of

Four New Species (Coleoptera: Dytiscidae)

Johannes Bergsten ! and Olof Bistrom 2*

Citation: Bergsten, J.; Bistrom, O.
Diversification in the Comoros:
Review of the Laccophilus alluaudi
Species Group with the Description
of Four New Species (Coleoptera:
Dytiscidae). Diversity 2022, 14, 81.
https://doi.org/10.3390/d14020081

Academic Editors: Luc Legal,
Marina Vilenica, Zohar Yanai and

Laurent Vuataz

Received: 23 December 2021
Accepted: 18 January 2022
Published: 25 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Zoology, Swedish Museum of Natural History, P.O. Box 50007, 10405 Stockholm, Sweden;
johannes.bergsten@nrm.se

2 Zoology Unit, Finnish Museum of Natural History, PB 17, University of Helsinki, 00014 Helsinki, Finland

*  Correspondence: olof bistrom@helsinki.fi

1t urn:sid:zoobank.org:act:D1499466-D6B4-44DD-8D0C-8B6DSFC66B42;
urn:lsid:zoobank.org:act:EFF85A A5-800C-4DC7-9FC6-781095558 A1E;
urn:lsid:zoobank.org:act:EF080A54-025D-4BBF-BE67-090FA086E72D;
urn:lsid:zoobank.org:act:0D973235-2430-4F83-8BD9-E467BAOCES20.

T Contribution to the study of Dytiscidae 93.

Abstract: The Laccophilus alluaudi species group is an interesting case of an endemic species radia-
tion of Madagascar and the Comoros. To date, a single species, Laccophilus tigrinus Guignot, 1959
(Anjouan), is known from the Comoro Islands, with eight other species known from Madagascar.
Here we review the Laccophilus alluaudi species group from the Comoro Islands based on partly new
material. We recognize five species, out of which four are here described as new: L. mohelicus n. sp.
(Mohéli), L. denticulatus n. sp. (Grande Comore), L. michaelbalkei n. sp. (Mayotte) and L. mayottei n. sp.
(Mayotte). Based on morphology of male genitalia, we hypothesize that the five species form a
monophyletic group and originated from a single colonization event from Madagascar. If confirmed,
this would constitute one of the few examples of intra-archipelago diversification in the Comoros.
The knowledge of species limits in relation to their distribution in the Comoros archipelago is also
urgently needed in the face of rapid habitat degradation.

Keywords: island biogeography; new species; taxonomy; biodiversity; colonization; endemism;
species radiation; diving beetles; freshwater

1. Introduction

Volcanic oceanic island archipelagos, such as the Galapagos, Hawaii and the Canaries,
have long fascinated biologists [1-5]. In contrast to continental islands, oceanic islands
have never had land contact with other larger landmasses, they are formed without life
to start with, and many have existed for millions of years, forming natural laboratories of
evolution [6]. For terrestrial and freshwater organisms, a large expanse of sea constitutes
a dispersal barrier. This barrier is a semipermeable filter that has reduced, but over time
allowed, arrivals at frequencies dependent on extrinsic factors, such as distance to mainland,
ocean currents, trade winds and island size, and intrinsic factors such as dispersal capacity,
body size, salinity tolerance and the ability to withstand restricted access to food and water
for long periods [2,7]. Except for organism groups of very high dispersal capacity, this filter
reduces the geneflow between the source population and a newly formed population after
successful colonization, so that over time endemic island species evolve. On especially
large and /or more heterogenous islands, or island archipelagos, further in situ or intra-
archipelago speciation may occur [8].

The Comoros is one such archipelago of true oceanic islands of volcanic origin that,
despite sea-level variation during their lifespan, have never been in land contact with the

Diversity 2022, 14, 81. https://doi.org/10.3390/d14020081 5
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continent of Africa or with Madagascar [9,10]. The archipelago is situated approximately
midway between mainland east Africa and northern Madagascar in the northern part of
the Mozambique Channel in the western Indian Ocean. Approximately 300 km of open
sea separates the Comoros from either larger landmass. The archipelago consists of the
four larger islands: Grande Comore (Ngazidja), Mohéli (Mwali), Anjouan (Ndzuani) and
Mayotte (Maore) (Figure 1). Estimated ages of the four islands varies greatly depending on
whether the age is inferred from the oldest dated exposed lava rocks, or from the estimated
on-start and duration of magmatic activity. This is particularly true for the highest island,
Grande Comore, which is dominated by the very active volcano Mount Karthala. The
oldest-dated exposed rock is a mere 0.13 Ma, whereas Michon (2016) estimates 9 Ma
of magmatic activity [10]. The underestimation of Grande Comore’s age from exposed
rocks has already been suggested based on dated endemic lineages ([11,12] and references
therein). With either estimate, Mayotte, the easternmost island closest to Madagascar, is the
oldest island, possibly emerging from the ocean soon after magmatic activity started 20 Ma
ago, which considerably expands previous age estimates of the Comoros archipelago as
a whole [10]. Uncertainty apart, the Comoros is clearly old enough to attract researchers
interested in island colonization and species diversification processes [13-22].

Figure 1. Topographic map of the Comoros archipelago, with indication of Laccophilus alluaudi group
species occupancy based on our results. Terrestrial surface area in square kilometers and highest
point in meters from [9], distance between islands in kilometers (calculated from Google Earth) and
estimated beginning of magmatic activity in million years before present following [10] are given
for each of the four main islands. Background map from https://maps-for-free.com, (accessed on
4 November 2021) released under Creative Commons CCO0.

The Comoros have a maritime tropical climate with a warm rainy season from October
to April [23]. From May to September southerly winds dominate, bringing cooler and drier
air. Variable topography creates local differences in rainfall and air temperatures. Higher
central areas of the islands are generally cooler and wetter than the coastal areas. Vegetation
in the Comoro Islands resembles that of Madagascar [9]. Evergreen forest from sea level to
approximately 1800 m is the original type of vegetation of the islands. Above the forest
area, on Mount Karthala a high-mountain vegetation consists of mountain bushland and
thicket [24]. Remaining natural forests constitute a small proportion of what once existed,
and are today restricted to higher elevations [23,25]. The islands are partially surrounded
by mangrove swamps. The soil of the islands consists of laterite, which is rich in minerals
but poor in humus, being subject to erosion when sheltering forests are removed [23].
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Maximum altitudes for the islands are the 2631 m peak of Mount Karthala on Grande
Comore, a maximum of 1595 m on Anjouan, and below 800 m for the lower islands of
Mayotte and Mohéli (Figure 1).

Based on endemism levels and loss of natural vegetation, the Comoros are part of
the western Indian Ocean islands biodiversity hotspot [26]. This biodiversity hotspot
is dominated by the much larger island of Madagascar, which seems to have been the
most important source for many animal and plant groups on the Comoros [14,22,27-29].
Compared to Madagascar, the plant and animal diversity of the Comoros are certainly
much lower. This is to be expected based purely on area-richness relationships, in addition
to the Comoros’ younger age. However, the Comoros are still relatively rich in endemic
species. For plants, although poorly documented, as much as 33% are endemic [23],
and for vertebrates approximately 20% [24]. The ongoing process of speciation is also
demonstrated through many single-island endemic subspecies among the non-endemic
birds [24]. While there is substantial species-level endemism, there are fewer examples
of in situ diversification in the Comoros [8,13]. In contrast to the Galapagos, Mascarenes
and Canaries, where intra-archipelago speciation has thrived, endemism in the Comoros
is largely made up of immigrants and anagenesis from the parental stock, at least for
vertebrates [8,13]. For invertebrates, diversity patterns, endemism levels and origination
processes are still poorly explored in the Comoros.

Laccophilus is the second most diverse genus of diving beetles (Dytiscidae), with a
worldwide distribution [30]. Members inhabit both running and standing water bodies
and are found over a large altitudinal and habitat range. The Laccophilus alluaudi species
group was established by Bistrom et al. while revising the African fauna of the genus [31].
Six species were recognized, five in Madagascar and one in the Comoros. Recently, Manuel
and Ramahandrison added three more species to the group [32], and several additional
species, all from Madagascar, are known but have yet to be described (Bergsten unpub-
lished). It has become clear that the lineage is one of just a handful of larger (>10 spp.) in
situ diversifications of diving beetles in Madagascar [32,33]. One species from the Comoros,
L. tigrinus, was described by Guignot [34], and this is the only non-Madagascar species of
the group. Guignot based his description on material from both Mohéli and Anjouan. While
clearly belonging to the Laccophilus alluaudi species group, further investigation of this
group in the Comoros has not yet attracted any attention from taxonomists. For instance,
the multi-island species hypothesis of Laccophilus tigrinus has not been questioned, and
material from Grande Comore and Mayotte has been lacking. Access to recently collected
material from all four Comoro Islands prompted us to revise the group to shed light on
both diversity patterns and diversification processes of Comoran fauna.

Here we show that, for one lineage of aquatic insects that has diversified in Madagascar
and colonized the Comoros with a single known species [31,32], it actually constitutes a flock
of island-endemic species in the Comoros. While not yet tested in a phylogenetic context,
morphological evidence points towards a single colonization and intra-archipelago speciation.

2. Material and Methods
2.1. Preparation Technique and Measurements

The study material consisted of both dry-pinned specimens and specimens preserved
in ethanol. Dry specimens were softened in hot water for some minutes prior to dissection.
The apical part of the abdomen was then detached under a preparation microscope, and
the genitalia extracted from surrounding tissue in warm water. Sometimes hardened tissue
needed to be treated in a heater-device for about 10 min in 10% KOH solution. After this
procedure, the genitalia were cleaned in water and ethanol and glued by the base on a card
for photographing. Genitalia from specimens in ethanol were extracted directly without
the need of softening in warm water, and both body and genitalia were glue-mounted on
a card.

Measurements of body (length and width) were made using a Wild M 11 microscope
(Wild Heerbrugg, Heerbrugg, Switzerland). The detailed technique is described in [31].
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2.2. Photography

Photographs of specimens and genitalia were captured with a Canon EOS R digital SLR
camera (Canon Inc, Tokyo, Japan) mounted on a motorized rail, Stackshot (Cognisys Inc.,
Traverse City, MI, USA). A long working distance metallurgic objective from Mitutoyo
(Mitutoyo Corporation, Kanagawa, Japan) (5x for habitus; 10x for genitalia) was fitted
to the camera using a Balpro bellows and customized adaptors (Novoflex, Memmingen,
Germany). The stack-photography system was maneuvered with Zerene Stacker (Zerene
Systems, Zerene Systems LLC, Richland, WA, USA) in combination with Canon EOS
Utility (Canon Inc., Tokyo, Japan). Captured stacks of photos were merged using the Pmax
algorithm in Zerene Stacker. Merged photos were prepared for plates in Adobe Photoshop
(Adobe Inc., San Jose, CA, USA) and Adobe Illustrator (Adobe Inc., San Jose, CA, USA).

2.3. Depositories

Studied materials were deposited in the following institutions, which are referred to
in the text by their abbreviations:
IRSNB—Institut Royal des Sciences Naturelles de Belgique, Brussels, Belgium
MRAC—Musée Royal de I’ Afrique centrale, Tervuren, Belgium
MNHN—Muséum National d’Historie Naturelle, Paris, France
MZH—Finnish Museum of Natural History, Helsinki, Finland
NHRS—Swedish Museum of Natural History, Stockholm, Sweden
ZSM—Zoologische Staatsammlung, Miinchen, Germany.

3. Results

Based on morphological examination of material from each of the four main islands
of the Comoros archipelago, it became clear that each island has at least one endemic
species; we found no evidence of any species in common. In addition, examined material
from Mayotte showed that multiple species can exist sympatrically. Below we give first a
determination key, followed by the species descriptions. The known fauna of this group on
the Comoros increases from one to five species as a result.

3.1. Key to Species of L. alluaudi Species Group in the Conoros

1.  Pronotum anteriorly and head posteriorly darker; ferruginous to dark brown
(Figure 2A-D) (rarely dark area indistinct in old, dry specimens) ... ... ... ... ... 2

Pronotum and head unicolored testaceous to pale ferruginous (Figure 2E/F) ... ... 4

2. Smaller species (body length 3.36-3.76 mm); dark area on head and pronotum fer-
ruginous; gradual delimitation of markings (rarely dark markings almost absent)

(Figure 2D) (Mohéli) .. e veveve ... L.mohelicus
Larger species (body length 3.98-4.12 mm) dark area on head and pronotum darker and
more distinctly delimited (Figure 2A—C) (Grande Comore, Anjouan) . . R |

3. Penis narrower and more strongly curved in ventral view (Figure 3C); apically with an
asymmetric apical knob (right side in ventral view pre-apically straight to weakly concave)
and subbasally with a distinct denticle (Figure 4B) (Grande Comore) ... L. denticulatus

Penis broader and less curved (Figure 3A,B); apically without an apical offset knob
(right side pre-apically convex but apex with protrusion on left side); subbasal “shelf”
not as sharply denticulated (Figure 4A in suboptimal condition, but similar to Figure 4C)
(Anjouan) ... ... ......... ... oo iiiicieciecie eee oee ooe oo ... Lotigrinus

4. Humeral region of elytra with an extensive pale area which lacks dark spots (Figure 2F);
penis quite robust and sinuate (Figures 3F and 4E); (Mayotte) ... ... L. michaelbalkei

Humeral region with two vague, dark spots (Figure 2E); penis moderate-sized, non-
sinuate but slightly curved (Figures 3E and 4D); (Mayotte) ... ... ... ... ... L. mayottei
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Figure 2. Habitus images of Laccophilus alluaudi species group members from Comoro Islands:
(A) L. tigrinus (male, PT 13265); (B) L. tigrinus (female); (C) L. denticulatus (male); (D) L. mohe-
licus (male); (E) L. mayottei (male); (F) L. michaelbalkei (male). Scale bar 1 mm. Note that (A)
(Photo: MNHN/Christophe Rivier) is photographed under different circumstances (equipment,
angle and resolution).

Figure 3. Penis in ventral view of Laccophilus alluaudi species group members from Comoro Islands:
(A) L. tigrinus (PT 13265); (B) L. tigrinus (HT 13263); (C) L. denticulatus; (D) L. mohelicus; (E) L. mayottei;

(F) L. michaelbalkei. Scale bar 1 mm. Note that (A,B) (Photos: MNHN/Christophe Rivier) are
photographed under different circumstances (equipment, angle and resolution).
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Figure 4. Penis in lateral view of Laccophilus alluaudi species group members from Comoro Islands:
(A) L. tigrinus (HT 13263); (B) L. denticulatus; (C) L. mohelicus; (D) L. mayottei; (E) L. michaelbalkei.
Scale bar 1 mm. Note that (A) (Photo: MNHN/Christophe Rivier) is photographed under different
circumstances (equipment, angle and resolution) and is partly covered with residual glue hiding a
subbasal shelf similar to in (C).

3.2. Taxonomic Treatment

The Laccophilus alluaudi species group is characterized by a pale body with elytra
exhibiting longitudinal, dark-colored markings. Moreover, members of the species group
are moderately sized (approximate length of 3-5 mm), and no stridulation apparatus is
exhibited on metacoxal plates ventrally of the body. Male genitalia are asymmetrically
shaped, with penis sinuate or curved from the basal part towards apex

Laccophilus tigrinus Guignot, 1959

Guignot, 1959: 76 (original description) [34]; Guignot 1961: 931 (faunistics) [35];
Wewalka 1980: 726 (faunistics) [36]; Nilsson 2001: 251 (catalogue) [37]; Bistrom et al. 2015:
43 (monograph) [31]; Nilsson & Hajek 2021; 231 (catalogue) [38].

Material studied:

Holotype, male: “Type/Anjouan Foret de M'Remani X-1953 (Millot)/F. Guignot det.,
1955 L. tigrinus sp.n. Type [male symbol]/HOLOTYPE/HOLOTYPE Laccophilus tigrinus
Guignot/MNHN, Paris EC13263 [QR code]/Data in NHRS JLKB 000030002” (MNHN).

Paratypes: “PARATYPE/F. Guignot det., 19 L. tigrinus sp.n. Paratype [male sym-
bol]/PARATYPE Laccophilus tigrinus Guignot 1959/ MNHN, Paris EC13265 [QR code] /Data
in NHRS JLKB 000030003 [likely with same collecting data as holotype but not on labels]
(1 ex. MNHN). “Paratype/PARATYPE Laccophilus tigrinus Guignot 1959 /MNHN, Paris
EC13245 [QR code]” (1 ex. MNHN).

Additional material studied: “Anjouan Comoros 12.27483 S, 44.47502 E, 18.3.2010, 798
m asl, Drinking water basin near Ouzini, SOH 0069 /Laccophilus tigrinus Guignot, 1959
Det. J. Bergsten 2021” (1 ex. NHRS; 1 ex. MZH; lex. ZSM).

Total material studied: 6 specimens (MNHN; MZH; NHRS; ZSM).

Diagnosis: L. tigrinus is separated from other species in the group by the combination
of a dark area frontally on pronotum and posteriorly on the head, a relatively larger body
size (length 3.92-4.08 mm) and the lack of a distinct sharp denticle subbasally on penis.

Description:

Body (Figure 2A,B), length, male 3.92-4.08 mm, width 2.24-2.36 mm; female, length
3.98-4.12 mm, width 2.32-2.40 mm.

Head: Frontal outline of head broadly straight to almost straight; laterally foremargin
somewhat curved towards eyes. Testaceous to pale ferrugineous. Posteriorly at pronotum
with quite broad, dark ferrugineous area. Rather shiny although with fine reticulation
which extensively is irregular. Shape of meshes variable, in part transverse. Extensively
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impunctate, but at eyes with fine, scattered punctures. Area of punctures extends little
towards mid-head. Antenna testaceous to pale ferrugineous, slender. Apical segment
slightly longer than adjacent ones; apically pointed.

Pronotum: Testaceous to pale ferrugineous. Anteriorly, posterior to head with broad,
brown to dark ferrugineous spot. Delimitation of dark spot sometimes slightly vague.
Lateral outline of pronotum evenly curved; non-margined. Rather shiny although distinctly
microsculptured. In part with double reticulation but size-classes of meshes indistinct
and difficult to discern. Reticulation variable; meshes densest and smallest at margins, on
disc slightly larger and irregularly shaped. Frontally and laterally with some irregularly
distributed, somewhat indistinct punctures (hidden in dense microsculpture).

Elytra: Testaceous with distinct black to dark ferrugineous, longitudinal markings.
Four inner markings reach almost to base of elytra. Three lateral markings end before
elytral base and leave a moderately sized pale humeral area. Longitudinal markings in
two female specimens broader and in part confluent. Extreme, lateral dark marking in part
medially reduced (sometimes broken). Pale humeral area provided with 2-3 dark, vague
spots. Slightly matte due to distinct microsculpture. Reticulation dense, meshes moderately
sized, almost uniform in shape. Double reticulation reduced; indistinct and rudimentary. A
fine and somewhat sparse and irregular row of discal punctures may be discerned in frontal
half of elytra. Laterally with fine and sparse punctures which posteriorly form a distinct
row which ends clearly before elytral apex. Scattered, very fine punctures discernible in
posterior part of elytra.

Ventral aspect: Prosternum testaceous to pale ferrugineous. Metacoxal plates laterally
dark, almost black. Towards middle, plates become slightly paler; dark ferrugineous.
Metathorax dark ferrugineous; anteriorly pale ferrugineous. Metacoxal process and ab-
domen testaceous to pale ferrugineous. Sternites laterally sometimes with a vague dark
spot. Metathorax and metacoxal plates almost impunctate; with fine, sparse punctures.
Plates provided with a few transverse impressions which laterally are strongly bent to short,
slightly curved impressions. Abdomen rather shiny, almost impunctate, provided with
somewhat curved, sparse striae. Metacoxal plates and abdomen rather shiny; reticulation
indistinct, plates with shagrination. Metacoxal lines with a blunt lateral extension. Ventrite
in apical half almost keeled, with fine, irregular punctures.

Legs: Testaceous to pale ferrugineous. Pro- and mesotarsus somewhat enlarged,
provided with adhesive discs.

Male genitalia: Penis almost evenly broad in medial part; less curved (Figure 3A,B);
apically without an offset apical knob (right side pre-apically convex) but with small
left-turned apical protrusion (Figure 3A,B); subbasal “shelf” not sharply denticulated
(Figures 3A,B and 4A). Earlier dissection and mounting of male genitalia in imaged holo-
type may have effect on their present configuration except for apex, which is definitely
different to shape of apex in L. denticulatus. Based on studied paratype material, L. tigrinus
has subbasal shelf in lateral view, blunt and gently rising as in L. mohelicus (Figure 4C; also
see illustration in [36]), but not sharply denticulate as in L. denticulatus (Figure 4B).

Female: Pro- and mesotarsi slender, lack adhesive discs.

Distribution: Anjouan (Figure 1).

Discussion. L. tigrinus was described by Guignot based on material from both Anjouan
and Mohéli [34]. A type statement in the introduction qualifies as a holotype designation
and the holotype (MNHN EC13263) is from Anjouan. The paratype material from Mohéli
(MNHN EC13266) belongs to L. mohelicus.

Laccophilus denticulatus n. sp.
urn:lsid:zoobank.org:act:D1499466-D6B4-44DD-8D0C-8B6DSFC66B42.
Material studied:
Holotype, male; “Grande Comore Nioumbadjou R. Joqué 9.8. 1981/Holotype Lac-
cophilus denticulatus n. sp. Bergsten & Bistrom, 2022” (1 ex. MRAC).
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Paratypes: Same data as holotype but with paratype labels “Paratype Laccophilus
denticulatus n. sp. Bergsten & Bistrom, 2022” (1 ex. MRAC; 1 ex. MZH).

Total material studied: 3 specimens (MRAC; MZH).

Etymology: Species name refers to the small basal denticle or tooth (latin noun:
denticulus) subbasally on the penis.

Diagnosis: Similar in shape and size to L. tigrinus and shares an infuscated area
posteriorly on head and anteriorly on pronotum. Separated from L. tigrinus based on the
distinctly offset (pre-apical sinuation also on right side) asymmetric apical knob and the
subbasal sharp denticle of penis. L. mohelicus described below has a somewhat similar
asymmetric apical knob but not clearly preapically sinuate on right side. Its body size is
smaller and it has a more vaguely delimited, less darkened area on head and pronotum.

Description (only differences to description of L. tigrinus observed).

Body (Figure 2C), length, male 3.92-4.08 mm, width 2.28-2.36 mm; female, length
3.96 mm, width 2.32mm.

Male genitalia: Penis in ventral aspect sinuate and with left turned and offset asymmet-
ric apical knob (Figure 3C). Subbasally, on left side opposite of anterior portion of subbasal
expansion with a distinct denticle (Figure 4B).

Distribution: Grande Comore (Figure 1).

Laccophilus mohelicus n. sp.

urn:lsid:zoobank.org:act:EFF85A A5-800C-4DC7-9FC6-781095558 A 1E.

Material studied:

Holotype, male: “Moheli Foret de Fomboni 600 m 2eme torrent 6.54/Institut scien-
tifique Madagascar/ Type/R. Mouchamps det. Laccophilus mohelicus n.sp. TYPE/Laccophilus
tigrinus Guignot O. Bistrém det./Holotype Laccophilus mohelicus n. sp. Bergsten &
Bistrom, 2022” (IRSNB).

Paratypes: Same data as holotype but labelled as allotype and “Paratype Laccophilus
mohelicus n. sp. Bergsten & Bistrom, 2022” (1 ex. IRSNB); “Moheli Comoros, 1.111.2010 Lat
-12.29384 Lon 43.65220, 251 m asl, Chalet St. Antoine, slope, puddle along creek through
forest SOH 0031 /Paratype Laccophilus mohelicus n. sp. Bergsten & Bistrom, 2022” (1 ex.
dry, 2 exs. in ethanol NHRS; 1 ex. dry in MZH); “Moheli Comoros, 28.11. 2010, 12.30269S,
43.63731E, 23 m asl Miringoni SOH 0026 /Paratype Laccophilus mohelicus n. sp. Bergsten
& Bistrom, 2022” (1 ex. dry, 3 exs. in ethanol NHRS, ZSM).

Other material studied: “Paratype/Moheli Foret de Fomboni 600m 2eme torrent
6.54 (J.M.) /PARATYPE Laccophilus tigrinus Guignot, 1959/MNHN, Paris EC13266 [QR
code]/[male symbol] (1 ex. MNHN);

Total material studied: 11 specimens (IRSNB, MNHN, MZH, NHRS, ZSM).

Etymology: We use the name “mohelicus” that was suggested, but not published by R.
Mouchamps. The name refers to the Comoro island of Mohéli where the species occurs.

Diagnosis: Most similar to L. tigrinus and L. denticulatus but slightly smaller (maximum
length 3.76 mm). Dark frontal marking of pronotum vague and not clearly delimited. In
old specimen dark marking indistinct, leached and almost absent. Penis very similar to
L. tigrinus (body size and colour patterns best diagnostic differences) and also resembles
that of L. denticulatus, but smaller, ventral denticle blunt and apical knob less clearly offset.

Description:

Body (Figure 2D), male, length 3.36-3.68 mm, width 1.92-2.12 mm; female, length
3.52-3.76 mm, width 2.04-2.16 mm.

Head: Frontal outline straight, laterally towards eyes slightly curved. Testaceous,
posteriorly at pronotum slightly darker; with vague, pale brown area. Darker area narrower
and with more vague delimitation in comparison with L. tigrinus; sometimes dark area
almost absent. Rather shiny, although finely to very finely microsculptured. Reticulation
variable, in part double. Posteriorly head with fine and dense, almost isodiametric meshes.
On disc fine reticulation almost absent and replaced by larger, somewhat irregular shaped
meshes. Frontally larger and fine meshes appear mixed but size-classes in part difficult
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to separate. At eyes with some irregular punctures, which medially extend for a short
distance towards mid-head. Antenna testaceous, slender, apical segment slightly longer
than preceding segments; apically pointed.

Pronotum: Testaceous to pale ferrugineous. Frontally in middle often with a vague
pale brownish to ferrugineous spot (delimitation of spot gradual and diffuse). Lateral out-
line of pronotum evenly curved; non-margined. Rather shiny, although microsculptured.
Reticulation in part double, but size-classes in part difficult to discern. Fine meshes ante-
riorly and posteriorly distinct; discally fine meshes indistinct and replaced by somewhat
irregular-shaped, large meshes. Frontally and laterally with fine, but clearly discernible,
irregular punctures.

Elytra: Testaceous with distinct, black to dark ferrugineous, longitudinal markings.
Markings sometimes appear “hollow”; slightly paler in middle but outline of separate
marking always distinct. Four inner markings reach almost elytral base, the most lateral
marking being anteriorly somewhat expanded. Three lateral markings at base shorter,
leaving a quite extensive humeral area pale-colored. Vague darker spot may sometimes
be discerned in the pale area. Markings also in part confluent, the most lateral being, in
part, reduced. Slightly matte due to distinct, dense microsculpture. Double reticulation
reduced, indistinct and rudimentary. Fine, sparse but indistinct and irregular discal row
of punctures may be discerned. Posteriorly with fine, scattered punctures. Laterally, in
posterior part of elytron with fine, clearly discernible row of punctures, which fade away
before reaching elytral apex.

Ventral aspect: Prosternum testaceous to pale ferrugineous. Metacoxal plates laterally
almost black; towards middle plates become gradually paler; at metathorax and metacoxal
process ferrugineous to pale ferrugineous. Abdomen pale ferrugineous to testaceous.
Metathorax anteriorly with a few punctures, otherwise impunctate as metacoxal plates.
Metathorax shiny without microsculpture or non-shagreened. Metacoxal plates slightly
matte due to fine microsculpture, almost shagreened. Metacoxal plates almost impunctate,
provided with few indistinct transverse depressions which laterally turn to a few distinct
impressions. Metacoxal lines with blunt lateral extension. Abdomen rather shiny and
almost impunctate; apical ventrite apically with some fine punctures and shagreened.
Abdominal segments with sparse, curved striae.

Legs: Testaceous to pale ferrugineous. Hindlegs somewhat darker, ferrugineous. Pro-
and mesotarsus somewhat enlarged and provided with adhesive discs.

Male genitalia: Penis in ventral view slightly sinuate and provided with apical knob,
less distinctly offset compared with L. denticulatus (Figure 3D). In lateral view with modest
smooth denticle or subbasal “shelf” which is blunt but clearly discernible (Figure 4C).

Female: Pro- and mesotarsus slender, no adhesive discs.

Distribution: Mohéli (Figure 1).

Laccophilus mayottei n. sp.

urn:lsid:zoobank.org:act:EF080A54-025D-4BBF-BE67-090FA086E72D.

Material studied:

Holotype, male; “Mayotte Hajangoua REF04 23 VIII.2013 Nathalie Mary/Holotype
Laccophilus mayottei n. sp. Bergsten & Bistrom, 2022” (1 ex. MZH).

Paratypes: same data as holotype except “Paratype Laccophilus mayottei n. sp. Berg-
sten & Bistrom, 2022“(2exs. females MZH, NHRS); “Mayotte Djalimou REF09 22.VIIL.2013
Nathalie Mary/Paratype Laccophilus mayottei n. sp. Bergsten & Bistrom, 2022” (1 ex.
male MZH); “Mayotte Bouyouni Amont 30.VIIL. 2012 Nathalie Mary /Paratype Laccophilus
mayottei n. sp. Bergsten & Bistrom, 2022” (2 exs. females MZH, ZSM).

Total material studied: 6 specimens (MZH, NHRS, ZSM).

Etymology: The name refers to the Comoro island Mayotte where the species occurs.

Diagnosis: L. mayottei has a unicolorous testaceous head and pronotum and in this
respect resembles L. michaelbalkei. From the latter, L. mayottei can be distinguished based on
a narrower and less sinuate penis in ventral view, and a relatively shorter and less strongly
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developed basal region in lateral view. Laccophilus mayottei is also smaller in body size and
has two diffuse darker spots in the pale humeral region of elytra.

Description:

Body (Figure 2E), (male), length 3.40-3.48 mm, width 1.92-2.00 mm; female, length
3.40-3.56 mm, width 1.92-2.04 mm. Body dorsally slightly globular; in species from
Madagascar body over elytra somewhat flattened. Body a little smaller than in its sister
species L. michaelbalkei.

Elytra: Testeceous, with dark longitudinal markings. Four inner markings as in sister
species. Three lateral longitudinal markings end quite abruptly and a quite extensive pale
area formed in humeral region. Pale humeral area anteriorly with two diffuse darker spots,
which in part are united (spots absent in sister species). Three lateral longitudinal markings
strongly modified and in part reduced, in part united with each other.

Ventral aspect: Bicolored. Metacoxal plates laterally blackish to dark ferrugineous;
become gradually paler towards mid-body; metathorax dark ferrugineous to ferrugineous
and metacoxal processes ferrugineous. Abdomen unicolored, distinctly paler, ferrugineous
to pale ferrugineous. Lateral impression on metacoxal plates absent; replaced by a few
backwards pointing striae. Metacoxal lines simple, lacks minor lateral extension, which is
present in species from Madagascar.

Legs: Female pro- and mesotarsi slender, no adhesive discs.

Male genitalia: In lateral view similar to L. michaelbalkei but basal part prior to angle
relatively shorter and not as strongly developed (Figure 4D). In ventral aspect not clearly sin-
uate but slightly curved with extreme apex almost straight with left side curved (Figure 3E).
Basally moderately enlarged, provided with distinct basal extension (Figure 3E).

Distribution: Mayotte (Figure 1).

Laccophilus michaelbalkei n. sp.

urn:lsid:zoobank.org:act:0D973235-2430-4F83-8BD9-E467BAOCES20.

Material studied:

Holotype, male: “Mayotte Anatana REF08 22.VII1.2013 Nathalie Mary/Holotype
Laccophilus michaelbalkei n. sp. Bergsten & Bistrom, 2022” (1 ex. MZH).

Total material studied:1 specimen (MZH).

Etymology: Named after the distinguished specialist of tropical Dytiscidae, Dr. Michael
Balke in Munich, Germany.

Diagnosis: Head and pronotum of L. michaelbalkei is unicolored pale ferrugineous to
testaceous when L. tigrinus and L. denticulatus has a dark marking frontally on pronotum.
L. mohelicus also has a dark marking but it is vague and not distinctly delimited. In old dry
specimens the dark marking seems to have been leached and it can therefore be almost
absent. From L. mayottei, L. michaelbalkei is separated by larger body, by quite extensive pale
area in humeral region of elytra; L. mayottei is smaller, with two vague darker spots in pale
humeral area. Penis of L. michaelbalkei is in ventral aspect more robust and sinuate while in
L. mayottei penis-size moderate and penis non sinuate but slightly curved. In lateral aspect
the basal portion is relatively longer and more strongly developed prior to and at angle.

Description:

Body (Figure 2F), (male), length 3.60 mm, width 2.16 mm. Body dorsally slightly globular.

Head: Testaceous to pale ferrugineous. Rather shiny although finely microsculptured.
Reticulation with two kind of meshes. Large meshes, when discernible contain 2—4 small
meshes. Size-categories of meshes sometimes difficult to distinguish. At eyes with fine,
irregular punctures, which extend short distance towards middle of head. Antenna tes-
taceous, simple, slender, with quite long segments out of which the apical one is most
extensive. No distinct modifications exhibited.

Pronotum: Unicolored, testaceous to pale ferrugineous. Lateral outline of pronotum
non-margined, curvature moderate and even. Rather shiny, although finely microsculp-
tured. With three kinds of microsculpture; at margins meshes of reticulation almost
isodiametric, dense, fine and one-sized. Discally with double reticulation; two kinds of
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meshes, smaller and larger meshes, which sometimes are difficult to distinguish, being
almost of equal size. Larger meshes, when discernible, may contain 2—4 small meshes.
Almost impunctate; laterally and at foremargin with quite dense and irregular punctures.

Elytra: Testaceous, with dark, longitudinal markings. Four inner markings reach
almost to anterior margin of elytra. Outside them three lateral markings end frontally
distinctly before reaching anterior margin of elytra, forming quite distinct, pale humeral
area. The seventh (most lateral) marking of elytra is strongly reduced and only fragments
of it are discernible. Rather shiny although finely microsculptured; elytra almost totally
covered with fine, dense reticulation of one kind. Anteriorly at base and at suture with
double reticulation. Large meshes, when discernible, may contain 2-4 small meshes. A fine
and sparse discal row of punctures is discernible on elytron; posteriorly row of punctures
mixed with scattered punctures. Elytra laterally with scattered, fine punctures not forming
distinct rows.

Ventral aspect: Prosternum testaceous to pale ferrugineous. Metathorax and metacoxal
process ferrugineous. Metacoxal plates blackish to dark ferrugineous. Abdomen ferrugi-
neous to pale ferrugineous; little paler apically than at base. Metacoxal plates, metathorax
and metacoxal process almost impunctate; sparse, very fine scattered punctures may be
discerned. Quite shiny, microsculpture strongly reduced to fine shagrination. Metacoxal
plates laterally with few, slightly irregular and shallow striae. Abdomen ferrugineous to
pale ferrugineous. Sternites striated being densest at basal sternite and sparsest on apical
sternite (3—4 reduced striae at each side). Almost impunctate; apical sternite apically with
few fine punctures. Microsculpture reduced to fine shagrination. Metacoxal lines with
reduced, blunt, lateral extension.

Legs: Pale ferrugineous to ferrugineous. Protarsus slender, mesotarsus slightly en-
larged. Both provided with adhesive discs.

Male genitalia: Penis in lateral view with a quite steep angle in basal half (not evenly
curved) (Figure 4E). In ventral aspect penis slightly sinuate, basally quite broad with quite
distinct lateral extension (Figure 3F). Penis narrows evenly to quite slender apex, which is
slightly turned leftwards (Figure 3F).

Female unknown.

Distribution: Mayotte (Figure 1).

4. Discussion

We found that the Laccophilus alluaudi species group, previously only known as one
species from Anjouan and Mohéli [34], in fact has colonized all four major islands of the
Comoros and likely constitutes an intra-archipelago species radiation. In addition, no
species are common for any two islands, and on Mayotte sympatric sister-species occur.
This contrasts with the broader patterns found for the Comoros, with very few cases of
intra-archipelago cladogenetic events among, for instance, reptiles [8] or birds [13]. The
Laccophilus alluaudi group has its largest diversity on the island of Madagascar [32], where
currently eight species are described but several additional species are known (Bergsten
unpublished). Since the species group is not known from the African mainland [31], it is
almost certain the Comoros were colonized from Madagascar. This is a common pattern
for many faunal and floral elements on the Comoros; for instance, Malagasy vangid birds,
Mantellid frogs, bats, chameleons, Phelsuma day geckos and plants of the coffee family
(Rubiaceae) all seem to have colonized the Comoros from Madagascar [14,22,27-29]. A
review of reptile colonization patterns of islands in the western Indian Ocean point towards
the direction of ocean currents being overwhelmingly important in the region supporting
drift from northern Madagascar towards the Comoros [19]. This likely explains why
much fewer colonization events of the Comoros from east Africa have taken place [27].
Reviews are lacking for insect colonization patterns of the Comoros, making it difficult to
assess if this is a general pattern also for insects. Since insects may variously arrive both
via drifting/rafting and through active or passive flight in the air, we can presume the
direction of currents is less of a single, outstanding, explanatory variable. Flight capacity
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and flight activity varies enormously among different insect groups, and the fact that
an intra-archipelago diversification likely has taken place among the Laccophilus alluaudi
species group suggests tens of kilometers of open sea constitutes a significant dispersal
barrier (Figure 1).

All five species in the Comoros share the subbasal expansion on the right side of the
penis, which is not present in any of the currently described species from Madagascar.
This is therefore likely a synapomorphy carrying evidence of a single colonization event
followed by diversification in the Comoros rather than multiple events. Furthermore, three
circumfactual conditions point towards Mayotte being the island that was first colonized.
Firstly, Mayotte is geographically closest to Madagascar, making it the most probable to
be colonized based on island biogeography theory [2]. Second, it is the oldest of the four
volcanic islands and hence has been available for colonization for the longest amount of
time [10]. Finally, we conclude that among our studied material, Mayotte alone has two
sympatric species, also in congruence with the species group having been present on the
island the longest, allowing the most time for speciation. An alternative explanation for
the two species on Mayotte would be secondary re-colonization from the other islands;
however, based on morphology there is no doubt that among known species, the two on
Mayotte are sister species, which implies intra-island cladogenesis. Since the subbasal
expansion of the penis points towards a single colonization event from Madagascar, the
other islands would have been colonized from Mayotte, if Mayotte was first. However, the
two species in Mayotte are quite different from the three species on Mohéli, Anjouan and
Grande Comore, which are more similar to one another (Figures 2—4). Until the diversity in
Madagascar is further explored, and a comprehensive sampling of the group from both
islands can be set in a phylogenetic context, some uncertainty will remain as to whether
one or perhaps two colonization events most likely occurred.

As in many tropical countries, land use has decimated forests and degraded both
terrestrial and freshwater ecosystems on the Comoro Islands. The rate of deforestation
for the Union of Comoros is among the highest in the world [25,39]. Lowland forests up
to 400 m asl are almost completely gone from the four islands [23]. The last remaining
large forest block is on Grande Comore on the Karthala volcano [23,25]. The level of
poverty and malnourishment, as well as dependency on forest resources, are extremely
high. In concert with rapid population growth, the acute need of land for agriculture has
led to an alarming rate of habitat loss [23,39]. Estimates from about a decade ago reported
remaining closed forest cover made up somewhere between 4-9% of the Comoros [25,29],
a number that has certainly decreased further since. Mayotte also has lost 50% of its native
forests in the last 30 years, threatening its diversity (including many endemic species). The
most recent surge in deforestation since 2010 has caused several calls of alarm, which in
May 2021 led to the protection of 2800 hectares of forests on six of the island’s massifs in
“Réserve naturelle nationale des foréts de Mayotte” ([40]; Décret no 2021-545). Based on
experiences from Madagascar, most of the Laccophilus alluaudi group of species are highly
dependent on water systems in natural forests and are seldom found in, e.g., agricultural
landscapes with eutrophied waters. However, a few species of the group do also occur in
western Madagascar in more open landscape. It is likely that colonization of the Comoros
stemmed from ancestors living in western Madagascar, which may be more adaptable to
open arid landscapes. Such a pattern would mirror two examples of Mantellid frogs of
Mayotte. Ecologically unusual species living in arid western Madagascar are the closest
relatives, despite the fact that the diverse family Mantellidae is dominated by humid forest
dwellers [22]. The protection of a large part of the remaining forests in Mayotte is, however,
very positive for the long-term survival of the two endemic Laccophilus alluaudi group
representatives and for many other freshwater organisms on the island.
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Abstract: Different types of water bodies in lowland river floodplains represent vital biodiversity
havens and encompass diverse microhabitats, which are essential for structuring different macroin-
vertebrate communities. Chironomidae larvae (Diptera) are an inseparable part of these communities,
with their high richness and abundance. In three water body types within the Danube floodplain
Kopacki Rit in Croatia, over the course of four sampling campaigns, we recorded 51 chironomid taxa
in periphyton on macrophytes, twigs, and glass slides. The most diverse were chironomid commu-
nities on macrophytes, whilst month-old periphyton on twigs supported the least taxa. Cricotopus
gr. sylvestris, Dicrotendipes lobiger, Dicrotendipes spp., Endochironomus albipennis, Glyptotendipes pallens
agg., Polypedilum sordens and Polypedilum spp. were present in all studied microhabitats. The type of
substrate is a very important factor influencing Chironomidae diversity and abundance, which was
evident in the presence and dominance of Corynoneura gr. scutellata and Monopelopia tenuicalcar in the
dense macrophyte canopy epiphyton. Finding pristine floodplains such as Kopacki Rit can be very
challenging, as such areas are increasingly altered by human activities. Studies of resident species
and the extent to which changes in the parent river influence floodplain communities are important
for the protection and restoration of the floodplains.

Keywords: chironomid larvae; taxonomic diversity; substrate preference; Danube; floodplain

1. Introduction

Riverine floodplains and different types of wetlands represent very dynamic and
diverse habitats, created by prolonged interactions of water inflow from the parent river,
ground water and the terrestrial area [1-3]. The hydrological connectivity of adjacent
water bodies to the main river channel can be continuous or alternating, depending on
the water level, as flooding occurs only during maximum river water level [1,2,4]. The
lower reaches of the Danube and its major tributaries are representative of rivers typical for
temperate regions of Europe, with wide meandering river channels that have the potential
to create floodplains as natural water retention areas, as in the case of Kopacki Rit [1,2].
Such floodplains are comprised of both deep and shallow lentic and lotic water bodies,
which can be permanent or temporary. Aquatic and semi-aquatic habitats intermingle with
forests, dry terrain and water meadows creating habitats suitable for many invertebrate and
vertebrate species, providing shelter, food or spawning areas within these ecosystems [4-6].
Negative impacts on the river, e.g., pollution, riverbed destruction, and invasive species
introduction, affect the whole watershed [7]. Floodplains around the world have different
characteristics, and threats to their ecosystem can be from river regulation, drainage-basin
alterations, deforestation, global climate change and extended drought periods [7]. In
Europe, floodplain areas or specific segments can be given forms of protective status
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due to their uniqueness and sensitivity to anthropogenic activities—such as Nature or
National Parks—even if they have been modified to some extent [7]. Organisations such
as the Danube River Network of Protected Areas, the International Commission for the
Protection of the Danube River, and the WWEF have an important part in the protection
process. Besides being biodiversity hotspots, floodplains provide a very broad spectrum
of ecological services, making them even more important for researchers and the general
public [7-9].

High biodiversity indicates the high functional diversity of organisms in the floodplain
and complex trophic interactions, among others [10]. One of the key elements in the normal
functioning of the floodplain food webs is macrozoobenthos, particularly the early life
stages of insects. Among them, the prevalent taxonomic group often standing out in its
abundance, species and functional diversity is the dipteran family Chironomidae [11-13].
Chironomid larvae are fascinating organisms, distributed across the globe and adapted
to an array of different living conditions [11,14-16]. Even though most of the chirono-
mid taxa are euryvalent [11,17], there are some very tolerant species subject to habitat
degradation [11,13,17,18], while some have narrow ecological valences and are found only
in pristine environments [15,19]. Previous studies have shown that the whole chironomid
community responds to changes in their environment [11,13,17,18], which is why they are
becoming one of the basic tools in water-quality assessment projects [17,18,20]. However,
this is only one aspect of why hydrobiologists find this group interesting. Their ecological
traits enable them to fill many niches and serve as different functional groups in aquatic
ecosystems. Feeding on algae, detritus, microorganisms or other invertebrates, while at the
same time being preyed upon by other aquatic insects, fish or waterfowl, they link different
trophic levels [20-22].

Substrate type can influence the structure of Chironomidae communities, since the
larvae often exploit the substrate by boring into plant or animal tissue, mining wood,
burrowing into the sediment surface, or attaching themselves to a hard substrate [11,23,24].
Chironomid larvae or pupae inhabit not only sediment, but also periphytic communities de-
veloped on natural and artificial substrates [25-27]. Woody debris and aquatic macrophytes
are common and ecologically important types of natural substrates in floodplain water
bodies [28-30]. Aquatic macrophytes represent complex colonisation substrates for all
aquatic invertebrates—including Chironomidae—but especially submerged macrophytes,
providing refuge from predators, a source of food, and an oxygen-rich environment [31].
Hence, this substrate type is one of the most suitable for chironomids, supporting their
high abundance and diversity [30,32]. Woody debris such as twigs, branches and tree
trunks also provide important microhabitats for aquatic invertebrates, offering a food
source and shelter from predators [28,29]. However, information about the chironomid
communities on this substrate type is still limited, especially in aquatic ecosystems such as
riverine floodplains.

The main objective of the present study was to assess the diversity of chironomid
larvae communities from periphytic communities developed on different substrates with
different structural complexities. Some authors found no significant differences between
communities on artificial and natural substrates [33], so we additionally aimed to compare
species composition and relative abundance of Chironomidae taxa to better understand the
differences between the communities that form upon different types of substrate.

2. Materials and Methods
2.1. Study Area

Kopacki Rit is one of the largest preserved Danube floodplain landscapes with a
total surface area of 231 km?, situated in the eastern part of Croatia. The Danube borders
the east side of the floodplain, from 1383 to 1410 river km, while the river Drava creates
the southern border from 0 to 15 river km (Figure 1). Kopacki Rit has been protected
as a Nature Park since 1999, but it was first declared and protected as an ecologically
important area in the 1960s [6]. Furthermore, one part of the park is listed as a Special
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Zoological Reserve. The floodplain is on the Important Bird Areas List and is recognized
as an important Ramsar and Natura 2000 area; it also conjoins the Mura-Drava—-Danube
Biosphere Reserve. A multitude of floodplain water bodies within the park (e.g., lakes,
ponds, channels) are changing and transforming under the influence of the Danube—its
water level and other characteristics [6,34]. Water from the Danube enters Kopacki Rit
through several channels, but the main avenue is situated in the southern part of the
floodplain in the Special Zoological Reserve, through the channels Hulovo and Conakut,
filling along the way Kopacko Lake. Lake Sakadas, the furthest point from the main river
channel, is the deepest lake (6 m in average) and the point of departure for scientific
and tourist boats (Figure 1). On the other side of the embankment surrounding the main
floodplain area, there is a network of channels and canals, ponds and fisheries that support
diverse communities of flora and fauna.
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Figure 1. Research locations in the floodplain area of Kopacki Rit Nature Park. Top middle, green
shape: the geographical position of Kopacki Rit in Croatia; top right, green colour: the floodplain
area of the Danube; black rectangle: sampling area enlarged on the bottom right; left and right, blue
colour: water bodies, green depicts the surrounding semi-aquatic and terrestrial area; water bodies
are labelled in black letters.

2.2. Sampling Strategies

Communities of Chironomidae larvae have been studied through various projects,
sampling campaigns or in sifu experiments. Different studies, of which the results are
presented here, applied different standard sampling techniques, depending on the substrate
and habitat type. Periphytic communities have been studied on an artificial substrate (glass
slides in 2008 and 2009) and natural substrates (twigs in 2011 and 2012, and macrophytes
in 2013 and 2016).

To collect the data on the community structure and colonisation dynamics of peri-
phytic chironomids on an artificial substrate, glass slides for periphyton development were
immersed from April until August in Lake Sakadas at a depth of 25 cm. The slides were
sampled after the first seven days of exposure and afterwards every 14 days. On each
sampling date three slides were taken for chironomid analysis and in situ placed in bottles
with 4% formaldehyde. For a detailed description see Vidakovi¢ et al. [35].

Epixylon was studied on willow twigs placed in Lake Sakadas as part of the in situ
experiment which included the immersion of twigs (length of 10 cm, diameter 1 cm) to
a depth of 20-25 cm, for 5 weeks during three different seasons: summer, late autumn,
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and spring of the following year. The experiment constructions were placed at three sites
in Lake Sakada$. For invertebrate community analysis, three twigs were sampled and
preserved in 4% formaldehyde. For a detailed description see Mihaljevi¢ et al. [36].
Epiphytic chironomids were sampled in two different types of macrophyte associ-
ations. One was a dense, thick layer of floating macrophytes, Salvinia natans, Spirodela
polyrhiza, Lemna sp. and, sporadically, submerged Ceratophyllum demersum, formed and
sampled alongside three locations: the entrance to Kopatko Lake, the Conakut channel and
the entrance to Lake Sakadas (listed as epi I). The second association type was sampled in
the Mali Sakadas$ pond. It represents a typical pond macrophyte association and includes
different contributions of Nymphoides peltata, Nymphaea alba, S. natans, Typha sp., Hippuris sp.,
C. demersum and Utricularia vulgaris (listed as epi II). Apart from Lake Sakadas, during the
epi I research there were three sampling sites at each location. Macrophytes were sampled
within a surface area of 50 x 50 cm, marked by a wooden frame. Triplicate samples were
carefully removed from the water to avoid loss of organisms and preserved in 96% ethanol.

2.3. Periphyton

The starting point of the laboratory work was specific for each type of periphyton. In
the experiment with the artificial substrate, periphyton was scraped from both sides of the
glass slides and collected in a beaker. A similar procedure was applied for epixylon, namely
cleaning the surface of the whole twig. Macrophytes were thoroughly rinsed and cleaned
on a sieve over white trays to ensure that all organisms were collected. In all samples, the
removed remains were rinsed above a sieve and prepared for the separation and isolation
of larvae from the rest of the periphyton under stereoscopic microscopes (Carl Zeiss Jena,
Olympus SZX9). Chironomidae larvae were prepared for identification either in the form
of temporary native slides—in a drop of ethanol—or as a permanent slide mounted in
Berlese medium. A microscope (Olympus BX51) and the following identification keys
were used to identify the species and genera of Chironomidae: Schmid [37]; Vallenduuk
and Moller Pillot [38]; Bitusik [39]; Bitusik and Hamerlik [40]; Andersen et al. [14]; and
Vallenduuk [13].

2.4. Statistical Analysis

After the data on Chironomidae community structure were collected, applying diverse
methods to enable comparison between different communities, we calculated, for each
sample, relative abundances as the number of individuals of a given taxon divided by
the total number of individuals collected in the sample. PRIMER 6 software [41] was
applied for multivariate statistical analyses. Non-metric multidimensional scaling (NMDS)
was used to present the relations between the chironomid communities from different
substrates and analysis of similarity (ANOSIM) was applied to identify the significance of
differences between substrates. These methods were applied to the Bray-Curtis similarity
matrix based on the square root-transformed relative abundance data. The contribution of
Chironomidae taxa to the average dissimilarity between groups was assessed using the
SIMPER analysis. For every sample in each substrate type, we calculated the following
diversity indices as a biotic metric: species richness (S), Shannon index (H'), and Simpson
index (1-lambda). To test whether chironomid communities of different substrate types
(epil, epill, twigs, and glass slides) differed in S, H' and 1-lambda, Kruskal-Wallis tests
followed by Mann-Whitney tests were applied. These analyses were performed using SPSS
version 19.0 software.

3. Results
3.1. Diversity of Periphytic Chironomidae

In all sampled communities, 51 Chironomidae taxa were recorded, belonging to three
subfamilies: Tanypodinae, Orthocladiinae and Chironominae (Table 1). In the epixylon,
only Orthocladiinae and Chironominae larvae were recorded. In the periphyton on the
glass slides, Tanypodinae represented less than 1% of the community and these larvae were
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too young to be identified even to the genus level (Figure 2, Table 1). The most diverse was
tribe Chironomini, including 32 different taxa belonging to eight genera. The Tanytarsini
tribe was represented with only two genera, Paratanytarsus and Tanytarsus. Five genera and
the Cricotopus/Orthocladius taxon represented the Orthocladiinae subfamily (Table 1).

Table 1. Relative abundance of Chironomidae taxa in periphyton on all substrate types.

Epiphyton I Epiphyton II Twigs Glass Slides
Taxa/Substrate Range ﬁ\‘;ezl‘zg; Range z?lx\lleia;g)e Range ﬁ\‘lze:raz%s Range ﬁ\}/e:ral%i
Tanypodinae
Ablabesmyia (Ablabesmyia)
longistyla Fittkau, 1962 0-1.96 029 0-0.46 0.05
Ablu‘b?smym (Ablabesmyia) 0-1.39 0.06 0-2.16 032
monilis agg.
Ablabesmyia spp. 0-0.32 0.01 0-0.46 0.05
Conchapelopia agg. 0-0.01 0.001

Monopelopia tenuicalcar
(Kieffer, 1918) 27.81-79.49 55.96

Tanypodinae non det. 0-11.70 1.78 0-5.59 0.29
Orthocladiinae

Chaetocladius spp. 0-3.97 0.58

Corynoneura gr. scutellata 0-45.77 19.49 0-0.74 0.04
Corynoneura spp. 0-1.49 0.23

Cricotopus (Cricotopus)

bicinctus (Meigen, 1818) 0-020 0.01
Cricotopus (Isocladius)
intersectus agg.
Cricotopus (Isocladius) gr. 0-18.17 420 0-3.68 1.01 0-100 1136 0-8.07 1.60
sylvestris

Cricotopus spp. 0-0.65 0.03 0-14.29 1.92 0-0.74 0.08
Cricotopus/Orthocladius spp. 0-58.33 4.63

Nanocladius gr. dichromus 0-0.65 0.03

Psectrocladius

(Psectrocladius) limbatellus 0-0.27 0.04

(Holmgren, 1869)

Psectrocladius

(Psectrocladius) gr. 0-1.59 0.07

sordidellus

Orthocladiinae non det. 0-100 6.39 0-50 3.00
Chironominae
Chironomus (Chironomus)
annularis agg.
Chironomus (Chironomus)
luridus Strenzke, 1959
Chironomus (Chironomus)
plumosus agg.
Chironomus (Chironomus)
tentans Fabricius, 1805
Chironomus
(Lobochironomus) dorsalis 0-17.07 3.73

Meigen, 1818

Chironomus spp. 0-2.47 0.44 0-29.07 13.56

Dicrotendipes lobiger

(Kieffer, 1921) 0-2.30 0.12 3.25-21.64 10.33 0-3.13 0.25 0-10.81 0.57
Dicrotendipes modestus
(Say, 1823)
Dicrotendipes nervosus
(Staeger, 1839)

0-14.81 0.99 0-100 25.05 0-5.90 0.50

0-0.42 0.05

0-1.60 0.57

0-2.93 0.44 0-2.63 0.14

0-0.91 0.10

0-7.33 1.27

0-1.85 0.14 0-50 6.07 0-56.72 9.76
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Table 1. Cont.

Taxa/Substrate

Epiphyton I

Range

Average
(N = 25)

Epiphyton II
Average

Range (N=9)

Twigs
Average

Range (N = 22)

Glass Slides

Range

Average
(N =19)

Dicrotendipes notatus
(Meigen, 1818)
Dicrotendipes pulsus
(Walker, 1856)
Dicrotendipes spp.
Endochironomus albipennis
(Meigen, 1830)
Endochironomus tendens
(Fabricius, 1775)
Glyptotendipes
(Glyptotendipes) barbipes
(Staeger, 1839)
Glyptotendipes
(Glyptotendipes)

pallens agg.
Glyptotendipes
(Glyptotendipes) paripes
(Edwards, 1929)
Glyptotendipes spp.
Kiefferulus (Kiefferulus)
tendipediformis
(Goetghebuer, 1921)

Parachironomus gr. arcuatus
Parachironomus gr. frequens

Parachironomus varus
(Goetghebuer, 1921)
Parachironomus spp.
Paratendipes nudisquama
(Edwards, 1929)
Paratendipes spp.
Polypedilum (Pentapedilunt)

sordens (van der Wulp, 1875)
Polypedilum (Pentapedilum)

uncinatum agg.
Polypedilum (Polypedilumn)

nubeculosum (Meigen, 1804)

Polypedilum (Polypedilum)
pedestre (Meigen, 1830)
Polypedilum (Tripodura)
scalaenum (Schrank, 1803)

Polypedilum (Uresipedilum)

cultellatum Goetghebuer,
1931

Polypedilum uncinatum
agg./cultellatum
Polypedilum spp.
Paratanytarsus spp.
Tanytarsus spp.
Chironominae non det.

0-0.95
0-5.56
0-15.82

0-5.37

0-4.18

0-10.54

0-11.24

0-10.74

0-1.03

0-0.32
0-0.17
0-7.39

0-3.75

0-2.17

0-0.26

0-2.25

0-14.46

0-5.37
0-1.05

0.06
0.22
1.33

0.77

0.22

2.33

2.47

3.54

0.05

0.01
0.01
1.98

0.62

0.16

0.01

0.16

2.65

0.99
0.06

0-0.21 0.02

0-2.71 1.33
0-2 0.61

1.22-9.81 4.73

4.27-30.96 15.10

0-0.54 0.06

0-5.26 1.28

0-2.92 1.43

0-3.24 0.36

0-31.10 8.92

0-4.50 1.09

0-0.54 0.06

0-0.54 0.06

0-3.73 0.70
2.26-23.13 8.81
0-12.68 5.18
2.40-36.57 16.71

0-20 0.97
0-2.38 0.10
0-4 0.53

0-43.75 13.82

0-60 15.20

0-42.37 8.17

0-0.57
0-2.63
0-59.86

0-61.20

0-10.69
0-100

0-21.63

0-2.63

0-18.07

0.03
0.14
6.36

24.74

0.56
15.56

4.76

0.18

3.13

3.20
5.15

20.21
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Figure 2. Percentage rate of Chironomidae subfamilies on each substrate type: (a) on macrophytes-epi
I (epiphyton); (b) on macrophytes-epi II (epiphyton); (¢) on willow twigs (epixylon); (d) on glass
slides (periphyton).

The richest community type was the epiphyton with 33 chironomid taxa recorded
in the first macrophyte study (epi I) and 31 taxa in the second (epi II) (Table 1). One of
the important differences among these communities was evident within the subfamily
Tanypodinae. Monopelopia tenuicalcar was very abundant in all samples and sites in epi
I, whereas in epi II (macrophytes in Mali Sakadas$ pond) it was not recorded at all, either
on glass slides or twigs. In general, macrophytes were the best substrate for Tanypodinae
larvae (Figure 2, Table 1). Many taxa were recorded only in the epiphyton, e.g., Paratendipes
taxa in epi I, or most species of the Chironomus genus, which were mainly found in epi II
(Table 1). In comparison to the diversity of Chironomidae larvae recorded on macrophytes,
periphytic communities on glass slides and twigs were not as rich, comprising 18 and
14 different taxa, respectively. Both communities had high percentages of larvulae that
could only be identified to the subfamily level (Table 1). The following species/species
groups were recorded on all substrate types: Cricotopus gr. sylvestris, Dicrotendipes lobiger,
Endochironomus albipennis, Glyptotendipes pallens agg., Polypedilum sordens, including Di-
crotendipes spp. and Polypedilum spp. Larvae of Polypedilum pedestre, Parachironomus gr.
frequens and Parachironomus varus were found only on glass slides, whereas Psectrocladius gr.
sordidellus and Cricotopus/Orthocladius spp. were only characteristic for epixylon (Table 1).

According to the values of taxonomic diversity indices, the most diverse Chironomidae
community was found on macrophytes, especially in epi II, while twigs and glass slides
supported the lowest diversity (Figure 3).
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Figure 3. Boxplot representation of diversity indices (species (taxa) richness, S; Shannon index, H';
and Simpson, 1-lambda), across different substrate types. Epi I-macrophyte canopy epiphyton; epi
II-pond macrophyte epiphyton; willow twigs; glass slides. Boxes which do not share a common letter
are significantly different: a,b at p < 0.05 for S, H’, and 1-lambda. If letters are missing, all the boxes
are significantly different.

Differences between communities on different substrates were evident in the number
of recorded taxa, and the percentage rate of recurrent taxa differed among the substrates.
Corynoneura gr. scutellata displayed a similar trend in appearance and percentage rate as
the earlier mentioned M. tenuicalcar. Cricotopus intersectus agg. and C. gr. sylvestris from the
Orthocladiinae subfamily and G. pallens agg. from tribe Chironomini were not only more
frequently recorded, but they had a higher relative abundance (Table 1).

3.2. Statistical Analysis

All diversity indices differed between different substrate types (Figure 3). Species
richness significantly varied among all substrates except for between twigs and glass slides
(Mann-Whitney, p < 0.05). Epi Il was significantly different in H’ and 1-lambda than all
other substrate types (Mann-Whitney, p < 0.05).

Differences between the periphytic chironomid communities formed on different
substrates were indicated by non-metric multidimensional scaling analysis and ordinated
on the NMDS plot (Figure 4). Despite the relatively high stress, the analysis was considered
robust by the PRIMER software, i.e., at stress <0.2 the two-dimensional ordination plot
can still be considered useful. ANOSIM analysis confirmed the statistical significance of
the differences between the communities from different substrate types (Global R = 0.728,
p < 0.001). Results of the Pairwise tests are given in Table 2. Taxa that contributed the most
to the differences among the substrates were indicated using SIMPER analysis (Table 3).

Table 2. Results of the ANOSIM analysis (R statistic values of pairwise tests) showing significant
differences between chironomid communities from different substrate types. Results of the pairwise
tests are all at p = 0.001, with the exception of glass slides vs. epi Il at p = 0.002. Epi I-macrophyte
canopy epiphyton; epi II-pond macrophyte epiphyton.

Twigs Glass Slides epil epi II
Twigs
Glass slides 0.392
epil 0.848 0.844
epi II 0.602 0.360 0.999
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Figure 4. Non-metric multidimensional scaling plot of periphytic chironomid communities from
different substrate types based on the relative abundance matrix data. Legend: epi I-macrophyte
canopy epiphyton; epi II-pond macrophyte epiphyton; tw-willow twigs; gs-glass slides.

Table 3. Results of the SIMPER analysis showing the contribution of chironomid taxa to dissimilarities
between substrate types: epi I-macrophyte canopy epiphyton; epi II-pond macrophyte epiphyton; tw,

willow twigs; gs, glass slides.

Contribution (%)

tw and gs

Cricotopus intersectus agg.
Chironominae non det.
Glyptotendipes pallens agg.
Monopelopia tenuicalcar
Corynoneura gr. scutellata
Cricotopus intersectus agg.
gs and epi |

Monopelopia tenuicalcar
Corynoneura gr. scutellata
Chironominae non det.
tw and epi II

Cricotopus intersectus agg.
Chironomus spp.
Parachironomus gr. arcuatus
gs and epi IT

Chironomus spp.
Dicrotendipes lobiger
Glyptotendipes pallens agg.
epiland epill
Monopelopia tenuicalcar
Corynoneura gr. scutellata
Chironominae non det.

Average dissimilarity = 78.04
12.98

10.37

9.91

18.45

10.14

9.83

Average dissimilarity = 88.53
18.79

10.24

8.96

Average dissimilarity = 82.64
9.39

7.32

6.7

Average dissimilarity = 75.37
8.13

7.39

7.13

Average dissimilarity = 79.28
16.03

8.82

8.37

4. Discussion

The presented results, collected from several studies, allowed us to evaluate the
different substrates and the mosaic of diversity in the aquatic communities that they
support. Chironomidae larvae, as one of the most abundant, diverse and widely distributed
invertebrate groups in aquatic systems of temperate regions, can adequately reflect that
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diversity [42]. Even though this study represents a “mosaic” of research results, it provides
important data on chironomid taxa richness in a floodplain ecosystem.

Kopacki Rit, as one of the largest preserved flooding areas of the Danube, harbours great
biodiversity and consequently urges us to focus on its protection and conservation [6,32,35].
The park is a part of the Amazon of Europe UNESCO biosphere reserve, and although it is
only a fragment of the reserve, it represents a very important component that encompasses
a complex network of habitats and hundreds of species, creating a special ecosystem [6].
To better understand it, the study of the biology and ecology of the many communities
inhabiting this area, especially aquatic ones, is urgently needed [9]. The main threats to
the Kopacki Rit floodplain are human activities on the Danube, e.g., pollution, hydro-
morphological degradation, and embankment. Deepening of the riverbed can lead to
a lowering of the groundwater table, which influences at what water level floods enter
the floodplain and reduces the overall amount of water available for the entire area [2,7].
Pollution of the Danube has already been detected in the vicinity of urban areas [6,7,18].
At what distance it dwindles and how it affects downstream areas and floodplains can
be assessed by monitoring the changes in invertebrate communities, and the presence of
tolerant chironomid species in benthic and epiphytic communities [18]. All in all, low
biodiversity can indicate degradation of the floodplain ecosystem that motivates protection
actions. The described changes and challenges correspond to global problems of floodplain
protection and preservation [7]. Finding pristine floodplains such as Kopacki Rit can be
very challenging in Europe as well as worldwide, as these areas become increasingly altered
by human activities. Furthermore, many flooding areas have been detached from the main
river channel and have deteriorated over time. In the last decade, there has been much
effort to revitalise and restore the already morphologically and hydrologically modified
floodplains in Europe, particularly in the Danube and Drava watersheds [7,9]; thus, it
is valuable to have data on the biodiversity of preserved ecosystems for comparison in
assessment and monitoring projects. Studying the resident species and to what extent
the changes in the parent river influence floodplain communities is also important for the
protection of remaining intact floodplains.

Our sampling sites were located in the Kopacki Rit Nature Park along the main water
path of the flood- or flow-pulse from the Danube to the embankment. The connection of the
floodplain to the parent river greatly influences all communities, their structure, stability
and changes in diversity [43,44]. Concerning this, macrophytes have a varying dynamic
of appearance in water bodies of the floodplain area, particularly in the channels leading
from the Danube to Lake Sakadas and in the lake itself. They are constantly present in the
floodplain ponds or standing backwater. In the Conakut channel, after several years, epi-
phytic communities developed in a dense canopy of floating and submerged macrophytes
(epiI). In this community, Monopelopia tenuicalcar, which prefers substrates near the surface
such as Lemna or Azolla [13,23], had a high relative abundance, even up to 80% in some
samples, but this was not recorded in other communities, not even in epi II. Furthermore,
the Orthocladiinae species group Corynoneura gr. scutellata, which also prefers this type of
microhabitat [24] was quite abundant, thereby providing an adequate food source for M.
tenuicalcar. In 2001 and 2002, in communities developed on macrophytes occurring in the
Conakut channel, Chironomidae larvae were the dominant taxonomic group contributing
from 50 to 83% of the total invertebrate abundance [32]. Unfortunately, we do not have
any data on the species composition from that research, which hinders a more detailed
comparison and evaluation of the overall indicative values of epiphytic chironomids and
supports the requirement for a better identification resolution in ecological studies. It
also reflects the need to have as precise identification as possible. Epiphyton sampling
activities in the Mali Sakadas pond (epi II) did not meet all of our expectations regarding
chironomid diversity on macrophytes, with a low relative abundance of Cricotopus species;
however, a higher abundance of Glyptotendipes pallens agg., Dicrotendipes, Paratanytarsus and
Chironomus species was as per other findings for epiphyton in eutrophic water bodies [30].
As Mali Sakadas is an isolated pond, such differences could have been expected since
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epiphytic communities and macrophyte diversity and development depend on the con-
nectivity and fluctuations of water level [44,45]. Moreover, Cerba et al. [21,46] previously
recorded differences in Chironomidae epiphytic communities on two different submerged
macrophytes, indicating the preferences of some taxa (e.g., Cricotopus gr. sylvestris, Endochi-
ronomus albipennis, G. pallens agg.) for specific macrophytes, including their architecture,
tissue softness, the ability to hold more detritus, etc. [47]. It could then be anticipated that
macrophytes that greatly differ in their leaf and stem architecture, or position related to the
water surface described herein, display even greater differences in chironomid community
composition. Our research confirmed a previously observed positive interrelationship of
Chironomidae larvae abundance and diversity with macrophyte diversity, providing a
spectrum of available food, microhabitats to inhabit, and shelter from predators [11].

Despite these differences, macrophytes harbour high chironomid diversity. They also
influence other communities and the “health” of the entire floodplain ecosystem. Many
fish species come from the main river channel to spawn or to find shelter and food in
macrophyte-dominated habitats. Furthermore, firstly reported benthos-feeding fish have
been found to feed primarily on the epiphytic Chironomidae larvae [48]. High chironomid
taxa richness enables the sufficient colonization of various available microhabitats, depend-
ing on their specialties, and in turn caters to the different predatory fish that inhabit them.
This does not only highlight the importance of macrophytes, but also the information on
taxa diversity, which enables us to better understand the functioning of the relationships
among different hydrobiocoenoses in the floodplain.

Another natural basis suited for periphyton development that is often available in
floodplain water bodies are branches, tree trunks, or woody debris [49]. Depending on
the duration of submergence and size of the wooden surface, epixylon includes various
taxa [28] and chironomids can be the dominant invertebrate group [27]. Chironomidae
larvae living in such communities can be either xylophagous or feed on algae, fungi or
biofilm formed on the surface [11,50,51]. In our research we did not find true xylophagous
or wood-boring taxa, which could be the consequence of the five-week immersion period
of twigs. Nevertheless, Moller Pillot [24] lists decaying wood as one of the various feeding
sources of G. pallens agg., as well as the utilisation of the woody microhabitat in self-
made mines. Furthermore, G. pallens agg. can tolerate winter conditions better than
many other species and is ubiquitous in floodplains [24]. During late autumn, besides the
mentioned larvae, the chironomid epixylon community mostly included C. intersectus and
gr. sylvestris representatives, previously described as good colonisers, cosmopolitan and
pioneer species [11,16,46,52]. In other seasons, the submerged willow twigs represented an
additional type of substrate in the lake, providing a temporary feeding and resting place
for other chironomid larvae moving from surrounding microhabitats.

Even though glass slides are artificial substrates, they harboured a greater variety of
Chironomidae than twigs. One of the reasons could be the presence of other invertebrate
taxa in the developed periphyton that created a more suitable and heterogenous microhabi-
tat, with bryozoans, sponges, or Dreissena polymorpha clusters [35]. The development of a
complex autotrophic component [53] further augmented the colonisation of chironomid
larvae as they are the main food source for many species, e.g., E. albipennis, G. pallens agg.
and C. gr. sylvestris [54], including Polypedilum pedestre and P. sordens that feed on detritus,
bacteria, diatoms, and other algae [24]. During this research, we found on more than one
sampling occasion several larvae with the front part of their body in the mantle cavity of
D. polymorpha. Since the larvae belonged to different nonparasitic species [55], we can-
not state that this is a species-specific relationship, but rather a good example of how
Chironomidae larvae successfully exploit available resources [56,57].

One of the important factors influencing the community structure is the life cycle
dynamig, i.e., the number of generations per year and the diapause period [11,22,23,37],
which can be partly influenced by environmental parameters such as temperature, as they
can, in turn, influence the results if the sampling is conducted just after emergence or at
the beginning of substrate colonisation. Early Chironomidae larvae stages, also known as
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larvulae, cannot be accurately identified to species or even genera level to give unambigu-
ous results. Natural seasonal variability of the chironomid community is evident and a
very important element to be taken into consideration when studying this group [58,59],
and some of the observed differences between communities were undoubtedly a result of
seasonal variability. Nevertheless, differences have been observed in the same season on
different substrates.

The practical use of the knowledge on Chironomidae diversity in the floodplain would
be a construction of biological metrics. Water framework directive (WFD) has regulations
for bioassessment and monitoring procedures for lotic and lentic systems [18,60,61]. How-
ever, floodplains have different hydrological regimes, and in order to establish a practical
chironomid-based assessment protocol it would be necessary to modify standard WFD
protocols and biological indices to create specific ones for such ecosystem. Initial research
to create a basic dataset would include the sampling of chironomids in all community
types in different water bodies, as well as sampling in different seasons and at different
water levels for comparison. Simultaneously, biotic and abiotic environmental parameters
should be measured to assess the influence of environmental parameters on the community
structure [18,60].

To conclude, we showed that the chironomid community’s richness and diversity,
as well as the relative abundance of Chironomidae taxa, significantly differed depending
on the substrate type. As expected, the richest and most diverse community was found
on macrophytes. Surprisingly, twigs supported lower taxa richness than an artificial
substrate; however, this could be an artifact due to the short immersion period of the
twigs. Even though chironomid larvae are considered simple opportunists, many taxa
showed preference and adaptation to microhabitats with specific conditions and food
availability, such as feeding in a bivalve mantle cavity; the colonisation of clean substrates;
and abundant C. gr. scutellata and M. tenuicalcar larvae in dense macrophyte mats. Since
floods are important for the accumulation and development of natural substrates such as
macrophytes and wood remains in floodplain water bodies that support a high diversity
of aquatic organisms (including Chironomidae), the protection of natural hydrological
regimes is essential for biodiversity conservation in this unique and endangered aquatic
ecosystem. Constant monitoring of diversity within floodplains can help us to better
understand the changes of this ecosystem.
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Abstract: Urban waters are often neglected in biodiversity research; nonetheless, the number of
aquatic microhabitats present in a city and the surrounding urban area is impressive. Twenty-two
waterbodies in the Belgrade functional urban area (FUA) were investigated for faunistic and diversity
patterns and to assess the effects of environmental factors on the differentiation of Chironomidae
assemblages. A total of 66 chironomid taxa within four subfamilies was identified. Water quality
at the studied sites, expressed by the water pollution index (WPI), varied significantly. K-means
clustering gave four homogenous groups of chironomid assemblages, which showed clear preferences
to specific habitat conditions and tolerance to anthropogenic pressures. These groups had high values
of alpha and beta diversity components. The main component of beta diversity was species turnover.
Waterbody type, water temperature, pH, nutrients and overall pollution were the most important
factors influencing the distribution and composition of chironomid assemblages, which revealed
clear preferences of each assemblage type to the category of waterbody type and tolerances to
environmental pressures.

Keywords: chironomid larvae; water pollution index (WPI); alpha and beta diversity; anthro-
pogenic pressure

1. Introduction

Chironomidae larvae (non-biting midges) are a species-diverse insect group abundant
in many freshwater ecosystems, which represent the main food source for many predatory
invertebrates, fish and birds [1-3]. This group displays a great capability of adapting to
a wide range of environmental conditions, typically occurring at high densities with a key
ecological function in lotic freshwater communities [4]. In lotic and lentic waterbodies of
temperate regions, chironomids can be one of the most abundant and diverse taxonomic
groups within benthos or epiphyton. This is especially true for very productive freshwater
ecosystems, where they can represent more than 60% of the macroinvertebrate commu-
nity [5,6]. The quantitative and qualitative composition of chironomid assemblages can be
indicative of changes in water quality. Chironomidae play a crucial ecological role in the
cycling of organic matter in rivers, in the export of energy to riparian habitats, and provide
a valuable model system for understanding which environmental variables drive species
richness [7]. The structure of chironomid assemblages reflect changes in aquatic ecosystems
that are strongly correlated with changes in water quality and habitat degradation, clearly
pointing to increased saprobity or hydromorphological degradation [8,9]. Chironomids
are often used in water quality bioassessment with in situ monitoring programs [9,10] and
in laboratory experiments that test their resilience and reactions to heavy metals, nano-
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and microplastics or organic pollutants [11,12]. Together with Oligochaeta, non-biting
midges are usually dominant and sometimes the only present invertebrate taxa in heavily
modified waterbodies regardless of whether they are of artificial or natural origin [13-15].
Urbanisation and landscape conversion in sub-urban areas are a threat and the main cause
of aquatic system degradation [16,17]. Some of the known stressors influencing ecological
traits and system functioning of urban waterbodies can be from an extrinsic (catchment)
source or created within the flow, such as untreated stormwater runoff, various point
sources of pollution, septic system leakage, dams or rip-raps [18,19].

In the Belgrade FUA, there are numerous heavily modified and artificial waterbodies
(reservoirs, canals and rivers) exposed to different types and intensities of anthropogenic
pressures. Having various uses and origins, they differ in hydromorphological characteris-
tics and water quality because of their position and distance from the urban area. Belgrade,
with its 1.7 million inhabitants, has no system for treating municipal wastewaters [20].
Some of the running waters flow through industrial zones, agricultural and urban areas
and have a role in precipitation drainage, as well as wastewater removal from several rural
areas, thus being subjected to combined pressures [21,22]. Reservoirs in the Belgrade sub-
urban area are also under high anthropogenic influence, such as wastewater discharge from
surrounding settlements, fishing and other recreational activities. Canals and reservoirs
are additionally under continual pressure caused by flow regulation. Consequently, they
lack a natural water regimen as water is actively drained and pumped. Further, dredging
of bed material and removal of aquatic and riparian vegetation contributes to the effect of
a complex multi-stressor environment. Many of these reservoirs and canals lie in sanitary
protection zones of the water supply system of Belgrade.

Keeping in mind the importance of such aquatic systems, and assessing the intensity
of anthropogenic influence and possible degradation, we surveyed modified waterbodies
in the Belgrade FUA to investigate whether assemblages of Chironomidae larvae can
provide clear signs of environmental changes. We aimed to detect and describe (i) the
faunistic patterns of chironomid assemblages and (ii) the patterns of diversity components
in analysed chironomid assemblages and to examine (iii) the effects of environmental
factors on the differentiation of chironomid assemblages.

2. Materials and Methods
2.1. Study Area

Together with other benthic macroinvertebrates, Chironomidae larvae were collected
in 2018 and 2019 during spring and autumn (high and low water level regime), in 22 wa-
terbodies classified according to national legislation [23] to four waterbody types (WBT):
(1) non-wadeable (large, non-crossable) rivers: the Danube, Sava and Kolubara rivers;
(2) wadeable (small, crossable) rivers: the Pestan, Turija, Beljanica, Top¢iderska reka, Bar-
i¢ka reka, Barajevska reka, Ralja rivers; (3) canals: the Galovica, Kalovita, Sibnica, Vizelj,
Agricultural Plant Belgrade (PKB), Progarska Jar¢ina, Karas and Obrenovacki kanal canals;
(4) reservoirs: the Pariguz, Bela Reka, Duboki potok and Savsko jezero reservoirs (Figure 1)
(for the characteristics of sampling sites see Tables S1 and S2).
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Figure 1. Sampling sites in the Belgrade functional urban area: 1. Savsko jezero, 2. Bela Reka,
3. Duboki potok, 4. Pariguz, 5. Galovica, 6. Kalovita, 7. Karas, 8. Obrenovacki kanal, 9. Agricultural
Plant Belgrade (PKB), 10. Progarska Jarcina, 11. Vizelj, 12. Sibnica, 13. Danube, 14. Sava, 15. Kolubara,
16. Barajevska reka, 17. Baricka reka, 18. Beljanica, 19. Pestan, 20. Ralja, 21. Topciderska reka,
22. Turija.

2.2. Chironomidae

Samples were collected using a benthological hand net (500 um mesh size, net frame
25 x 25 cm), following the multihabitat sampling procedure, 20 subsamples pooled into
one container per site [24]. Material was collected from the littoral zone down to a depth
of 1.5 m from all available microhabitats. The collected material was preserved in 70%
ethanol. In the laboratory, Nikon SMZ8000N (magnification 10-120x) and Zeiss Stemi
2000-C (magnification 6.5-50x) stereomicroscopes were used for sorting and identification.
Larvae of Chironomidae were identified to the lowest possible taxonomic level (genus,
species or species groups and aggregates) using up to date identification keys [25-33].

2.3. Environmental Variables

Water temperature (T), pH, conductivity (uS/cm), dissolved oxygen (Op; mg/L O,),
oxygen saturation (O,%), nitrite concentration (NO,; mg/L N; PRI P-V-32/A) and nitrate
concentration (NOs3; mg/L N; EPA 300.1) were measured using a Horiba W-23XD multi-
parametric probe (HORIBA Instruments Corporation, Irvine, CA, USA) in the field. The
biochemical oxygen demand (BODs; mg/L O,; SRPS ISO 5813: 1994, SRPS EN 1899-2:
2009), chemical oxygen demand (COD; mg/L O,; SRPS ISO 6060: 1990), concentrations
of total organic carbon (TOC; mg/L C; SRPS ISO 8245:1994), total phosphates (mg/L P;
EPA 207. Rev 5, SRPS ENISO 6878: 2008), residue obtained after drying at 105 °C (mg/L;
SMEWW 19th method 2540 B), suspended particles (mg/L; SMEWW 19th method 2540 D),
ammonium ions (NHy; mg/L N; PRI P-V-2A) and chlorides (C; mg/L Cl; SRPS ISO 9297:
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1994) were measured in the laboratory of the Institute of Public Health, Belgrade, Serbia.
Microbiological analyses (number of coliforms) were performed in the same laboratory
following standard methods (APHA AWWA WEF 1995, SMEWW 2010, SRPS EN ISO
9308-1: 2010).

2.4. Data Analysis

The qualitative composition of chironomids was determined for each site, along with
species occurrence frequencies (F = 0-1). The ASTERICS software package Version 3.1.1. [24]
was used for the assessment of data and the calculation of metrics.

The modified water pollution index (WPI) [34] was used to estimate water quality
classes (Table 1). The WPI is calculated as the sum of the ratio of the measured average
value and the standard threshold values for each parameter, divided by the number of used
parameters. The standard threshold values for all parameters were specific for each country,
given as the national legislative [23], which should minimise bias caused by ecological
and geographical differences. The ASTERICS software package, version 3.1.1 [24], was
used for the calculation of metrics used for the assessment of the ecological potential for
these artificial waterbodies. The ecological analysis of the macroinvertebrate community
structure was conducted for each site to calculate WPL. The number of taxa, ASPT (average
score per taxon), BMWP (biological monitoring working party score) [35], the Saprobic
index (S) [36] using bioindicator valences of each taxon according to [37], a-diversity index
(H’) [38] and the percentage of the subfamily Tubificinae (Oligochaeta) in macroinvertebrate
communities were calculated and used in the WPI calculation.

Table 1. Water quality classification based on the water pollution index (WPI).

Water Quality Class WPI
1 very pure <0.3

11 pure 0.3-1.0

I moderately polluted 1.0-2.0

v polluted 2.0-4.0

A% impure 4.0-6.0
VI heavily impure >6.0

To reveal the variability patterns of analysed chironomid assemblages, we used two
powerful non-hierarchical classification methods: K-means clustering [39] and Bayesian
classification [40]. Hill et al. [41] emphasised that the number of misclassifications is a key
parameter in assessing the analytical power of clustering methods. Contrary to numerous
agglomerative and divisive methods, K-means clustering and Bayesian classification enable
the allocation of misclassified assemblages to their most similar cluster. Despite their ability
to minimise the number of misclassifications, both K-means clustering and Bayesian classifi-
cation have two serious drawbacks. Both methods allocate assemblages into a pre-specified
number of clusters. The main drawback of these methods is subjectivity in the initial
selection of the number of clusters. Marinkovi¢ et al. [42] proposed a simple procedure
to avoid this problem. The procedure selects the number of clusters by maximising the
variance ratio:

o
T

VR =

where 0’% is the between-group variance (i.e., variance of the cluster centroids), and U%v is
the within-group variance (the sum of the variances within each k cluster). Maximising
the variance ratio ensures that overlap of homogeneous clusters is minimised. Another
drawback of both is that K-means clustering and Bayesian classification are associated
with the local minima problem. Two closest points in a Euclidean space correspond to
the local minimum in one-dimensional space (a linear local minimum). Three closest
points in the space represent the local minimum in a two-dimensional space (a planar
local minimum). Both planar and linear local minima can disintegrate compact global
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clusters and replace them with numerous small clusters. To avoid this undesirable effect,
we specified a threshold of four points as the minimum size of initial clusters. Selection of
initial clusters with at least four points specifies the spatial configuration of the clusters
and eliminates the undesirable effects of linear and planar local minima.

MANOVA [43] was used to find a combination of species that maximally discriminates
extracted clusters of chironomid assemblages.

Cluster analyses based on Ward’s method [44] was used for grouping Chironomidae
assemblage types.

For each type of chironomid assemblage, we analysed the components of alpha diver-
sity (species richness, Shannon index and Shannon equitability). The components of beta di-
versity were detected using the procedures described by Baselga [45] and Podani et al. [46].

The stepwise forward selection (FS) procedure [40] was used to detect environmental
variables with statistically significant effects on the chironomid assemblages. At each step
of the procedure, we expanded the multiple regression model by adding an environmental
variable that explains most of the residual variance (i.e., the variance of faunistic data, not
explained by previously selected environmental variables). The statistical significance of the
hypothesis that species assemblages are independent of the selected environmental variable
was assessed using the non-parametric Monte Carlo permutation test (3000 permutations,
p <0.05).

To reduce the weighting of dominant groups, species-abundance data were trans-
formed using the formula:

log(x + 1),

where x is the number of recorded individuals. The effects of environmental variables on
the faunistic differentiation of assemblages were assessed using canonical correspondence
analysis (CCA) [47].

Pearson’s correlation test was used to determine the correlation between WBT and
WPI and their correlation with measured environmental parameters. For testing data
normality, we used the Kolmogorov—-Smirnov test.

Statistical analyses were performed using FLORA software [48], updated version.

3. Results

In total, 66 chironomid taxa in four subfamilies (Prodiamesinae, Orthocladiinae, Tany-
podinae and Chironominae) were found during the study period. The most diverse and
abundant was the Chironominae subfamily (21 genera, 37 taxa). Polypedilum was the most
diverse genus in the Chironominae subfamily with nine species. Cricotopus was the most
diverse genus from the Orthocladiinae subfamily. The highest abundance of chironomid
species was detected in wadeable rivers, while in reservoirs, canals and non-wadeable
rivers, the abundance of chironomid species was comparable. Cricotopus gr. sylvestris
and Cricotopus bicinctus (Meigen, 1818) were found in various waterbody types, but they
were most abundant in wadeable rivers. In reservoirs, the most abundant was Ablabesmyia
monilis agg., while in canals, the most numerous were C. gr. sylvestris and Parachironomus
gracillior (Kieffer, 1918).

3.1. Chironomid Assemblage Classification

Classification of chironomid assemblages was performed based on the faunistic sim-
ilarity of the analysed assemblages. The main drawback of hierarchical classification
methods is the inability to correct misclassifications. However, non-hierarchical clustering
methods allow for the allocation of misclassified species assemblages to their most similar
cluster. We, therefore, performed classification of the analysed assemblages using K-means
clustering and Bayesian classification. These methods are the most powerful variants
of non-hierarchical clustering methods [40]. The calculated variance ratio indicated that
K-means clustering produced more acceptable results than Bayesian classification. The
main drawback of Bayesian classification is the rigid assumption that all variables must be
normally distributed, as concluded in Sekuli¢ et al. [49]. The results of K-means clustering
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and Bayesian classification are presented in Table 2. To eliminate the undesirable effects
of local minima, we used four species assemblages as the minimum size of initial clusters.
Since we investigated 22 chironomid assemblages, the greatest number of initial clusters
with at least four assemblages was five. The greatest ratio of between-group variance to
within-group variance was detected for four clusters. Therefore, we performed K-means
clustering using four pre-defined clusters and named these clusters (types) with capital
letters A, B, C and D.

Table 2. Dependence of ordering results on the subjectively selected number of clusters. The greatest
ratio of between-group variance (BGV) to within-group variance (WGV) o2/ 0% assures that the
overlap of homogeneous clusters is minimised. In our dataset, the greatest variance ratio (bolded
numbers) was obtained for four clusters.

K-Means Clustering Bayesian Classification
No. of 2 2 2 /.2 2 2 2 /2
clusters WGV Ty BGV o3 oz/ iy WGV Ty BGV o3 o5/ Oy
2 1.1361 0.0522 0.0459 1.1346 0.0591 0.0521
3 1.5603 0.1009 0.0647 1.5768 0.0980 0.0621
4 1.9335 0.1404 0.0726 1.9562 0.1341 0.0685
5 2.3112 0.1610 0.0696 2.2934 0.1599 0.0697

MANOVA provided a combination of species that maximally discriminated between
four clusters of assemblages (high variance ratio R? 0.452884).

Species from the Conchapelopia aggregate as well as Procladius species discriminated
assemblage type A from other assemblage types. Type B stands out by the presence
of Microchironomus tener (Kieffer, 1918). Polypedilum albicorne (Meigen, 1838) was the
discriminating species for community type C, while Endochironomus albipennis (Meigen,
1830) and Monopelopia tenuicalcar (Kieffer, 1918) were a distinguishing feature of assemblage
type D (Figure 2).

Cluster analyses using Ward’s method organised the assemblages into two larger
groups based on the similarity of species composition, with each encompassing two assem-
blage types. The first group incorporates assemblage types A and B, and the second types
Cand D (Figure 3).

For each group of assemblages, a set of diagnostic species was established based on
their frequency of occurrence (Table S3).

Rheocricotopus, Procladius, Conchapelopia and Thenemanniella dominated in type A as-
semblages and were often associated with Polypedium convictum (Walker, 1856), Nanocladius
rectinervis (Kieffer, 1911), Microtendipes gr. pedellus, Chironomus riparius Meigen, 1804
and Eukiefferiella claripennis (Lundbeck, 1898). Microchironomus tener dominated in as-
semblage type B and was usually associated with Harnischia, Cryptotendipes, Rheotanytarsus
and Cladotanytarsus species. In the type C assemblages, Glyptotendipes paripes (Edwards,
1929) was the diagnostic species associated with Polypedilum albicorne (Meigen, 1838),
Parachironomus gracillior, Dicrotendipes pulsus (Walker, 1856) and Kiefferulus tendipediformis
(Goetghebuer, 1921). Monopelopia tenuicalcar (Kieffer, 1918) was the diagnostic/main
species for assemblage type D and was associated with Glyptotendipes pallens agg. and
Xenopelopia species.

Correspondence between faunistic groups (X-axis) and waterbody types (colours) is
presented in a histogram (Figure 4).

Assemblage type A inhabited only wadeable rivers. Assemblage type C occurred
in slow-flowing waters such as reservoirs and canals, while assemblages of type D were
found mainly in canals and in some wadeable rivers. Assemblage type B was the only type
detected in non-wadeable rivers. This type was also found in wadeable rivers and only in
one reservoir (Figure 4).
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Figure 2. Multivariate analyses of variance (MANOVA) of four Chironomidae assemblage clusters.

Four assemblage types (obtained through K-means clustering) are in capital letters A, B, C, D coloured
as indicated.
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Figure 3. Hierarchical cluster analyses (Ward’s method) of the Chironomidae assemblages. Four
assemblage types (obtained through K-means clustering) are in capital letters A, B, C, D coloured as
indicated. The numbers represent study sites codes (see Figure 1).
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Figure 4. Occurrence (in percentage) of different chironomid assemblage types in four types of
waterbodies. Four assemblage types (obtained through K-means clustering) are in capital letters A, B,
C, D coloured as indicated.

3.2. Diversity Components

The highest alpha diversity (expressed as Shannon index) was recorded in assemblage
types A and B, while in C and D, the values of the Shannon index were lower. The same
trend was observed for species richness, while the Shannon equitability index was almost
identical in all assemblage types (Figure 5).

Shannon index Shannon Equitability

us | 0z |

D A B C D A B c D

Figure 5. Components of alpha diversity in four types of chironomid assemblages, bars represent
average values while lines denote the variance in each group of assemblages. The four community
types are in capital letters A, B, C, D coloured as indicated.

High, almost identical, beta diversity values were detected in all analysed types
of assemblages using Baselga’s method (Figure 6). The dominant component of beta
diversity was species turnover, which was high, while nestedness was low. Analyses of
beta diversity using the Podani method gave different results between different types of
assemblages (Figure 6). While overall beta diversity was similar, its components varied
from type to type. Nestedness was lowest in type A and highest in type C, while in types
B and D, it was similar. Species turnover was the same in types C and D, which was
lower than in types A and B, with type A showing the highest value of this component of
beta diversity.
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Figure 6. Components of beta diversity in four types of chironomid assemblages (Baselga and Podani
methods). Four assemblage types are in capital letters A, B, C, D and coloured as indicated.

3.3. Patterns in the Chironomidae-Environment Relationship

Partial forward selection analysis (Table 3) identified ten environmental variables as
significant for faunistic differentiation of the analysed urban waterbodies.

Table 3. Results of the forward selection analysis.

Variable Eigenvalue F Statistic Probability
nutrients
NO; 0.383 2.357 0.000
NH;-N 0.244 1.445 0.004
NO, 0.274 1.639 0.009
Total nitrogen 0.109 0.622 0.648
Cl1 0.133 0.765 0.688
Total phosphate 0.083 0.469 0.804
oxygen status parameters
BODs 0.279 1.667 0.001
COD (KMnOy) 0.294 1.768 0.005
0% 0.199 1.166 0.052
0, 0.202 1.180 0.100
TOC 0.226 1.334 0.296
physical parameters
WBT 0.380 2.341 0.000
pH 0.281 1.681 0.003
WPI 0.259 1.539 0.003
Suspended solids 0.234 1.381 0.010
T 0.175 1.013 0.034
Electrical conductivity 0.161 0.929 0.087
Dry residue 0.108 0.618 0.344

Abbreviations: NH4-N, ammonium concentration (mg/L); NO3, nitrate concentration (mg/L); NO,, nitrite con-
centration (mg/L); Cl, chloride concentration (mg/L); COD, chemical oxygen demand (mg/L); BODs, biological
oxygen demand (mg/L); TOC, total organic carbon (mg/L); O,, oxygen concentration (mg/L); O,%, oxygen
saturation; WBT, waterbody types; WPI, water pollution index; T, water temperature (°C); Dry residue, residue
obtained after drying at 105 °C (mg/L). Statistically significant values are in bold.

The first two CCA axes explained 34.4% of the variation of the fitted data obtained by

multiple regressions. Environmental predictors explained a relatively high portion of the
total variability of chironomid distributions (R? = 0.585).
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CCA showed that the Chironomidae assemblage types were clearly differentiated
with respect to nutrients (nitrate, nitrite and ammonium concentration), water temperature,
and pH gradients. The importance of other environmental variables was lower. CCA
indicated that oxygen demand (chemical and biological oxygen demand) produced effects
on faunistic differentiation of the analysed Chironomidae assemblages. WBT also played
a role in assemblage differentiation (Figure 7).
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Figure 7. Canonical correspondence analysis of investigated chironomid assemblages. Four assem-
blage types are in capital letters A, B, C, D coloured as indicated. Nitrate, NO3 concentration; Nitrite,

NO; concentration; NH4-N, ammonium concentration; COD, chemical oxygen demand; BODs,
biological oxygen demand; WBT, waterbody types; WPI, water pollution index; T, water temperature.

Based on the values of WPI and water quality, the four types of assemblages were
different (Figure 8). Assemblage type A was present in sites with various water qualities.
Most of these sites were characterised by higher values of WPI and deterioration of water
quality (classes IV, V and VI) (Table S2). Assemblage type C was present in less polluted
waters (classes II and III of water quality, with lowest WPI values). Assemblage types B
and D mainly occurred on sites with pure or moderately polluted water. Extremely high
values of WPI (heavily impure water) were recorded at some sites inhabited by assemblage
type B (Figure 8).

Since WBT and WPI are considered as derived variables, their correlations with
environmental variables were analysed and are presented in Table 4. WPI and WBT were
correlated. Nutrients (total phosphate, total nitrogen, nitrate, nitrite and ammonium
concentrations) and water temperature showed significant correlation with these two
derived variables.
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Figure 8. (a) Variation of WPI values in four types of chironomid assemblages; bars represent
average values while lines denote the variance of WPI values within each group of assemblages.
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(b) Distribution of four chironomid assemblage types in different classes of water quality calculated
through WPI; water quality class based on WPLis in Roman numerals II-VI, from very pure to heavily
impure (see Table 1); four assemblage types are in capital letters A, B, C, D coloured as indicated.

Table 4. Correlations between WBT and WPI with environmental variables.

WPI WBT
Suspended solids 0.000 0.011
Total nitrogen 0.000 0.059
NH4-N 0.000 0.077
BODs 0.000 0.932
NO; 0.013 0.017
Total phosphate 0.017 0.315
NO3 0.018 0.000

WBT 0.024
WPI 0.024
T 0.074 0.000
TOC 0.218 0.481
0% 0.222 0.648
pH 0.231 0.061
(073 0.287 0.903
COD (KMnOy) 0.492 0.341
Electrical conductivity 0.601 0.470
Cl 0.741 0.687
Dry residue 0.742 0.417

Abbreviations: NH4-N, ammonium concentration (mg/L); NO3, nitrate concentration (mg/L); NO,, nitrite con-
centration (mg/L); Cl, chloride concentration (mg/L); COD, chemical oxygen demand (mg/L); BODs, biological
oxygen demand (mg/L); TOC, total organic carbon (mg/L); O,, oxygen concentration (mg/L); O,%, oxygen
saturation; WBT, waterbody types; WPI, water pollution index; T, water temperature; Dry residue, residue
obtained after drying at 105 °C (mg/L). Statistically significant values are in bold.

4. Discussion

Chironomids, as one of the most diverse aquatic macroinvertebrate groups, have
a wide spectrum of biological and ecological preferences [10]; nevertheless, studies of
chironomid assemblages mainly focus on the presence/absence of species rather than
the abundance and assemblage structure [50]. The diverse fauna of Chironomidae lar-
vae detected during this study enabled us not only to assess biodiversity within them,
but also to monitor negative anthropogenic influences and degradation of studied water-
bodies. The distribution of the chironomids mainly followed the a priori classification
given by the non-chironomid macroinvertebrates [51]. We tried to determine whether
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assemblages of Chironomidae larvae in urban waters can provide clear indications of
environmental changes.

Leszczyniska et al. [50] state that the knowledge of assemblage composition is necessary
to assess some diversity components and other (inter-)assemblage parameters, as well as
to assess assemblage dependence on environmental factors. High diversity of species
characterised all four assemblage types found in Belgrade FUA while exhibiting differences
in diversity components. Assemblage types are distinguished by the influence of different
components on overall beta diversity. The ratio of components of beta diversity in types
A and B pointed to the availability of different microhabitats in each site. A greater
availability of habitats and microhabitats, such as sediment composition and the presence
of macrophytes and detritus—which provides food, shelter for burrowing, mining and
protection from predators—are associated with habitat heterogeneity and can harness
the high diversity of chironomids [52-54]. Nevertheless, a huge diversity of the habitats
exposed to multi stressors leads to the unclear relationship between biotic and abiotic
components [55]. In the other two types (C and D), the nestedness component was slightly
higher, pointing to the presence of an ecological gradient decreasing the number of species
from site to site and their composition. Aquatic insects display a decrease in alpha diversity
as a response to the urbanisation process, where, in sites exposed to substantial influence,
only highly tolerant species prevail [16]. However, Chironomidae assemblages in Belgrade
urban waters showed relatively high alpha diversity, but components of beta diversity
revealed the aftereffects of urbanisation and pollution, high nestedness in canals, reservoirs,
and heavily polluted rivers (type C and D) indicated that only tolerable species remained
under high anthropogenic pressure.

Assemblage types A and B were similar in species composition, also preferring similar
habitats such as wadeable and non-wadeable rivers. Preference for slow and stagnant
waters found in canals and reservoirs was exhibited by assemblage types C and D, which
were also grouped together based on species composition by cluster analyses.

Diagnostic taxa of assemblage’s type A and B Rheocricotopus, Thenemanniella,
Microchironomus tener and their associated species are known inhabitants of running waters
and reservoirs [28,29,56], which are the types of ecosystems inhabited by the aforemen-
tioned assemblage.

Slow-flowing and stagnant waters with ample vegetation are preferred habitats of
Glyptotendipes paripes, Monopelopia tenuicalcar, Parachironomus gracillior, Dicrotendipes pulsus,
Kiefferulus tendipediformis, Glyptotendipes pallens agg. and Xenopelopia [29,32,33,56]. Ecologi-
cal conditions in sites in which C and D assemblages types were detected corresponded
with these ecological preferences. This is also in agreement with the classification of these
sites as reservoirs or canals, with the addition of one wadeable river characterised by slow
flow and large amounts of vegetation.

Although waterbody type is one of the most important factors determining the distri-
bution of chironomids, the presence of pollution and other anthropogenic pressures (such
as habitat degradation) can influence, to a great extent, the abundance and structure of
chironomid assemblages [51]. Streams receiving waste effluents are characterised by lower
chironomid species richness and the development of more dense populations of Chironomus
riparius [57,58]. Leszczytiska et al. [50] found that C. riparius is the most abundant in low
order streams, with low velocity and dense riparian vegetation, preferring stagnant water
and soft sediments. It is also known that C. riparius may inhabit organically enriched and
heavily polluted waterbodies, having efficient oxygen regulation [59]. The results presented
herein show the same patterns, e.g., a high abundance of Chironomus species in heavily
polluted rivers (the Topciderska, Baricka and Barajevska rivers). The Topciderska river,
which flows through the industrial zone and is the recipient of communal wastewaters, was
the only site with Eukiefferiella claripennis, Parametriocnemus stylatus and Tvetenia clavescens,
species found to be tolerant to habitat degradation [58,60]. Non-wadeable rivers were
characterised by the dominance of the subfamily Chironominae (Dicrotendipes nervosus,
Polypedilum nubeculosum and Chironomus species). MiloSevi¢ et al. [9] reported a similar
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assemblage structure, namely one that was monotonous and driven by frequent and domi-
nant taxa from the Chironominae subfamily, which were also reported in other studies as
common dominant taxa in non-wadeable rivers [55,61].

Cricotopus bicinctus, which has already been documented as an indicator species for
organic pollution [10], was abundant in wadeable rivers (the Top¢iderska, Barajevska and
Beljanica rivers) but also present in non-wadeable rivers.

The high values of diversity components observed in assemblage types A and B,
despite the high pollution (expressed through WPI and nutrients), were likely supported by
the availability of microhabitats and other favourable ecological conditions of the ecosys-
tems they resided in (wadeable and non-wadeable rivers). Canals and reservoirs were
inhabited by assemblages (C and D) that exhibited slightly lower alpha and beta diversity
components. The limiting factors in these cases could be the uniformity of habitats and
the limited availability of resources (food, shelter, substrate), but also the hydro-technical
regime and maintenance work on these heavily modified and artificial waterbodies.

5. Conclusions

Urban waters in the Belgrade FUA harbour very diverse chironomid fauna. Based on
their preferences for specific waterbody types and tolerance to environmental pressures,
Chironomid assemblages can be grouped into several different types characterised by
unique species composition.

Our study showed that chironomids could serve as useful indicators of anthropogenic
pressures in various waterbody types due to the different sensitivities of the species towards
the alteration of environmental conditions in their habitats.
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Abstract: Recent research in various Moroccan areas allowed an update and a revision of the Mo-
roccan Ephemeroptera checklist. In this case, 54 species are now listed, belonging to 10 families and
26 genera. The distribution of all studied species is discussed, as well as their biogeographical
affinities. Moroccan Mayflies are characterized by a clear dominance of Mediterranean elements with
a strong rate of endemism (33.4%).

Keywords: endemism; distribution; biogeography; Rif; Atlas; Central Plateau; Oriental Morocco

1. Introduction

The Mediterranean basin is considered as a world biodiversity hotspots; where aquatic
ecosystems are highly threatened by a wide variety of anthropogenic impacts, such as
pollution, habitat loss and fragmentation, alien species, and global warming [1-3]. In the
southern part of this region, Morocco has the highest wetland diversity [4], due to its
situation between two different seas and the Sahara desert, and to the presence of three
high mountain chains, with diverse hydrogeological and climate conditions. This provides
a complex river network that evolved since the late tertiary in insular conditions, this
generated various exceptional ecosystems, which has a high natural heritage value. The
conservation of these ecosystems requires an accurate knowledge of their fauna components
and their role within these ecosystems. In this sense, aquatic macroinvertebrates constitute
ideal indicators of the ecosystem diversity and health [5,6]. Ephemeroptera represent one
of the major groups inhabiting lotic ecosystems [7-10] knowing that it constitutes up to
50% of the freshwater total animal biomass.

In Morocco, Ephemeroptera remained practically unknown until the 1970s. Indeed,
the first work dedicated to this group was provided by Navas [11] who mentioned two
species from the Rif area. Since then, thanks to the work of Lestage [12], Navas [11,13]
and Kimmins [14], a first faunal list of 10 species was drawn up. The catalog produced
by Dakki and El Agbani [15] was able to complete this list with 16 additional species to
raise the number of Ephemeroptera to 26, distributed in the different Moroccan regions.
This list has been greatly enriched through following taxonomic studies [15-25] as well
as hydrobiological studies carried out on the various Moroccan hydrographic networks
(listed below). Despite all these efforts, the knowledge of the Moroccan Ephemeroptera
diversity and ecology remains incomplete; in particular, new approaches combining mor-
phological, molecular, ecological and biogeographical evidence challenge the presence of
some presumably widely distributed European species.
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Thus, the main objective of this study is to summarize the knowledge of this Moroccan
fauna with a compilation and an update of available species records of Moroccan mayflies.

2. Materials and Methods

This study included Ephemeroptera collected or identified by the authors in the Rif,
Middle and High Atlas (1995-2019) and with material compiled from published works
on the hydrographic networks of the main Moroccan domains: Rif: [23,24,26-31], Oriental
Morocco: [32-37]; Central Plateau: [38,39]; Middle Atlas: [18,40-45]; High Atlas: [17,46-58].

The mayfly fauna of different Moroccan areas (Figure 1) was reviewed including all
hitherto known distribution and ecology records, if some species have migrated to high
altitudes to seek a milder temperature for their development, together with references and
a few new records.

i

~

W Mediterranean sea
S ‘ b

Figure 1. Different hydrographic networks and biogeographic areas of Morocco.

The sampling in the Rif area was performed by Pr. El Alami team (LESCB: Laboratory
Ecology, systematics and conservation of biodiversity in the faculty of Science of Tetouan)
since 1992. The identified species are conserved in alcohol at 96% or 70% in duly labeled
vials and stored in the aquatic macroinvertebrates collection of the LESCB. Other specimens
of some species are kept in personal collection of M. Dakki. Specific species identifications
sometimes required slides mounting of dissected parts of the nymphs for detailed studies.

3. Results

In case, 54 species of Ephemeroptera representing 26 genera and 10 families have been
recorded from Morocco. Among them, 18 (33.4%) are currently considered as endemic to
Morocco and 9 (16.7%) endemic to Maghreb.
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3.1. Commented Inventory and Distribution of Moroccan Ephemeroptera
3.1.1. Family Leptophlebiidae Banks, 1900

Choroterpes (Choroterpes) atlas Soldan and Thomas, 1983

This epipotamal species has a wide distribution and is found in the three Maghreb
countries excepting desert areas [22]. In Morocco, this species also has a wide distribution
which extends from the Rif basins area to Anti Atlas confines [22-24,26,29,33,45,52]. The
streams located between the High Atlas and the Anti Atlas constitute the southern limit for
this species. It presents also a wide altitudinal distribution: in the Rif, this species has a
clear preference for habitats located between middle and lower courses.

In Morocco, C. (Choroterpes) atlas is mainly found along permanent watercourses rich
in filamentous algae and occupies habitats bordering the bed in which the current is low
with maximum water temperature (30 °C).

Choroterpes (Choroterpes) volubilis Thomas and Vitte, 1988

This Moroccan endemic is limited to the northern zones between Rif, Oriental Morocco
and Middle Atlas and is absent in High Atlas and Central Plateau [22-24,26,27,29,41,45,59].
This thermophilic species seems to have a more restricted latitudinal distribution than
the previous one. It reaches its ecological optimum in facies of rivers at medium and low
altitudes where the temperature is high and the current is moderate to low (Table 1).

Table 1. Checklist of the Moroccan Ephemeroptera, with their geographical distribution and
habitat preferences.

Altitudes (m)
Species Di - - p (O Curent  Habitat
Rif M. Atlas H. Atlas C. Plateau Oriental
Choroterpes (Choroterpes) atlas~ $9i9an and Thomas, MagE 20-400 470-1300 1100-1630 55-630 245-1300 135-310 S/ Pb, Gr
ngltlrlrl;v’ll;smcs (Choroterpes) Thomas and Vitte, 1988 MorE 20-700 210-1340 360-970 7.5-29.0 /4 Pb, Gr
Charoterpes (Euthraulus) (Peters, 1980) MagE 5375 470 175-1600 60-650 13.0-24.0 +r St, Pb
Habroleptoides assefac e MorE 800-1600 1700-3000 75-205 S/ Pb, Cb
Habrophlebia fusca (Curtis, 1834) Wpal 7651820 765-2600 1000 85-20.0 ++ Fb, Bld,
Habrophlebia vaillantorum Thomas, 1986 MorE 1700-3000 50-7.0 b Pb,Cb
Habrophlebia sp1 MorE 5-1600 75205 i/ Gr, Pb
Habrophlebia sp2 ? 7501550 2480-2610 565-1640 755240 P Gr.Pb
Paraleptophiebia cincta (Retzius, 1783) Wpal 1470 95245 + Si.Gr
Thraulus sp1 MagE? 280435 165-20.0 i/t Si, M
Potamanthus luteus (Linné, 1767) Tpal 20-500 210410 9501600 130-28.0 FRby Cb
Ephemera glaucops Dictet, 1843 Wpal 210-1050 450 50 930 120-28.0 N b
Ephoron virgo (Olivier, 1791) Wpal 20-500 210-1425 50-660 25 12.0-28.0 +i4/++ GrPb
Serratella ignita (Poda, 1761) Tpal 51600 1340-1500 630-2620 655-1120 931-1616 75205 4 Pb
Caenis luciuosa (Burmeister, 1839) Whal 5-1640 210-2050 650-2550 59-1235 3-1820 30-305 /4 Gr, Pb
Caenis pusilla Navis, 1913 Wpal 5-820 215-1425 650-2610 2431025 120305 i/t Gr, Pb
Brachycercus harrisellus Curtis 1834 Hol 54 2 I Si, Pb
Sparbarus cf kabyliensis (Solddn, 1986) Ib-Mag 720-1600 105-29.0 + Si, Pb
Oligoneuriella skoura Lakid and Gludicelli, MorE 215-1450 850-1600 215-470 85-29.5 ++ Cb
Oligoneuriopsis skhounate . Ib-Mag 20-500 215-1600 650-1200 115-660 10-1425 135-245 -+ e
Ecdyonurus ifranensis Vitte and Thomas, 1988 MorE 5-1640 530-2030 1600 1550 -1820 75255 ++ sd, Gr
Ecdywmms rothschildi Navas, 1929 MagE 20410 215-1910 850-2610 115-1120 240-1910 ++ Gr, Pb
Epeorus cf torrentium Eaton, 1881 Wpal 20-1600 8502610 i Pb, Cb
Rhithrogena sp./spp. ; 100-1580 210-1500 650-1650 35 5701670 +++/++  GrPb
: ° Dakki and Thomas, d

Rhithrogena ayadi Do MorE 16802200 . b
Rhithrogena giudicelliorum Thomas and Bouzidi, MorE 2400-3000 . Pb, Cb
Rhithrogena mariae Vitte, 1991 ] MorE 140-560 + Pb, Cb
Rhithrogena ourika f,;s‘gmas and Mohati, MorE 850-2620 S/t Pb, Cb
Rhithrogena ryszardi ;‘)‘fl’;a"‘f&lggge and MorE 1260 15.0-18.0 o Pb, Cb
Acentrella almohades Al fersedor and FL Ib-Mag 20-840 1870 570-930 100-27.0 e Pb, Cb
Alainites sp1 MorE 5-1600 755-1820 75-27.0 /4 P
Alainites oukaimeden (Thomas and Sartorl, MorE 950-3200 10.0-15.0 /e o Gn
Baetis berberus Thomas, 1986 MorE 2400-3000 50-135 e Pb, Cb
Bactis gr alpinus MagE? 20-1500 987 100-315 i Pb, Cb
Bactis maurus Kimmins, 1938 Ib-Mag 20-1500 880-1550 700-2600 659 100-315 i Pb, Cb
Baetis punicus Thomas, Boymaiza and Ib-Mag 40-1600 75260 Iy Gr, Pb
Baetis gr fuscatus MorE 20-1600 530-560 730-1600 60-1120 75240 i/ Pb, Cb
Bactis gr lutheri MorE 20-800 145-30.0 +++/++  Pb,Cb
Baetis pavidus Grandi, 1949 Atl-Med 5-1640 215-1915 50-2600 59-1350 2-1895 75-30.5 ++/++  Pb,Cb
Bactis (Rhodobactis) gr rhodani ) ? 4702200 1400-2900 59-1273 10-1670 65-27.0 t+/++  Pb,Cb
Baetis atlanticus Soldan and Godunko. Atl-Med 5-1640 65-27.0 +++/++  Pb,Cb
Centroptilum cf lutoleum (Miiller, 1776) MorE 40-1283 105-27.0 /4 Su b,
Cheleocloeon dimorphicum gg's";é“ and Thomas, MagE 5-1400 1433 115-660 3-930 135-25.5 [Ty Gr, Pb
Cloeon gr dipterum ? 210-1820 850 60-1350 5-1670 85-30.0 /4 Gr, Pb
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Table 1. Cont.

Altitudes (m)

Species A Distributi - - p (O Curent  Habitat
Rif M. Atlas H. Atlas C. Plateau Oriental
Cloeon peregrinator Gattolliat and Sartor, Atl-Med 5-1400 8.0-295 /4 5d.Gr
Clocon simile Eaton, 1870 Tpal 60-1055 85-870 145-225 ++ 54, Gn
Labiobaetis neglectus (Navis, 1913) Ib-Mag 20-350 210-1425 530 115-660 10-370 13.5-30.5 +++/++  GrPb
Nigrobactis numidicus {Soldan and Thomas, MagE 20 215-245 19.5-24.0 ++ Gr, Pb
Nigrobaetis rhithralis %i;‘sd)‘“ and Thomas, MagE 400-950 13.5-18.0 /4 Gr, Pb
Procloeon cf bifidum (Bengtsson, 1912) Tpal 80-1300 14.0-20.5 -+ Sdon
Procloeon cf concinnum (Eaton, 1885) Ib-Mag 245-1425 1000-1550 60-1275 10-925 10.0-30.0 /4 84, G
Procloeon stagnicola $opdan and Thomas, MagE 20-780 12.0-27.0 /ot S, Gn
Procloeon pennulatum (Eaton, 1870) Hol 60-610 210-1500 1000-1550 290-660 10,0-50 20.5-27.0 + sd, Gr
Prosopistoma spl. MorE 1650 8.0-26.0 ++ Si, M
Table legend: Distribution patterns: Hol: Holarctic. Tpal: Transpalearctic. Wpal: Western Palearctic.

Atl-Med: Atlanto-Mediterranean. Ib-Mag: Ibero-Maghrebian. MagE: Maghrebian endemic. MorE: Moroc-
can endemic. Unknown: ?. Current speed: +++: High. ++: Moderate. +: Low. Habitat types (substrate): Si: Silt.
M: Mud. Sd: Sand. Gr: Gravels. Pb: Pebbles. Cb: Cobbles. Bld: Boulders. Bed: Bedrock. SbV: submerged
vegetation. AV: Aquatic vegetation. FA: Filamentous algae. Mo: Mosses.

Choroterpes (Euthraulus) lindrothi (Peters, 1980)

This Maghreb endemic is generally less abundant and less frequent than the other
species of the subgenus Choroterpes [60]. In Morocco, this species has been collected in
streams of the Rif [24,29], Middle Atlas [15,42], Central Plateau [15,39] and North High
Atlas slopes [48,50,61]. The southernmost locality known for this taxon is Oued Massa
located in the Anti Atlas [48,52,57,60]. This species was essentially sampled in the facies
of large streams at low (5 m a.s.l) to medium (650 m a.s.]) altitudes characterized by high
summer temperatures, rich in filamentous algae and with bed formed of a coarse substrate
(Table 1).

Habroleptoides assefae Sartori and Thomas, 1986

This Moroccan endemic presents a discontinuous distribution, and has only been
detected in the Rif [24] and the High Atlas.

In the High Atlas, this species is crenobiont and found only in a few limnocrene
springs [19,48,52,57]. In the Rif, it is confined in permanent streams with moderate current,
stony bed and characterized by submerged macrophytes which provide excellent refuge
for larvae when the current is strong.

Habrophlebia fusca (Curtis, 1834)

This Palearctic species has been recorded in Middle Atlas [15,42], Central
Plateau [15,38,39,61] and Oriental Morocco [33]. The presence of this species is never-
theless doubtful [24,26,31], since this genus shows a high rate of endemism in the Maghreb
countries, particularly in Algeria with the recent description of two new species [62,63].
Therefore, a revision of all Moroccan Habrophlebia populations would be necessary as they
may represent a complex of species.

Habrophlebia vaillantorum Thomas, 1986

This Moroccan endemic has a restricted distribution area: it has been only located in
High Atlas [48,52,53,55], and is alticolous species [64] which prefers biotopes with stony
substrate and fast current [55].

Habrophlebia spl

In North of Morocco, this species is probably new for science. Its description will be
carried out soon. It has a large distribution and occupies a wide range of biotopes located
between 5 and 1600 m a.s.1 [24,26,29]. In the Rif, its ecological optimum is reached in waters
characterized by a moderate current and low mineralization.

Habrophlebia sp2

The latest study in Rif rivers revealed the presence of a second species; genetic analysis
revealed that it is different from Habrophlebia populations found in Algeria. Its identification
will be carried out soon.
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Paraleptophlebia cincta (Retzius, 1783)

This Palearctic species has been reported in Morocco and Algeria [36,40,65], where
it seems to be more alticolous than in Europe. This altitudinal shift can be attributed to
the water temperature and physico-chemical parameters [42,65]. Paraleptophlebia cincta
is apparently rheophilous and has a clear preference for permanent streams. This could
explain the low number of larvae collected in these two Maghreb countries.

Thraulus sp1

Specimens of this species were collected in two permanent stations of Zegzel, one of
the Oriental Morocco sub-basin [37].

Its morphological study indicated similarities with its European congener T. bellus.
However, a genetic study would be necessary to confirm this preliminary identification.
This is anyway the first mention of the genus Thraulus in Morocco.

3.1.2. Family Potamanthidae Albarda, 1888

Potamanthus luteus (Linné, 1767)

This is a Palearctic species found from the British Islands to Korea [66]. It has been also
reported in the three Maghreb countries [67,68]. In Morocco, it is recorded from: Middle
Atlas [41,42,45], High Atlas [48,49], Central Plateau [38,39] and in the Rif [24,26].

This thermophilic species has a clear preference for the facies of large rivers at low
and medium altitudes, characterized by a substrate composed of cobbles and pebbles, with
moderate current.

3.1.3. Family Ephemeridae Latreille, 1810

Ephemera glaucops Pictet, 1843
This species has a West Palearctic distribution. It is present in the three Maghreb
countries. In Morocco, it is found in Middle Atlas [12,13,15], Central Plateau [15], High
Atlas [13,51,52], in Oriental Morocco [33]. In the Rif, a single male imago was collected by E1
Alami [24]. Further studies did not confirm its presence in this part of the country [26,27,29].
In Morocco, E. glaucops has a clear preference for running waters with low to moderate
current speed, whereas in Europe, it also occupies oligotrophic lacustrine biotopes [65,69,70].

3.1.4. Family Polymitarcyidae Banks, 1900

Ephoron virgo (Olivier, 1791)

Ephoron virgo has a West Palearctic distribution. In North Africa, it is known in
the three Maghreb countries [62]. In Morocco, the Central Plateau [38,39] and the Mid-
dle Atlas [15] seem to constitute the southern limit of its distribution since it is absent
in the High Atlas. Its presence in Oriental Morocco has been recently confirmed by
Mabrouki et al. [33].

As a hot water stenotherm, E. virgo larvae tolerates water temperatures up to 28 °C
during the summer period [24]. The larvae mainly inhabit biotopes characterized by a slow
to moderate current and a substrate rich in silt and sand in which they dig galleries.

3.1.5. Family Ephemerellidae Klapalek, 1909

Serratella ignita (Poda, 1761)

This Palearctic species is distributed in Maghreb only over Algeria and Morocco. In
this country, it has a wide latitudinal distribution covering all the Moroccan
areas [13,15,24,26,28,29,32,33,39,42,52] reaching its southern limit at the Dr’a wadi [52].

This species essentially favors biotopes which are rich in aquatic plants and detritus.
It prefers areas with a fine substrate rich in silt, sand and gravel and with moderate to null
flow speed.
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3.1.6. Family Caenidae Newman, 1853

Caenis luctuosa (Burmeister, 1839)

This West Palearctic species has a wide distribution and colonizes varied biotopes.
In Morocco, its range extends from the northern Rif watershed to the Anti Atlas [15].
Eurytopic and eurythermous, this species abounds in running as well as in stagnant waters.

In the Moroccan hydrographic networks, C. luctuosa prefers the lower and middle
courses with substrate dominated by a fine grain size; it is only absent in the streams
with strong currents and low temperatures. This species can colonize waters with high
conductivity (1600 uS/cm) [24] and asserts itself as the most polluo-resistant species [71,72].
Caenis pusilla Navas, 1913

Caenis pusilla is a West-Palearctic species, well known from North Africa [24,29,65]. In
Morocco, this species has been found in the Rif [24,26,29]; the Oriental Morocco [33] and in
the High Atlas [48,52]. In this area, C. pusilla seems to be more alticolous than in the Rif,
where it coexists with C. luctuosa in some lower watercourses.

Caenis pusilla is less tolerant to thermal variations than C. [uctuosa, which explains the
different and complementary altitudinal distribution of these two species in the High Atlas
streams. It adapts better to more rapid flows and does not tolerate low water oxygenation
and high salinity values.

Brachycercus harrisellus (Curtis 1834)

In the last decade, this Holarctic species has been found in the Central Plateau [73]. A
morphological revision and genetic analyses will be required to confirm its identification.
Sparbarus cf. kabyliensis (Soldan, 1986)

In Morocco, the identification of this taxon has not gone beyond the generic level. It
was reported by Dakki [40,42] and Dakki and El Agbani [15] in a Middle Atlas stream and
in Oriental Morocco [36]. Referring to the work of Gagneur and Thomas [65], these larvae
could belong to the species S. kabyliensis which was described from NW Algeria [65] and
whose presence has been also demonstrated in the Iberian Peninsula [74].

3.1.7. Family Oligoneuriidae Ulmer, 1914

Oligoneuriella skoura Dakki and Giudicelli, 1980

This species is a Maghreb endemic, known only from Algeria and Morocco [24] and it
seems to be absent in the Rif [23,24,26,27,29] and Central Plateau [38,39]. In Morocco, it is
found between 210 m and 1630 m a.s.l in the Middle and the High Atlas [25,46,52,75] and
among 210-460 m a.s.] in Oriental Morocco [33]

Oligoneuriella skoura is rheophilic, and can be found in strong current (rarely in areas
with low current) and stony bottom.

Oligoneuriopsis skhounate Dakki and Giudicelli, 1980

The genus Oligoneuriopsis is of Afrotropical origin, reaching North Africa and the
Iberian Peninsula with the species O. skhounate on one side [75-82], and the species
O. orontensis in the Levant and Iran [83]. In Morocco, this species shows a wide distribution.
Itis recorded from the Rif [24]; the Oriental Morocco [32,33]; the Middle Atlas [41,42,45] and
the High Atlas [52]. This wide latitudinal distribution is associated with a wide altitudinal
distribution (Table 1).

In Morocco, this thermophilic and rheophilic taxon prefers large permanent streams
with high current speeds and begins its development only when it receives a relatively
large thermal sum in summer. In the Rif, this sum is only reached at the beginning of
summer, when the majority of rivers are drying up.

3.1.8. Family Heptageniidae Needham, 1901

Ecdyonurus ifranensis Vitte and Thomas, 1988
This Moroccan endemic has been collected in streams of the Middle Atlas [15,41,45],
High Atlas [49,52], Oriental Morocco [33] and Rif [24,26-29,83].
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This species colonizes the upper courses. It has a clear preference for streams with
a stony bottom, strong to moderate current and is replaced downstream by its congener
E. rothschildi.

Ecdyonurus rothschildi Navas, 1929

This Maghreb endemic is widely distributed in North Africa. In Morocco, its distribu-
tion extends from the Tingitane Peninsula to Oriental Morocco and from the Middle Atlas
to the Anti Atlas, passing through the Central Plateau. This wide latitudinal distribution is
overlaying a wide elevation [32,39,42,53,84,85].

Considered as the most eurythermal and thermophilic species among North African
Heptageniidae, E. rothschildi colonizes the permanent and temporary streams and only
avoids the most upper courses.

Epeorus cf. torrentium Eaton, 1881

This taxon was reported under E. sylvicola in various Moroccan hydrobiological works
which is probably erroneous. Indeed, the morphology of the Moroccan specimens is closer
to E. torrentium than to E. sylvicola. A genetic study would be necessary to confirm the
identification of this species.

In the Maghreb, this species is known only in the Moroccan hydrographic
networks [61,65,78,86] where it shows a rather discontinuous distribution. It has been
recorded in the High Atlas [48,49,52,55,57,58,87] and the Rif [24,26,27,29]. It seems to be
absent in the Middle Atlas, the Central Plateau and Oriental Morocco. In the Rif, this
rheophilic and cold water stenothermic species is confined to the upper courses (Figure 2).
This important rise is probably due to the high warming of these rivers, particularly during
the summer period, which becomes a limiting factor for the development of this species.

Figure 2. Oued Maggo a typical habitat of Epeorus cf. torrentium.

Rhithrogena spp.

This genus presents a high degree of endemism in the Maghreb. Thus, a revision
of the Rhithrogena collected in the different Moroccan domains must be realized, which
could further increase the specific richness of Moroccan Ephemeroptera. Especially, some
specimens of this genus are confined to middle and lower streams and tolerate relatively
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high temperature and mineralization, while others are located in upper streams and have
a preference for cold temperatures. Unfortunately, the larval taxonomy of this genus in
Morocco is almost unknown, therefore larval identification remains impossible.
Rhithrogena ayadi Dakki and Thomas, 1986

This Moroccan endemic species has only been found in Middle Atlas [18,42,83,88]. It
was collected in streams located between 1680 and 2200 m a.s.1.

This rheophilous species has a clear preference for small torrents of high mountains
whose current is fast, the substrate is coarse, and the maximum temperature of the water
does not exceed 15 °C.

Rhithrogena giudicelliorum Thomas and Bouzidi, 1986

This High Atlas endemic was collected in Assif n"Ouarzane in a restricted altitudinal
range varying between 2400 and 3000 m.

R. giudicelliorum is confined to cold torrents fed by permanent snowfields and with a
maximum temperature not exceeding 10 °C [48,52,54].

Rhithrogena mariae Vitte, 1991

This Moroccan endemic has a wide distribution in the western Rif. Specimens were
found in the middle and lower reaches of streams of this area, whose altitude varies
between 140 and 560 m [21,24].

This Rifian species is less rheophilic and more thermophilic than the Atlas ones and
has a clear preference for potamal waters. Its development cycle must include specific
adaptations since it supports even intermittent watercourses which undergo strong seasonal
variations in flow [24].

Rhithrogena ourika Thomas and Mohati, 1985

This High Atlas endemic was sampled in an altitudinal range varying between 850
and 2600 m [17,57].

In a recent extensive survey of the benthic macroinvertebrates of the Ourika water-
shed, Abessolo et al. [57] failed to collect this species in the different prospected localities,
suggesting it may be locally extinct or extremely rare.

R. ourika has a clear preference for the cool waters of the upper courses, but it is less
alticolous than its congener R. giudicelliorum.

Rhithrogena ryszardi Thomas, Vitte and Soldan, 1987

This is an endemic species of the Middle Atlas belonging to the so-called germanica
group. Since its discovery in O. Tout and O. Bengmim, at 1260 m [20], this species has
not been collecting again, despite numerous samplings realized in waterways of this area.
Anthropogenic impacts, such as water diversion by dams and canals, irrigation and organic
pollution from villages, could be the cause of its local disappearance.

3.1.9. Family Baetidae Leach, 1815

Acentrella almohades Alba-Tercedor and El Alami, 1999

This Ibero-Moroccan endemic is replaced in the other Maghreb countries by its con-
gener A. sinaica [61,89,90]. In Morocco, this species is present in the Middle Atlas, Oriental
Morocco and the Rif [24,33,90].

This thermophilic species has a clear preference for the facies of rivers with a clement
temperate winter and tolerates wide conductivity variations.
Alainites spl

This species is preferentially confined to northern streams of Morocco, since it appears
to be absent in the High Atlas [52,53], where it is replaced by its congener A. oukaimeden. Its
absence in Oriental Morocco [32,33] and the Central Plateau [39] is probably linked to the
excessive water warming.

In the Rif and the Middle Atlas, this species has been identified as A. muticus by
previous authors because it has seven pairs of gills [24,26,29].

In the Rif, this species has a wide distribution and a wide altitudinal range. It prefers
biotopes with cobbles, pebbles and submerged vegetation (Figure 3). It also prefers the rela-
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tively cool waters of the upper and middle wadis and has been found in sites characterized
by high conductivities [24].

© M. El Alami

Figure 3. Oued Kelaa a typical habitat of Alainites sp1.

Alainites oukaimeden (Thomas and Sartori, 1992)

This Moroccan endemic has been mainly reported in springs and their emissaries on
the northern and southern watersheds of the High Atlas [48,49,52,55,56].

This species inhabits a wide range of biotopes with a certain preference for those with
abundant aquatic vegetation.
Baetis berberus Thomas, 1986

The distribution area of this Moroccan endemic is limited to the High Atlas. It colonizes
the highest streams and torrents and has an affinity for the crenel [54,56,91]. It is a strictly
stenothermal cold water.
Baetis gr alpinus

Located in northern Morocco, this complex presents cryptic species [91,92] whose
larvae are characterized by a reduced paracercus, a single row of denticles in the tarsal
claws and a paraglossus with three rows of bristles. The genetic analysis showed high
distances between the Moroccan populations and Spanish ones as well as with Baetis
maurus [93]
Baetis maurus Kimmins,1938

This Ibero-Maghrebian endemic seems to be absent only in Tunisia. In Morocco, it has
been found in the Atlas and the Rif domains and is absent in the Central Plateau [39] and in
the Oriental Morocco [32,33]. It has a wide altitudinal distribution [15,42,49,52,55-57,87,88,92]
and preferred cold and fast waters of mountain streams.
Baetis punicus Thomas, Boumaiza and Soldan, 1983

This Ibero-Maghrebian endemic [24,31,68,94] was reported only recently for the
first time in Morocco [24,31] and is located in the western Rif where it was collected
in fairly large altitudinal range. The first mention of this species in Europe was made by
Ubero-Pascal et al. [94] who sampled it in South-East of Spain.

This species frequents permanent and temporary waters. Its ecological optimum and
highest abundance are reached in the emissaries springs at high and medium altitude, but
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it develops further downstream, particularly during the winter period when the flow speed
is quite high [24].
Baetis gr fuscatus

In North Africa, this group was first found in Algeria where it was identified as
B. bioculatus [60]. In Morocco, it seems to be absent in the Central Plateau and Oriental
Morocco [33,39]. This is probably due to water warming which limits its development.

This species has a clear preference for temperate waters with moderate to low current.
It favors biotopes with a stony bottom rich in gravel and pebbles which constitute a good
refuge for the larvae [24].
Baetis gr lutheri

In the Rif, specimens of Baetis group lutheri were preliminary identified as
B. meridionalis [24,26,31]. They were sampled in 43 sites distributed over the lower wadis
of Mediterranean and Atlantic hydrographic networks (Figure 4). Miiller-Liebenau [95]
mentioned the presence of B. nigrescens in Algeria, which also belongs to the Baetis group
lutheri. Further studies are needed to know if the species is also present in Morocco.

S

© M. El Alami.-- ~

Figure 4. Oued Laou a typical habitat of Baetis gr lutheri.

Baetis pavidus Grandi 1949

This West Mediterranean species is known from south-western Europe and the
Maghreb [24,29]. It has a wide distribution and frequents the main hydrographic net-
works of different Moroccan areas. This broad latitudinal distribution is associated with a
large altitudinal amplitude since it was collected between 5 and 2600 m a.s.1.

This species mostly colonizes temperate waters from middle and lower streams but
can be also found at higher altitudes during the summer season.
Baetis (Rhodobaetis) gr rhodani

This is an abundant and widespread species-group, made up of sibling species [96].
Three species belonging to the subgenus Rhodobaetis are reported by Soldan et al. from Alge-
ria [97]. DNA barcodes are available for two of them and allow a secure identification [89].
In Morocco, Baetis atlanticus Soldan and Godunko 2006 has been generally reported under
the name of B. rhodani in the Rif area where it has a wide distribution (El Yaagoubi et al.,
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in preparation). Baetis gr rhodani is one of the most ubiquitous species complex and has a
wide latitudinal distribution. It is also abundant in the cold waters with a fast to moderate
velocity of current.

The revision of the identification of these species in different Moroccan areas will have
to be carried out.
Centroptilum cf. luteolum (Miiller, 1776)

This genus is reported from the three Maghreb countries. A new species occurs in east-
ern Algeria [71]; the populations reported from Tunisia under Centroptilum luteolum [67,80]
may correspond to this new species. In Morocco, the preliminary genetic and morphologi-
cal studies revealed differences with populations of neighboring countries (Figure 5). Its
distribution area is restricted in Morocco, as it is limited to the northern zone where it was
collected in calm edge waters, loose substrate, low to moderate current, high temperatures,
and sites rich in filamentous algae and mosses [24,26].

© T. Kaltenbach

Figure 5. Habitus of Centroptilum cf. luteolum from the Rif.

Cheleocloeon dimorphicum (Soldan and Thomas, 1985)

This Maghrebian endemic is distributed in the three Maghreb countries. In Morocco,
it presents a rather discontinuous horizontal distribution since it was sampled in High
Atlas [46,48,51,57], Oriental Morocco [33] and in the Rif [24,26,27,29]. It seems to be absent
in the Middle Atlas and in the Central Plateau. This species deals with a wide range of
habitats and occupies the permanent streams with stony bottom, moderate current and
rich in plant debris.

Cloeon gr dipterum (Linné, 1761)

Cloeon gr dipterum has a wide distribution [98]. In Morocco, it also has a large latitu-
dinal and altitudinal distribution covering the Atlas and Rif areas, passing through the
Central Plateau and Oriental Morocco. It mainly colonizes stagnant residual pools and
pounds. This cosmopolitan taxon includes several cryptic species [98-101].

Recently, a morphological and genetic study made it possible to discover Cloeon peregri-
nator Gattolliat and Sartori, 2008 in Algeria [89]. In Morocco, this species has been identified
under the name of Cloeon dipterum in the Rif area (El Yaagoubi et al., in preparation).

The revision of the identification of this species in different Moroccan areas will have
to be carried out.

Cloeon simile Eaton, 1870

This Palearctic species was reported by several authors from Algeria [61-63,78,84,85,102]
and from north Tunisia [103]. In Morocco, this species seems more stenotopic than its
congener C. peregrinator since it has been found in a restricted number of localities of the
Rif [24] and of Oriental Morocco [33].

The larvae were found during the summer period when the temperatures are high
enough. Its preferred biotopes are small streams with a moderate velocity, and with a
dominant fine substrate (sand and gravel) and rich filamentous algae.
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Labiobaetis neglectus (Navas, 1913)

Labiobaetis negletus is an Ibero-Maghrebian species, distributed in the three Maghreb
countries. In Morocco, it has a fairly wide distribution area between the Rif [24,26,29],
Oriental Morocco [33] and the Atlas [15,39,42,45,52]. This thermophilic species has a wide
altitudinal and latitudinal distribution; it is abundant in permanent rivers at low and
medium altitudes with moderate flow speeds. The larvae appear in spring, when the
climate becomes temperate.

Nigrobaetis numidicus (Soldan and Thomas, 1983)

This North African endemic is known only from Algeria and Morocco. It was first
reported from streams in the Rif under the name N. group gracilis [24]. The revision of this
species revealed it should be named N. numidicus. Less rare in Morocco than its congener
N. rhithralis, this species has been found in streams of the Middle Atlas [45].

Found only at low altitude, this species seems to have a thermophilic tendency and
present a clear preference for wide streams.

Nigrobaetis rhithralis (Soldan and Thomas, 1983)

The distribution area of this Maghrebian endemic extends over the three Maghreb
countries [24,89,103]. In Morocco, this species was first reported by El Alami et al. [31]
under the name Diphetor rhithralis. It seems to present a limited ecological valence as it was
only found in a restricted number of streams of the Rif.

The highest number of specimens was collected in a small stream with a quite cool
water which crosses a fairly dense forest. The bed of the wadi is rich in sand; the riparian
vegetation is abundant and prevents the heating of the water.

Procloeon cf bifidum (Bengtsson, 1912)

In Morocco, this species has been found sporadically in some sites in the Rif area [24,26].
This species presents a great similarity with the Algerian species Procloeon stagnicola Soldan
and Thomas, 1983. The article I of the maxillary palp is as wide as the article II with a more
rounded apex; it is also characterized by lateral spines on the segments V to the XI segments.
Genetic and morphological study would be necessary to confirm the identification of
this species.

This species presents a discontinuous distribution. It favors the lower courses of
temperate waters with low velocity, and shallow depth. The bottom is generally stony
dominated by gravel and pebbles with submerged vegetation [24].

Procloeon stagnicola Soldan and Thomas, 1983

In Morocco, the first mention of this North African endemic was made by Navas [11]
who discovered it in the Tetouan region and who considered it as belonging to the Iberian
species Procloeon concinnum. Similarly, studies that followed this discovery assigned the
same name to this taxon [26,27,29,31]. Genetic analysis of Moroccan specimens revealed
that it is indeed the species P. stagnicola. This species has a wide geographical distribution in
Morocco since it has been found in the waterways of the different hydrographic networks.

Less altitudinal than its congener P. bifidum, it was collected in localities of the middle
and lower reaches. It is a thermophilic species that has a clear preference for fine substrates
rich in sand and gravel.

A genetic and morphologic analysis of Procloeon populations from Morocco; Algeria
and Iberian Peninsula would be necessary to remove any ambiguity concerning the specific
identification within this genus.

Procloeon pennulatum (Eaton, 1870)

Procloeon pennulatum has a Holarctic distribution. In Maghreb, this species is only
reported from Morocco where it has a wider distribution compared to that of its congeners
mentioned above. It has been reported in the waterways of the Middle Atlas [42], High
Atlas [46,52], Central Plateau [38,39], Oriental Morocco [32,33,36] and the Rif [23,24], in
fairly large altitudinal distribution.

This species favors lentic and temperate waters and streams characterized by a sandy
bottom and abundant aquatic vegetation.

62



Diversity 2022, 14, 498

3.1.10. Family Prosopistomatidae Latreille, 1833

Prosopistoma sp.1

This species was found for the first time in Morocco by Touabay et al. [88] who
collected it in a Middle Atlas stream. So far, only one species has been mentioned in North
Africa, Prosopistoma alaini Bojkova and Soldan 2015, described from Algeria. This Moroccan
species is on the way to be described and has a fairly limited distribution.

3.2. Biogeographical Affinities of Moroccan Ephemeroptera

The analysis of Ephemeroptera species composition in Morocco, based on the choro-
logical categories assigned to each taxon, shows that they can be divided essentially in
Mediterranean species (68.7%), followed by Palaearctic elements (20.4%) and lastly, the
elements with wide distribution (3.7%). Four taxa have an unknown distribution (7.4%)
because their identification is doubtful and requires revision. This same ratio has been
found by other authors and among neighboring countries [24,29,30,33,42,68,78,89].

Likewise, within the Mediterranean elements, four distribution categories have been
observed and showed a clear dominance of the Moroccan endemics, followed by the Ibero-
Maghrebian ones, the Maghrebian endemics and finally the west Mediterranean elements:

e Moroccan endemics: A. oukaimeden, Alainites sp1, B. berberus, C. gr luteolum, B. gr lutheri,
B. gr fuscatus, C. (Choroterpes) volubilis, H. assefae, H. vaillantorum, Habrophlebia sp.1,
O. skoura, E. ifranensis, R. ayadi, R. giudicelliorum, R. mariae, R. ourika, R. ryszardi;
Prosopistoma sp1.

e Ibero-Maghrebian endemics: B. maurus, B. punicus, P. concinnum, L. neglectus, A. almohades,
O. skhounate, Habrophlebia sp.2 and S. cf. kabyliensis.

e  Maghrebian endemics: C. dimorphicum, N. rhithralis, N. numidicus, P. stagnicola,
C. (Choroterpes) atlas, C. (Euthraulus) lindrothi, Thraulus spl, E. rothschildi and
B. gr alpinus.

e  Atlanto-mediterranean species: B. atlanticus, B. pavidus, C. peregrinator.
This general pattern could change soon with the revision of some species whose

identification is still doubtful.

4. Discussion

We have recorded 54 Ephemeroptera species belonging to 10 families, including some
new taxa, still waiting to be described. The richness of this mayflies community is lower
than that recorded in some regions of the northern Mediterranean countries neighboring
Morocco [104,105]. The Mediterranean climate with strong fluctuations of temperature
and rainfalls, the freshwater ecosystems with a temporary pattern [4,106], the considerable
mineralization of lower courses and the wide annual thermal amplitudes [42,107-109]
could explain this impoverishment.

Based on the present knowledge, the comparison of the mayflies diversity between
different Moroccan biogeographical areas revealed that the Rif (37 species) has a more
diversified fauna than Middle Atlas (31 species), High Atlas (30 species), Oriental Morocco
(24 species) and finally Central Plateau (19 species). The coolness of the Rif climate would
have favored the conservation and the colonization of some species of European origin
(such as Baetis gr. lutheri and Centroptilum gr. luteolum) whose presence could not be
detected in other Moroccan regions. Despite the high altitudes at which the High Atlas
streams originate (2600-3000 m a.s.l), the diversity seems lower. This is probably due to
climatic constraints combined with anthropogenic impacts on macroivertabrate populations
that limit the development of orophilic and cold water stenothermal taxa [42,52,58]. In
addition, the high number of temporary streams and springs in Central Plateau [39] and
Oriental Morocco [32,33,35] does not represent suitable habitats for rheophilous species
preferring the cool waters of upper streams. The High Atlas encompasses the highest
number of endemics (10 spp) with five microendemics which are found only in this area
(A. oukaimeden, B. berberus, R. giudicellorum, R. ourika, H. vaillantorum), followed by the
Rif with nine endemics and three microendemics species (Habrophlebia sp.1, Baetis gr.
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lutheri, Centroptilum cf. luteolum), Middle Atlas (8 spp) with three microendemics species
(R. ayadi, R. ryzardi, Prosopistoma sp1), Oriental Morocco (5 spp) with, probably, only one
microendemic species (Thraulus sp1) and finally Central Plateau (3 spp).

A comparison between Ephemeroptera fauna species richness from different regions of
the Maghreb shows that Tunisia streams have a lower specific diversity [67,76,80,104] than
Morocco and Algeria [24,42,65,71,77,89,109-111]. In addition, the analysis of the species
similarity between neighboring countries shows that Morocco and Algeria have more
species in common than Tunisia. They share 22 species,13 of them are endemics to Maghreb
(B. maurus, B. punicus, C. dimorphicum, L. neglectus, N.numidicus, N. rhithralis, E. ifranensis,
E. rothschildi, C. (Choroterpes) atlas, C. (Euthraulus) lindrothi O. skhounate) and nine are found
beyond the Maghreb and the Iberian Peninsula (B. atlanticus, B. pavidus, C. peregrinator,
C. simile, P. pennulatum, P. cincta, P. luteus, E. virgo, E. glaucops, C. luctuosa, C. pusilla). Morocco
and Tunisia have 13 species in common which are also present in Algeria. The Rif area
appears to be the Moroccan region with the most species in common with the Iberian
Peninsula (B. punicus, N. rhithralis, L. neglectus, A. almohades, P. concinnum). This indicates
that these neighboring regions have probably the same palaeogeographical evolution.

The Moroccan palaeogeographical history most probably explains the dominance
of Palearctic components in the Moroccan mayfly fauna. Afrotropical components re-
main very limited (Oligoneuriopsis and Chelecloeon). The Mediterranean partition into sub-
regions separated by strong reliefs has favored the speciation in other taxa groups such as
mammals [112]. Thus, the rate of Moroccan endemism in the mayfly populations is higher
than other macroinvertebrate groups where the Ibero-Maghrebian and/or Maghrebian
elements prevail over the Moroccan endemics [24,29,30,33,35,113-115]. The present sit-
uation can be explained by the Mediterranean paleogeography. The formation of the
Betic-Rifian massif [116-118] and the Messinian Crisis [119,120] permitted an important
fauna interchanges between northern of Morocco and Western Europe [121]; the tropical
and sub-tropical macroinvertebrates, that inhabited the Moroccan hydrographic networks
at that time, possibly passed into Iberic Peninsula [42]. This passage would also, testify the
presence of hydrographic networks [118] which favored the intercontinental exchanges
of many aquatic macroinvertebrates, including Ephemeroptera larvae whose dispersal is
limited. Mayflies imagines are fragile and have a short life, so their dispersion ability is
rather limited and could be mostly passive by the winds [24]. Thus, the Rif received Iberian
species, which explains the species with European origin, the important diversity and en-
demicity [122] in this part of the country. Also, the formation of barriers isolated the African
continent from Europe and Asia and the quaternary climate changes has favorized the taxa
speciation independently of their Eurasian congeners (B. berberus, H. assefae) ensuring the
increase rate of mountainous endemism in the Mediterranean regions [24,42]. Similarly, the
arid Saharan climate shift 12,000 years ago [123] has divided the Maghreb into two distinct
zones, separated by the Atlas Mountains. The fauna had evolved there totally isolated,
which explains, also, the high rate of Moroccan endemics in mountains [42].

5. Conclusions

Morocco can be considered as one of the hotspots of Ephemeroptera biodiversity in
North Africa. The endemism rate could even increase with the intensification of prospec-
tions in areas not/or rarely studied such as the Anti-Atlas and the Moroccan Sahara. In
addition, taxonomic revision and genetic analysis could validate the hypothesis of new
species and elucidate the affiliation of some others.

In order to improve our knowledge of Moroccan fauna, the production of a distribu-
tion map, a red list of Moroccan Ephemeroptera would be interesting insofar as Moroccan
endemics are located in vulnerable habitats, subject to strong anthropogenic pressures
combined with increasing drought events. Thus, the protection measures and the conserva-
tion of these habitats are necessary to avoid their degradation. Furthermore, it would be
critical to provide tools to preserve Moroccan biodiversity, particularly endemics, sensitive
to global changes.
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Abstract: Despite being recorded in Algeria since the nineteenth century, the genus Rhithrogena has
never been the object of a taxonomical study and no identified species is known from this country.
Investigations of the relict mountain streams of El Kala, north-eastern Algeria, have led to the
discovery of a Rhithrogena population. Morphological and molecular analyses identified the species
as the Maghrebian endemic Rhithrogena sartorii, so far known only from neighboring Tunisia. We
report on the species’ distribution, status, and life cycle and discuss its potential role as a bioindicator
in environmental monitoring.

Keywords: aquatic insects; conservation; life cycle; limnology; mayfly; North Africa; rivers; streams

1. Introduction

Rhithrogena, a member of the subfamily Rhithrogeniinae (Heptageniidae), is a Holarctic
genus with numerous species in the Palearctic region, occupying mainly cold, fast-flowing,
and well-oxygenated headwaters [1,2]. Furthermore, isolated populations of Rhithrogena
in mountainous rivers and streams display high levels of endemism and are often on the
IUCN Red List [3].

Despite its ecological importance, the taxonomic status of many Rhithrogena species
remains a challenge, even in Europe, where taxonomic studies of mayflies are relatively
well advanced [4,5]. Based on various nymphal and adult characters, species are lumped
into “species groups” [6,7]. However, this grouping remains controversial, marred by
cryptic diversity and taxonomic oversplitting [4,5].

The first record of Rhithrogena in North Africa occurred at the edge of the Sahara,
when, on 19 March 1895, Eaton [8] collected an immature male at Biskra, Algeria. Eaton
went on to speculate that the species might have flown south from the deep canyons
descending from the Aures Mountains. This specimen and others encountered in various
localities across the Maghreb remained unidentified for several decades until the almost
synchronous descriptions from Morocco of a series of new species: Rh. ourika (High Atlas:
1500 and 2600 m) [9], Rh. ayadi (Middle Atlas: 2150 m) [10], Rh. giudicelliorum (High Atlas:
2800 m) [11], and Rh. ryszardi (Middle Atlas: 1260 m) [12].

Subsequently, Vitte [13] described an additional species, Rh. mariae, from the Moroccan
Rif. In particular, Rh. mariae differed from other North African Rhithrogena species by
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occurring at a much lower altitude (160 m). Finally, two decades later, Zrelli et al. [14]
described a new Rhithrogena species, Rh. sartorii from Tunisia, which gives a total of six
known Rhithrogena species in North Africa. Most of the described Maghrebian Rhithrogena
species are only known as imagos, whereas Rh. mariae is known at the nymphal and adult
stages, and Rh. sartorii at the nymphal and subimaginal stages.

As part of a long-term limnological survey of Algeria, we collected mayfly nymphs
from various regions of the country [15], and, in this study, we report the discovery of Rh.
sartorii in the relict mountain streams of El Kala, the first record for Algeria, and provide
information on its distribution. Because knowledge of immature stages, voltinism, and
larval growth patterns provide insights into basic life-history traits and is essential to
developing and implementing appropriate conservation strategies [16], we also identified
the last three nymphal stages and inferred the species’ life cycle.

2. Materials and Methods
2.1. Study Area

The Algero-Tunisian border is flanked on its northern part by a mountain range known
as Kroumiria, where the Kebir-East River emanates. The watershed of the Kebir-East River
is second in size only to the Seybouse River in north-eastern Algeria. Further north, the
Oued el Eurg basin drains the hills sandwiched between Kroumiria and the Mediterranean
Sea (Figure 1). The climate is typically Mediterranean, with an alternating hot, dry period
(May—October) and a rainy season (November—April).

4
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Figure 1. Study area with sampling sites. Dark circles indicate localities where Rhithrogena sartorii has been recorded.

2.2. Sampling

A set of 24 localities (51-524), distributed across both O. Bougous, the main tributary
of O. El Kebir, and the O. El Eurg watershed, were sampled monthly from November 2018
to June 2021 [15,17]. Mayfly nymphs were collected using a dipnet (500 um mesh size,
35 cm diameter) and by walking slowly and repeatedly across all micro-habitats (aquatic
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vegetation, rocks, leaf litters, riffles, runs, pools, flats, etc.) for ten minutes at each locality,
as described in [18-20].

2.3. Molecular Analyses

To complement morphological examinations, we compared mitochondrial DNA se-
quences of specimens from this study to Tunisian topotype specimens. Specifically, we
generated a 658-bp fragment of the cytochrome c oxidase subunit I (COI) gene from five
newly-sequenced specimens (two from Algeria and three from the type locality in Tunisia)
using LCO1490 and HCO2198 primers [21]. For all specimens, we followed the non-
destructive DNA extraction procedure described in [4]. The DNA was extracted using the
BioSprint 96 extraction robot (Qiagen Inc., Hilden, Germany). Polymerase Chain Reaction
(PCR) was conducted in a volume of 30 uL, consisting of 9 uL (unknown concentration) of
template DNA, 1.5 uL (10 uM) of each primer, 0.24 uL (25 mM) of dANTP solution (Promega,
Madison, WI, USA), 6 uL of 10X buffer (Promega, Madison, WI, USA) containing 7.5 mM
of MgCl,, 3 uL (25 mM) of MgCly, 1.5 U of Taq polymerase (Promega, Madison, WI, USA),
and 8.46 uL of sterile ddH,O. Optimized PCR conditions included initial denaturation
at 95 °C for 5 min, 38 cycles of denaturation at 95 °C for 40 s, annealing at 50 °C for 40s,
and extension at 72 °C for 40 s, with a final extension at 72 °C for 7 min. The purification
and automated sequencing were carried out in Microsynth (Balgach, Switzerland). We
further included one published COI sequence from [5], also corresponding to a topotype
specimen (Table 1). The sequences were aligned using MAFFT [22] as implemented in
Jalview 2.11.1.4 [23]. MEGAX [24,25] was used to visualize the alignment, calculate the
number of variable sites, define two groups (one group with the two sequences from
Algeria, one group with the four topotype sequences from Tunisia), and calculate K2P [26]
mean distances within and between groups.

Table 1. Codes and origin of specimens examined in the COI analysis. For each specimen, the GBIF code, the sampling
information (country, locality, coordinates, and date of sampling), the GenBank accession number of the COI sequence, and
the corresponding publication source are provided. All specimens from Tunisia are from the type locality (topotypes).

GBIF Code Country Locality Latitude  Longitude Date GenBank ID Source
GBIFCH00671210 Tunisia Ennour 36.8018 8.6568 28.1V.2010 LN868554 Vuataz et al. (2016)
GBIFCH00671211 Tunisia Ennour 36.8018 8.6568 28.1V.2010 MZ433256 This study
GBIFCH00671212 Tunisia Ennour 36.8018 8.6568 28.1V.2010 MZ433257 This study
GBIFCHO00671213 Tunisia Ennour 36.8018 8.6568 28.IV.2010 MZ433258 This study
GBIFCHO00673108 Algeria Guitna inf 36.6379 8.3652 06.V1.2019 MZ433260 This study
GBIFCH00673114 Algeria Guitna inf 36.6181 8.3462 06.V1.2019 MZ433259 This study

2.4. Morphometry

Rhithrogena nymphs from two localities, Guitna sup (S7) (Figure 2) and Guitna inf
(S8), were selected for measurements. With one exception (see results), measurements were
lumped together after inspection of density plots, and Mann—-Whitney U tests did not reveal
any differences between the two localities. Body length (BL), head width (HW), and length
of the mesonotum + wing pad (mn + wsl) were measured using a Precision Steel Rule to
the nearest 0.1 mm. The criteria for instar assignment were BL, HW, mn + wsl, and the ratio
(mn + wsl)/HW, hereafter referred to as the “Ratio” [27]. Only the last three instars (F-0,
F-1, and F-2) were identified; all other stadia were designated as “smaller nymphs”. Instars
were determined through graphical plots and statistical analyses. The sex of each nymph in
the last two instars was determined according to the presence (male) or absence of genital
forceps (gonostyli) on the ventral surface of the ninth abdominal segment. Presence in F-0
nymphs of dark wing pads was assumed as evidence of imminent emergence.
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2.5. Statistical Analysis

A fast, density-based clustering analysis of BL, HW, mn + wsl, and Ratio was per-
formed using DBSCAN (density-based spatial clustering of applications with noise) [28]
to identify the last three instars, F-0, F-1, and F-2. The algorithm attempts to identify the
structure in the spatial data set by aggregating objects into similar subgroups [29]. All
statistical tests were conducted using R software [30].

Figure 2. View of Guitna sup., a typical habitat of Rhithrogena sartorii during winter (a) and summer (b).

3. Results
3.1. Distribution and Phenology

During the study period, Rhithrogena sartorii nymphs were recorded between January
and June at six localities: Pont Bougous (S1), Zitoun Meftah (S4), Guitna sup (S7), Guitna inf
(S8), Nouazi (510), and Kherrata (519). Nymphs were found in streams that had a substrate
made up of cobbles, stones, and boulders and in microhabitats with a relatively cold,
fast-flowing current. The nymphal growth and development occurred in winter and spring
with marked differences between years: Both in 2019 and 2021, nymphs were first recorded
in March, whereas, in 2020, nymphs were first collected in January. In all years, no nymphs
were recorded beyond June (Figure 3).
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Figure 3. Histogram of the number of Rhithrogena sartorii specimens sampled each year in the study area (January 2019-June 2021).

3.2. Taxonomy

Rhithrogena sartorii nymphs are characterized by the following combination of charac-
ters: (1) All gills are crenulated (Figure 4A-C); (2) compared to Rh. insularis (Figure 5A),
the plica of the dorsal face of the first gill is well expressed, clearly triangular, the lead-
ing edge somewhat concave (Figure 5B); (3) the lateral sclerites of the first sternite are
slightly turned backward, sometimes perpendicular to the body axis (Figure 4C); (4) the
upper face of femora of all legs has a well-expressed rounded blackish hypodermal macula
(Figure 4B); (5) the crown of the galea-lacinia has 9-11 comb-shaped bristles, each with
67 teeth (Figure 5C).

3.3. Molecular Analyses

There were no missing data, gaps, or ambiguous sites in the COI alignment, and
a total of four variable sites were recorded. The K2P mean distances within groups were
0.25% and 0.15% for Tunisian (topotype) and Algerian sequences, respectively. The K2P
mean distance between groups was 0.23% (maximum distance: 0.61%). Two Tunisians and
one Algerian specimen shared the same COI haplotype.
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Figure 4. Rhithrogena sartorii, habitus in dorsal view (A), lateral view (B), and ventral view (C). The
arrow points to the lateral sclerites of the first sternite. Scale bar: 1 mm.
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Figure 5. Rhithrogena spp. Latero-dorsal view of the first gill to emphasize the shape of the plica
(arrow) in Rh. insularis (A) and Rh. sartorii (B), Scale bar: 1 mm. Crown of the galea-lacinia of Rh.
sartorii (C). Scale bar 0.1 mm.

3.4. Morphometry

A total of 524 nymphs were measured. Overall, nymphal body length (BL) ranged
from 2.0 to 10.8 mm, while the ranges of head width (HW) and mesonotum length + wing
pad length (mn + wsl) were 0.8-3.4 and 0.2-5.2 mm, respectively. Females’ BL were

77



Diversity 2021, 13, 547

marginally longer than males’ (one-way ANOVA: Fy 144 = 3.6, p = 0.06). All other measured
morphometric characters did not differ between the sexes. Assignment of the last three
final instars suggested the presence of three clusters corresponding to F-0: Ratio > 1.1,
F-1: 1.1 > Ratio > 0.75, F-2: 0.75 > Ratio > 0.5. The rest may be grouped into the category
“smaller instars” (Figure 6a). The allometric growth of wing pads (mn + wsl) at the F-0 instar
contrasting sharply with the isometric growth of BL and HW (Figure 6a,b) is noteworthy.
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Figure 6. (a) Plot of Ratio (mesonotum length + wing pad length (mn + wsl)/head width (HW)) versus body length (BL)
showing the assignment of F-0 (green), F-1 (blue), and F-2 (red); (b) Multiplot of the DBSCAN clustering indicating three
classes (colored dots) corresponding to the last three nymphal instars. BL, HW, and Mn (mn + wsl) units are in mm.
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The density-based clustering algorithm, DBSCAN, using the following parameters:
eps (maximum radius between two neighbors belonging to the same cluster) = 0.35, and
MinPts (minimum number of neighbors required to form a cluster) = 15, and the variables:
BL, HW, mn + wsl, and Ratio, confirmed the preliminary visual inspection by assigning
318 nymphs into three clusters corresponding to F-0, F-1, and F-2 (Figure 6b). The rest (206)
corresponded to “smaller nymphs” and noise.

3.5. Life Cycle

Both in 2019 and 2021, the nymphs first appeared in March, and development pro-
ceeded quickly with F-0 nymphs with pigmented wing pads occurring from April to
June (Figure 7a-d). In 2020, nymphal development was more protracted, with nymphs
collected from January to June, but in all three years, the emergence spanned April to June,
coinciding with the drying up of streams in early summer. The size difference between
the two sampling sites in May 2020 (BL: loge (Wmann-Whitney) = 544, N =76, p = 2.09 x 1076;
HW:10ge (Wmann-Whitney) = 520, N =76, p = 1.19 x 1077) and the persistence of “small in-
stars” nymphs in June 2020 at Guitna inf (58) while Guitna sup (S7) dried up is noteworthy.
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Figure 7. Seasonal changes in size—frequency distribution of Rhithrogena sartorii (2019-2021) for BL (a), HW (b), mn + wsl

(c), and Ratio (d).

4. Discussion
4.1. Distribution

Both in Tunisia [14] and in Algeria, the distribution of Rhithrogena sartorii was restricted
to the Kroumiria mountain range. Overall, the species seems confined to the metarhithral
and parapotamal river reaches. The lower end of the altitudinal range of the species’
habitats (200-650 m), almost matching Rh. mariae, which is able to colonize lower stretches
(160 m) in Morocco, is noteworthy [13].
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4.2. Taxonomy

Recently described from Tunisia, Rh. sartorii was thought to belong to the insularis-
species group [14]. However, after preliminary investigations reported in [5], a careful
re-examination of these nymphs conducted here confirmed that this species is more related
to species of the so-called sowai-group [6]. Specifically, the shape of the plica, which is clearly
concave (always less prominent and convex in species of the hybrida-group—Figure 5A),
and the lateral sclerites of the first sternite, which can be slightly turned backward (always
perpendicular to body axis in hybrida-group). Species of the sowai-group are poorly known;
seven species have been described with only one in the nymphal stage [31], although an
unnamed species has been described at the nymphal stage from Portugal [32]. All of these
species are restricted to the Mediterranean basin. Finally, the lack of true affinities with
species of the hybrida-group is demonstrated by the quite isolated position Rh. sartorii
occupies in the phylogeny of European species of the genus based on mitochondrial and
nuclear markers [5].

With a maximum of 0.61%, the COI K2P distances between sequences from Algeria and
topotypes from Tunisia are very low, typically corresponding to intraspecific divergence
in previous mayfly barcoding studies (e.g., [33-36]). Moreover, given that one of our
specimens has the same COI haplotype as the two topotype specimens and that the
combination of morphological characters fully fits the Rh. sartorii description, we can be
confident in our identification. This is not surprising, as both populations are located in
the same mountain range (Kroumiria), only c. 30 km distant from each other.

4.3. Eaton’s Rhithrogena

In contrast to the relatively straightforward identification of Rh. sartorii, Eaton’s
Rhithrogena still remains shrouded in mystery. Unless the specimen is retrieved, we will
probably never know which species of Rhithrogena Eaton [8] collected in Algeria, but we
can safely rule out many of the known North African species on the basis of their limited
distribution and ecology. Indeed, four species (Rh. ourika, Rh. ayadi, Rh. giudicelliorum, and
Rh. ryszardi) occupy an altitudinal range between 1260 and 2800 m. Likewise, based on the
location, Biskra, where Eaton has recorded the specimen, we can safely assume that the
species was able to stand high temperatures in one phase of its life cycle. North African
rheophilic Rhithrogena species, such as Rh. mariae, are present at low altitudes, but due to
their localized distribution in the Rif, this latter is unlikely to represent a good candidate
(but see [13]) for Eaton’s Rhithrogena, which once inhabited the edge of the desert.

In addition, based on the flight period (late winter) of Eaton’s specimen, we can also
exclude that it was Rh. sartorii that emerges in late spring. The delayed nymphal growth
and development of Rh. sartorii are suggestive of a univoltine winter/spring life cycle,
whereas nymphal development in Eaton’s species probably occurred in late autumn and
winter, similar to the life cycle of Rh. germanica [37,38]. Based on all these elements and the
extensive surveys of mayflies of the Aures Mountains (unpublished), we hypothesize that
Eaton’s Rhithrogena has probably gone extinct.

4.4. Life Cycle

Nymphal development of Rh. sartorii occurred during winter and spring, but there
was considerable annual variation (January-March) in the first records of nymphs, probably
linked to the close relationship between egg development and water temperature [39,40].
For instance, eggs of the cold stenothermal Rh. loyolaea and Rh. nivata rarely hatch at
temperatures above 10 °C, thus restricting the species to cold streams [41,42]. If this
was the case for Rh. sartorii, this threshold would limit hatching to winter months. In
addition, once hatching is underway, the differential growth rates in small nymphs may be
responsible for the extended period of their presence [41].

Rhithrogena sartorii managed a single generation per year, with the nymphal stage
spread over winter and spring. According to Clifford’s classification [43], the species
exhibited a seasonal univoltine cycle (Us-Uw) where the egg stage and part of the nymphal
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stage overwinters. Nevertheless, the univoltine life cycle of Rh. sartorii is quite unusual,
with a winter and vernal growth and a long embryonic diapause during the warm months.
It is somewhat distinct from the life cycle of Rh. germanica, a univoltine winter species,
which emerges in Central Europe between February and April, undergoes a summer
embryonic diapause with eggs hatching once the temperature drops in October [37].

Furthermore, the presence of small nymphs of Rh. sartorii in June may either suggest
a protracted egg hatching period or a proclivity for the species to undertake a second
generation if environmental conditions are adequate. In all three years, the habitats dried
up, and thus, this question deserves further investigation. Although Rhithrogena species are
known to be mainly univoltine [43], plasticity in voltinism has been demonstrated, ranging
from semivoltinism for Rh. loyalae [44] to partial bivoltinism [45], and even bivoltinism [46]
for Rh. semicolorata and Rh. diaphana, respectively.

4.5. Conservation

Although species of the genus Rhithrogena may be perceived as less threatened, as their
rhithral habitats may be contending with lesser anthropogenic pressures than downstream
habitats, they are highly sensitive to various environmental factors [47,48]. In addition,
due to historical factors (transboundary region and previous war zone), the El Kala district
has been relatively maintained as a hotspot of freshwater biodiversity. However, despite
its status as a Man and the Biosphere Reserve, the area is now under severe anthropogenic
pressures fueled by a burgeoning population [49,50]. With its restricted distributional
range encompassing the Tunisian and Algerian Kroumiria, Rh. sartorii is clearly an endemic
species of conservational concern. Moreover, in most sites and during the three-year study,
the species was never abundant. Thus, the limited range, low abundance, and narrow eco-
logical niche (rheobiont associated with riffles) make this threatened species and its habitat
vulnerable to various natural and anthropogenic stressors (climate change, pollution, land
conversion, etc.). Rhithrogena sartorii may act as a useful bioindicator of such scarce habitats
and an umbrella species for the conservation of the unique freshwater biodiversity hosted
by the Kroumiria mountain range that spans north-eastern Algeria and north-western
Tunisia [15,51,52]. Unless urgent steps are taken to lessen human encroachment on its
habitats, this imperiled Maghrebian microendemic may rapidly go extinct.

5. Conclusions

A survey of the highlands of the El Kala region, north-eastern Algeria, has led to
the discovery of a species of Rhithrogena that occupied the hyporhithral and parapotamal
river reaches. Molecular and morphological analyses identified the species as Rh. sartorii,
a Maghrebian microendemic confined to the Kroumiria mountain range and environs on
the Algero-Tunisian border. The species exhibited a univoltine life cycle (Us-Uw) with
emergence spread between April and June. Rhithrogena sartorii is threatened due to the
species’ limited range and the mounting anthropogenic pressures (water abstraction, fire,
pollution, etc.) in the region.
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Abstract: Coloburiscidae consists of three living genera with a Gondwanan distribution—Coloburiscoides
from Australia, Coloburiscus from New Zealand, and Murphyella from Chile. Molecular-based phy-
logenetic analyses of Ephemeroptera (mayflies) have been somewhat successful in resolving many
higher-level relationships in the order. Most of these analyses, however, have been ambiguous with
respect to the family Coloburiscidae. This study presents the first phylogenetic analysis specific to
Coloburiscidae using data generated from 448 phylogenomic sequences and data generated from
the Sanger sequencing of five genes: 125, 165, 18S, 28S, and H3. Bayesian and likelihood analyses
were conducted on each dataset and, ultimately, on a combined dataset of the two. Coloburiscidae
was shown to be supported as monophyletic in each instance where the phylogenomic data were
included. Coloburiscoides was shown as sister to Murphyella + Coloburiscus.

Keywords: mayflies; phylogenomics; phylogenetics; systematics

1. Introduction

Mayflies represent an ancient order of winged insects that date back 300 million
years [1-3]. The extant lineages of the order are found in freshwater ecosystems world-
wide, except for the continent of Antarctica and some remote islands [4,5]. Currently,
mayfly diversity constitutes around 40 families, with approximately 460 genera, and almost
3700 described species [6]. While some families are believed to be of Gondwanan origin,
today there are only four families that exhibit a strict Gondwanan distribution: Amelotop-
sidae, Coloburiscidae, Nesameletidae, and Oniscigastridae [4]. Of these, the monophyly of
Coloburiscidae and Ameletopsidae remains elusive.

1.1. Review of Taxonomy

The family Coloburiscidae, sometimes described as the spinose-gilled mayfly family,
is relatively small in comparison to other mayfly families and has only three genera:
Coloburiscoides Lestage (1935), Coloburiscus Eaton (1888), and Murphyella Lestage (1930).
Coloburiscoides and Coloburiscus are only found in Australia and New Zealand, respectively,
while Murphyella is endemic to Chile, thus displaying a Gondwanan distribution [4,7-9].
The family is not currently believed to have a presence in the remaining Gondwanan
land masses, but this could be due to a comparatively decreased effort to explore mayfly
taxonomy in underdeveloped countries. In total, the family has seven described species
(see Table 1).

Higher-level classifications within Ephemeroptera have been problematic for decades.
Edmunds [10] considered Coloburiscidae as a subfamily of Siphlonuridae. Riek [11]
instead proposed a subfamily status under Oligoneuridae, while Landa [12] proposed
Coloburiscidae as its own family. Later, McCafferty [13,14] developed a classification
system of Ephemeroptera, where Coloburiscidae was proposed as a sister to the families
Isonychiidae, Oligoneuridae, and Heptageniidae (including Arthroplea and Pseudiron).
Together, these four families constituted the suborder Setisura due to several putative
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apomorphies within the group [13]. Kluge [15] developed a separate nomenclature system
than McCafferty, in which Coloburiscidae had a family status; however, Kluge does not
refer to any formal analysis of characteristics in his review [15,16].

Table 1. The location of each taxon of Coloburiscidae.

Genus Specific Name Location
Coloburiscoides giganteus Tillyard (1933) Australia
Coloburiscoides haleuticus Eaton (1871) Australia
Coloburiscoides munionga Tillyard (1933) Australia

Coloburiscus humeralis Walker (1853) New Zealand
Coloburiscus tonnoiri Lestage (1935) New Zealand
Coloburiscus remota Walker (1853) New Zealand
Murphyella needhami Lestage (1930) Chile

1.2. Review of Relationships

Molecular data brought new insights into the relationships of mayflies. For example,
the position of Ephemeroptera to all other extant pterygotes [17] was examined. The rela-
tionships of all the families of Ephemeroptera were investigated in a combined analysis [5].
The morphological data were composed of 101 characters and the molecular data came
from the Sanger sequencing of nuclear and mitochondrial genes: 125, 16S, 18S, 28S, and
HB3. Significant findings from this analysis include strong support for the monophyly of
Ephemeroptera, as well as for several other major lineages proposed by McCafferty [14] and
Kluge [15], while others were not corroborated as monophyletic. Thus, it was recognized
that future robust phylogenetic analyses were needed to resolve previously ambiguous
relationships. With respect to Coloburiscidae, the findings failed to support both the
suborder Setisura and the family Coloburiscidae as monophyletic groups (Figure 1). The
monophyly of Coloburiscidae was never supported in any of the molecular data trees in
the 2009 analysis [5]. However, it was supported as monophyletic in the morphology tree,
with Coloburiscus + Murphyella being sisters to Coloburiscoides.

s Acanthametropodidae Analetris

— Siphlaenigmatidae Siphlaenigma
—1 Coloburiscidae Coloburiscus|

Ametropodidae Ametropus

Wiphloplecton ] Metretopodidae

Metretopus

Ameletopsidae Chiloporter

Ameletopsidae Chaquihua

Ameletopsidae Ameletopsis

Coloburiscidae Murphyella|
Ameletopsidae Mirawara
Coloburiscidae Coloburiscoides|

Heptagenia
-:'#;: Stenonema
Pseudiron

. g%%;%ena Heptageniidae

= Arthroplea
ijj: Ecdyonurus

Afronurus

Figure 1. Maximum likelihood results from Figure 2 of Ogden et al., (2009) [5], showing non-
monophyly of Coloburiscidae. The boxes are filled in (from left to right) if bootstrap value > 90 (box1),
Bremer support value > 2 (box 2), Bayes posterior probability > 90 (box 3), node present when
gaps + 5th state character (box 4), and node present in POY analysis (box 5).
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Figure 2. Maximum likelihood analysis of 5-gene Sanger dataset. Results show the non-
monophyly of Coloburiscidae, highlighted in red. The blue circles indicate the nodes that were
supported with >70% posterior probability in the Bayesian analysis. The numbers on the nodes are
SH-aLRT support % /ultrafast bootstrap support %.

The most recent “initial evaluation” phylogenetic analysis on Ephemeroptera was
conducted using targeted capture and next-generation sequencing of 448 protein-coding
regions [18]. Thirty-five families of mayflies were represented in the 105 taxa dataset.
This analysis represented the largest ever phylogenetic analysis of the order and brought
new insights into many higher-level relationships with strong support values. However,
this work was a preliminary proposal of relationships, presented at the international
meeting for Ephemeroptera, and emphasized the importance of large datasets for resolving
relationships. This analysis only used amino acids and did not examine nucleotide datasets.
Of note, Coloburiscidae was found to be monophyletic, with Coloburiscoides + Coloburiscus
being sisters to Murphyella. Hence, this study contradicted the molecular data analyses
of Ogden et al. (2009) [5]. Furthermore, the 2019 [18] analysis did not recover the same
arrangement for the three genera of Coloburiscidae. The 2019 analysis only used an amino
acid dataset in a Bayesian framework. Hence, additional scrutiny of these data is necessary
to elucidate the monophyly and relationships of the genera of this family.

Considering the contradictory results between the Ogden et al., 2009 analysis [5] and
the Ogden et al., 2019 analysis [18], and that the 2019 analysis was a preliminary approach,
this study aims to further test the monophyly of Coloburiscidae and the relationships be-
tween the three genera. To this end, this research will: (1) conduct Bayesian and maximum
likelihood (ML) analyses of Coloburiscidae using the same five genes (five-gene Sanger
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dataset) from the 2009 [5] analysis, with some additional sequenced data; (2) conduct
Bayesian and ML analyses using the phylogenomic dataset generated as part of the analysis
in Ogden et al., 2019 [18]; and (3) conduct Bayesian and ML analyses of both datasets
combined as a single dataset.

2. Materials and Methods
2.1. Taxonomic Sampling

The total dataset consists of 23 taxa. Ingroup taxa include 1 representative from each of
the three genera of Coloburiscidae and 19 other closely related taxa used as representatives
for key lineages and families. Siphluriscus has been supported as the most basal taxa within
the order Ephemeroptera and will be used as the outgroup [5,18].

2.2. 5-Gene Sanger Dataset and Analysis

The Ogden et al. 2009 dataset had some missing data in the five Sanger genes. In order
to complete the dataset further, DNA extraction was performed on the thorax or legs of each
specimen using the Qiagen DNeasy Blood & Tissue kit (Valencia, CA, USA) and following
the animal tissue protocol. Sequences were targeted for amplification via the standard
polymerase chain reaction using the BioRad® T100 Thermo Cycler (Hercules, CA, USA). The
primers for each gene are the same as used in the Ogden et al. [5] molecular analysis. Gel
electrophoresis was used to confirm the successful amplification of genes. The purification
of DNA was conducted using the QIAquick PCR Purification kit (Valencia, CA, USA)
and following the standard protocol. The purified DNA was sequenced at Psomagen Inc.
(Rockville, MD, USA). The sequences were manually curated with Sequencher® 5.2.4 [19].
The newly generated data for genes 125, 16S, 185, 28S, and H3 (Supplementary Materials
Table S1) were combined with the data from the 2009 dataset, and MUSCLE software was
used to align the DNA sequences [20,21] using the default settings. Aligned gene regions
were concatenated using Sequence Matrix 1.8 [22]. A Bayesian analysis was conducted
using MrBayes [23,24] with the nst = 6 invgamma model for 10,000,000 generations. From
the cold chain, the first 25% of the sample was discarded as the burn-in. The analysis
resulted in a final split frequency of 0.0055. IQTREE software [25] was used to run an
ML analysis with 1000 ultrafast bootstraps using the best-fit model selected by IQTREE:
GIR+F+1+G4.

2.3. Phylogenomic Dataset and Analysis

Molecular data for each taxon (see Table 2) were generated in the Ogden et al., 2019
analysis [18]. Detailed information on protocols and workflow is specified elsewhere [3,18].
In summary, probe kits were designed for orthologous protein-coding loci across the
genomes of all taxa. Library preparation, hybrid enrichment, and sequencing were con-
ducted at RAPiD Genomics (Gainesville, FL, USA) using Illumina HiSeq 3000. Assem-
bly and data cleanup were conducted using the anchored phylogenomics pipeline of
Breinholt et al. [26]. The alignment of each locus was performed using MAFFT with de-
fault parameters. The phylogenomic data were constructed in two ways and analyzed in
Bayesian and ML frameworks. First, only the first and second positions of each codon were
included due to their conserved nature (DNA12 dataset) [3]; there was evidence of third
position saturation. Second, the nucleotides were translated into amino acid sequences
(AA dataset). The Bayesian analyses were conducted using MrBayes [23,24] for 10,000,000
generations with four chains. The first 25% of the sample was discarded as the burn-in for
all runs. The model for the DNA12 dataset was nst = 6 and invgamma, and for the AA
dataset, the Aamodel was used to provide a mixture of models with fixed rate matrices.
The MrBayes analyses resulted in final split frequencies <0.003. IQTREE software [25] was
used to run an ML analysis with 1000 ultrafast bootstraps. The best-fit model selected by
IQTREE for the DNA12 dataset was GTR + F + I + G4, and for the AA dataset, the mtZOA
+ F + I + G4 was the best-fit model. To further test branch support, an SH-like aLRT with
1000 replicates was also carried out in IQTREE.
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2.4. Combined Dataset and Analysis

The aligned sequences from the 5-gene Sanger dataset and the DNA12 dataset were
concatenated using Sequence Matrix 1.8 [22]. Bayesian and ML analyses were conducted as
described above. The nst = 6 invgamma model was used in MrBayes and the GTR + F + I + G4
model was used in IQTREE for the ML analysis.

3. Results

The alignment for the five-gene Sanger dataset was 5321 bp in length with 1045 parsi-
mony informative sites. The ML IQTREE phylogenetic reconstruction results are shown in
Figure 2. Coloburiscidae was not recovered as monophyletic, but Coloburiscoides was shown
to be a sister to Murphyella. The alignment for the phylogenomic dataset was 61,116 bp in
length with 4859 parsimony informative sites. The ML IQTREE phylogenetic reconstruc-
tion of the DNA12 results is shown in Figure 3. Coloburiscidae was strongly supported
(100% SH-aLRT and 100% bootstrap) as monophyletic, and Coloburiscoides was somewhat
supported (88% SH-aLRT and 90% bootstrap) as being a sister to Coloburiscus + Murphyella.
The combined dataset tree shown in Figure 4 also strongly supported (100% SH-aLRT and
100% bootstrap) the monophyly of Coloburiscidae, and somewhat supported (88% SH-aLRT
and 93% Bootstrap) Coloburiscoides as being a sister to Coloburiscus + Murphyella.

Siphluriscus sp.

® = supported with >70%
posterior probability in
Bayesian analysis

L ]

Centroptilum luteolum

Ameletus sp.
98.1/87 Analetris eximia
99.6/39
Ametropus neavei

Isonychia sp.

100100

99.5/85 100/100
Arthroplea bipunctata

Siphlaenigma janae

Siphloplecton interlineatum

Oniscigaster distans
Rallidens mcfarlanei

Baetisca sp.
_| 100/100

crais Mirawara sp.

Siphlonurus sp.

100/100
Dipteromimus sp.

Nesameletus ornatus
62.8017

Oligoneuriella rhenana

B4.4/48 Meridialaris diguillina

36.9/78

Timpanoga hecuba

99.9/100

0.007

Figure 3. Maximum likelihood analysis of the phylogenomic DNA12 dataset. Results strongly
support the monophyly of Coloburiscidae, highlighted in green. The blue circles indicate the nodes
that were supported with >70% posterior probability in the Bayesian analysis. The numbers on the
nodes are SH-aLRT support %/ ultrafast bootstrap support %.
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The AA dataset analysis (not in the figures as it was similar to the 2019 analysis) in
ML and Bayesian analyses resulted in a strongly supported monophyletic Coloburiscidae;

however, there was weaker support for the Murphyella—Coloburiscoides + Coloburiscus re-

lationship, contradicting the relationship between the three genera found in the DNA12
dataset results.

Siphluriscus sp.

Centroptilum luteolum

98.7/93

925

Nesameletus ornatus

Ameletus sp.

Analetris eximia

Ametropus neavei

Isonychia ignota

1004100

100100

Arthroplea bipunctata

Siphlaenigma janae
Siphloplecton interlineatum

Dipteromimus sp. @ = supported with >70%
Siphlonurus sp. posterior probability in

Bayesian analysis

Oniscigaster distans
——— Rallidens mcfarlanei

Baetisca sp.
—.l 99.8/98

Mirawara sp.

Oligoneuriella rhenana

Meridialaris diguillina
—Q{ 99.4100

Timpanoga hecuba

0.008

Figure 4. Maximum likelihood analysis of the combined 5-gene Sanger dataset + phylogenomic
DNA12 dataset. Results strongly support the monophyly of Coloburiscidae, highlighted in green. The
blue circles indicate the nodes that were supported with >70% posterior probability in the Bayesian
analysis. The numbers on the nodes are SH-aLRT support %/ ultrafast bootstrap support %.

Table 2. Taxon sampling for 5-gene Sanger and phylogenomic datasets.

Family Genus Specific Name Number of Exons Captured
Baetiscidae Baetisca sp. 421
Acanthametropodidae Analetris exima 422
Ameletidae Ameletus sp. 435
Ameletopsidae Mirawara sp. 429
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Table 2. Cont.

Family Genus Specific Name Number of Exons Captured
Ametropodidae Ametropus naevi 431
Arthropleidae Arthroplea bipunctata 399
Baetidae Centroptilum luteolum 414
Coloburiscidae Murphyella sp. 438
Coloburiscidae Coloburiscoides sp. 442
Coloburiscidae Coloburiscus humeralis 435
Dipteromimidae Dipteromimus sp. 432
Ephemerellidae Timpanoga sp. 414
Heptageniidae Heptagenia sp. 431
Isonychiidae Isonychia sp. 444
Leptophlebiidae Meridialaris diguillina 413
Metropodidae Siphloplecton interlineatum 432
Nesameletidae Nesameletus ornatus 420
Oligoneuridae Oligoneuriella rhenana 415
Oniscigastridae Oniscigaster distans 441
Rallidentidae Rallidens mcfarlanei 358
Siphlaenigmatidae Siphlaenigma janae 390
Siphloneuridae Siphlonurus sp. 445
Siphluriscidae Siphluriscus sp. 340

4. Discussion

The purpose of this research was to further investigate the relationships of Coloburisci-
dae through molecular-based phylogenetic analysis. Coloburiscidae was shown to be
monophyletic each time the phylogenomic data were included in any methodological
framework, dataset (morphological, DNA12, or AA), or analysis method (ML or Bayesian).
Hence, it can be strongly concluded that Coloburiscidae is a monophyletic lineage. Of the
other taxa selected for this analysis, it is also strongly supported that the Coloburiscidae is
sister to the lineages Leptophlebiidae, Oligoneuridae, and Ephemerellidae, which aligns
with the 2019 tree.

However, the relationships between the three genera are not as concordant across all the
analyses. The DNA12 dataset supports Coloburiscoides as a sister to Murphyella + Coloburiscus,
with fairly high support values (100% posterior probability in the Bayesian analysis,
>90% bootstrap, and >87% SH-aLRT in the ML analysis) and agrees with the morpho-
logical tree (Figure 4 of Ogden et al., 2009) [5]. The AA dataset results somewhat weakly
support (92% posterior probability in the Bayesian analysis, 65% bootstrap, and 12% SH-
aLRT) Murphyella + Coloburiscus + Coloburiscoides. Not surprisingly, this was the same
result from the Ogden et al., 2019 [18] analysis that also used amino acid sequences as the
base dataset.

The question remains, which relationship of the three genera is correct? The mor-
phology tree from 2009 and the DNA12 dataset of this study (with its relatively higher
support values than the AA dataset results) support the Coloburiscoides as a sister to
Murphyella + Coloburiscus as the most likely proposal. However, the AA dataset supports
the sister relationship of Coloburiscus + Coloburiscoides, which aligns better with the Gond-
wana breakup consensus that Australia and New Zealand would have had land bridges
in the more recent past. The fragmentation of Gondwana, which began approximately
150 Mya [27,28], continues to be examined within the field of biogeography as a growing
number of studies point to organismal distribution patterns that can be explained by such
a process [29-32]. Perhaps the most famous example of Gondwanan distribution is the
southern beeches (Nothofagus) found throughout Australasia and South America [33], with
a fossil record dating back 80 million years [34]. Gondwanan vicariance is widely accepted
to have played a major role in distribution and speciation; however, several studies caution
against the tendency to invoke these geologic events as the only possible explanation
for them [33,34]. An alternate hypothesis for observable patterns of distribution among
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Coloburiscidae includes dispersal events. While it has been generally hypothesized that
mayflies are poor dispersers, some oceanic and volcanic islands have been colonized with
subsequent in situ radiation [6].

Thus, the intrafamilial relationships remain mostly inconclusive; however, these results
and the 2019 analysis firmly support the monophyly of the family Coloburiscidae and its
placement relative to other mayfly families. The five-gene Sanger dataset failed to support
Coloburiscidae as monophyletic (individual analyses of each gene likewise did not support
monophyly) and showed low support values across many nodes. Therefore, while these
genes have been touted as somewhat successful in estimating relationships in previous
analyses, one can only infer that they are not informative for all depths in an evolutionary
tree, especially for relationships as old as the ones being examined in these lineages of
mayflies. This point further illustrates the importance and effectiveness of robust datasets
(i.e., more loci and more taxa) and analyses in resolving higher-level relationships.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/d14070505/s1. Table S1. Table of the GenBank accession numbers for the Sanger sequencing
data for the taxa.
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Abstract: The taxonomy and distribution of Orientogomphus minor (Laidlaw, 1931) were investigated
in Thailand. Gomphid nymphs were collected from 28 sampling sites in streams in eastern, western,
and southern Thailand. The nymph of O. minor is described for the first time and the male is re-
described and illustrated based on a reared specimen. The taxonomic characteristics of the nymphs of
the genus Orientogomphus are discussed. The nymph of O. minor differs from that of O. armatus Chao
& Xu, 1987, the only other Orientogomphus species with a described nymphal stage, by the presence
of lateral spines on abdominal segments six to nine and by a slender, stick-shaped third antennal
segment. Multivariate analyses revealed a strong correlation between the distribution of O. minor and
other three gomphid species with restricted distribution in Thailand (Nychogomphus duaricus (Fraser,
1924), Onychogomphus louissiriusi Fleck, 2020 and Stylogomphus thongphaphumensis Chainthong, Sartori
& Boonsoong, 2020). Those species were recorded solely in streams in the western part of the country.
Nymphs of O. minor were predominantly associated with stony substrates.

Keywords: gomphid nymphs; Orientogomphus; Thailand

1. Introduction

The Gomphidae (clubtail dragonflies), a well-known family in the Odonata, comprise
about 87 genera and 1000 species worldwide [1,2]. With the exception of the Libellulidae,
the species diversity is likely higher for the Gomphidae than for any other family of
Anisoptera [3,4]. The gomphid nymphs have several notable morphological features: (1) the
antennae have four segments with the third larger than the others, and the fourth very
small, (2) the prementum and palpal lobes of the labium are flattened (not scoop-shaped),
and (3) the body is diverse in form, cylindrical, broad and slender to extremely flattened
like a leaf. Most gomphid nymphs are lotic species that are commonly components of
benthic communities and contribute to ecosystem services (e.g., they are highly predaceous
and serve as food for humans and as indicators of environmental changes) [5,6]. In the
past decade, taxonomic studies of the Gomphidae in Thailand have continued to increase,
and many new taxa have been described. The discovery of gomphid dragonflies adds
54 species and 27 genera (e.g., Anisogomphus [7,8], Burmargomphus [9], Stylogomphus [10],
Onychogomphus [11] and Microgomphus [12]) from Thailand to the known species.

To date, most studies of odonates in Thailand have focused on the taxonomy of
the adult stage. So far, eight families (Aeshnidae, Chorogomphidae, Cordulegastridae,
Corduliidae, Gomphidae, Libellulidae, Macromiidae and Synthemistidae), 97 genera and
207 species of dragonflies have been recorded in Thailand. Studies on their biology and
ecology are scarce, and only limited data are available on the nymphal stages and their
distributions in lotic ecosystems. However, gomphid nymphs have been continuously
described from Thailand [12-18], and the number of nymphal descriptions of Gomphidae
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species will steadily increase in the future because the diversity and taxonomy of the adult
stage are well known.

The genus Orientogomphus was established by Chao & Xu [19], with species charac-
terised as small to medium-sized, with divergent inferior appendages that are much shorter
than the superior appendages (usually about half the length) and with apical margins
shallowly concave. The superior appendages are long, bracket-like in dorsal view, and
abruptly curved apically in lateral view, with a minute peg-like process at the tip. The
prepuce is absent. The genus, distributed in Southeast Asia and China, currently comprises
seven known species [20]. Of these, only O. minor (Laidlaw, 1931) has been recorded from
Thailand. This small species is distributed throughout Thailand and extends to Peninsu-
lar Malaysia. A distribution map of adult specimens has been published [21]; however,
knowledge of the distribution of the nymphal stage in Thai streams is sparse [21]. To
date, O. armatus Chao & Xu, 1987 is the only species with a described nymph within the
genera [22].

This paper provides the first description and illustration of the final stadium nymphs
of O. minor, based on reared specimens, and compares and discusses the morphological
characteristics of the nymphs of related species and genera. We also investigated the
distribution and microhabitat of this species within lotic ecosystems.

2. Materials and Methods
2.1. Study Area and Sampling

The gomphid nymphs were collected from first order to third-order streams (28 sam-
pling sites) in eastern, western, and southern Thailand (Figure 1). The nymphs were
collected using a D-frame net in a variety of microhabitats, including sweepings of pool-
litter, weeds, roots of riverside trees, mud and margin litter, or kick samples from riffles,
sand, gravel, and pebbles. Gomphid nymphs were recorded at all microhabitats. Nymphs
were identified to the species level using the published literature [10-18,23]. A distribution
map was generated with SimpleMappr software (https://simplemappr.net) (accessed on
4 March 2022) [24].

2.2. Rearing and Identification

Nymphs of O. minor were found in three sampling sites. Of these, nymphs were
collected from a sandy substrate in one locality at Huai Khayeng, Thong Pha Phum dis-
trict, Kanchanaburi Province, in western Thailand (Figure 2). Full-grown nymphs were
transferred to the laboratory for rearing. The nymphs were reared in potable water in an
earthenware pot (a rearing device for a single nymph with a netted cover) with a mixture
of sand and gravel as substrate. Each rearing chamber was connected to an air supply
via aquarium tubing. Chironomid larvae were offered as prey, which Orientogomphus
nymphs fed on readily. The nymphs were reared in the laboratory until they emerged
as adults. The exuviae were preserved in 80% ethanol, and the adults were pinned and
dried 3 days after their emergence. The species identification was confirmed based on
Asahina [25] and Wilson [21]. All drawings were illustrated with the aid of a camera lucida.
Measurements (mm) and photographs were taken with a NIKON SMZ800 stereoscopic
microscope (NIKON Corporation, Tokyo, Japan). All dragonfly specimens are deposited in
the Zoological Museum, Kasetsart University (ZMKU), Bangkok, Thailand (Aquatic Insects
Collection section). The terminology for the nymphal mandibular formula followed that of
Watson [26].
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Figure 2. Nymphal habitat of Orientogomphus minor (Huai Khayeng, Thong Pha Phum district, Kan-
chanaburi Province).

2.3. Data Analysis

Gomphid nymph assemblages (presence/absence data) in response to spatial change
were visualised by performing a principal component analysis (PCA), which identifies
independent axes of variability and relates species samples to each axis. The relationship
between gomphid nymphal species composition and microhabitat was investigated using
two-way cluster analysis (Jaccard distance measure and the Group average linkage method).
Multivariate analyses were performed using PC-ORD software version 7.01 [27].
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3. Results
3.1. Taxonomy
3.1.1. Description of the Last Stadium Nymph

Material examined. THAILAND: 1 (exuvia) and 5 nymphs, Huai Khayeng, Thong Pha
Phum district, Kanchanaburi Province, 14°36'20” N 98°34/38” E, 206 m a.s.l., 14.X11.2014,
D. Chainthong leg; 3 nymphs, Huai Sat Lek; Kaeng Krachan district, Petchaburi Province,
12°38'14"" N 99°30'59"” E; 162 m a.s.l., 25.11.2018, D. Chainthong leg.

The general appearance and detailed structures are shown in Figures 3-5.

Figure 3. Dorsal view of nymph of Orientogomphus minor.
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Figure 4. Habitus of Orientogomphus minor nymph.

05mm

0.25mm 0.25mm

0.5mm

Figure 5. Morphological features of Orientogomphus minor nymph: (a) dorsal view of antenna; (b) ventral
view and internal view of right mandible; (c) ventral view and internal view of left mandible; (d) ventral
view of right maxilla; (e) ventral view of prementum; (f) dorsal view of anal appendages.

Colouration. Nymphs uniformly bright yellow. Body broadly lanceolate and covered
with hair-like setae, dorsal surface strongly convex, ventral surface flat (Figure 4).

Head. Head broad and flat, frontal part with triangular appearance in dorsal view,
posterior lobe of the head shorter than the eye length; eyes large and broadest across,
with three large ocelli. Antennae four-segmented, first two segments small and rather
circular; third segment slender, stick-shaped, slightly dorso-ventrally flattened and slightly
upcurved; fourth segment vestigial, knob-like. All four segments bear long and dense hairs
(Figure 5a). Mandibles as in Figure 5b,c, with mandibular formula: L 1234 0 a(m1-3)b/R
1234 y a(m1-2)b with a > b in both mandibles (Figure 5b,c). Maxillae: galeolacinia with
seven moderately incurved teeth, three dorsal teeth nearly equal in length, four ventral
teeth of different sizes, apical one largest; stipes and palp setose (Figure 5d).
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Labium. Flat and not protruding when at rest (Figure 5e). Prementum-postmentum
articulation reaching the posterior margin of the procoxa. Prementum subrectangular,
longer than wide, in a ratio of 3:2, sides convex, convergent basally, with small teeth and
minute setae at lateral margins; apical margin convex, with ventral row of 45-50 short,
subquadrate reddish brown teeth, and dorsal rows of whitish piliform setae on apical
border; labial palp with uniformly inflexed inner edge, yellowish brown, apical lobe
reddish, rounded, internal margin arched inward, feebly serrulate. Movable hook reddish
brown, sharp and moderately incurved.

Thorax. Small; prothorax narrower than head, dorsal portion raised at sides forming
two mushroom-shaped ridges. Wing sheaths strongly divergent, reaching S4 (inner wing
pad length 4.25 mm, outer wing pad length 3.75 mm). Legs short and stout, fore and middle
legs strongly curved; protibia (length 2.0 mm) decidedly longer than profemora (length
1.25 mm); mesotibia (length 2.25 mm) slightly longer than mesofemora (length 1.75 mm);
metafemur slightly longer than metatibia. Tarsal formula 2-2-3, tarsi yellowish. Rows of
minute setae scattered along the femur, tibia, and tarsus of all six legs.

Abdomen. Broadly lanceolate, uniformly bright yellow, mid-dorsal black markings
on S7-9. Mid-dorsal spines, absent on S1 and most prominent on S2-9, largest mid-
dorsal spine on S8 (Figure 3). Lacking lateral spines on 52-5. Lateral edges of abdomen
serrated, with spine projections that become more protrusive on S6-9 (Figure 3). Anal
appendages elongated. Epiproct and cerci subequal in length; paraprocts longer than the
other appendages (Figure 5f).

Measurements (in mm, n = 9): Length of total body 19.86-20.38; abdomen length
11.06-11.54; abdominal maximum width 4.90-5.08; head maximum width 4.08-4.23; length
of hind femur 2.26-2.53; length of antennae third segment 1.50-1.69; length of antennae
fourth segment 0.10-0.14; length of epiproct 1.26-1.44; length of cerci 1.18-1.23; length of
paraprocts 1.48-1.56.

3.1.2. Taxonomy of the Adult

Material examined. THAILAND: 1 male adult (reared), Huai Khayeng stream, Thong
Pha Phum district, Kanchanaburi province, 14°36'20” N 98°34/38” E, 206 m a.s.l., nymph
collected on 14 July 2014, adult emerged on 18 February 2015, D. Chainthong leg.

In this study, we reared the Orientogomphus nymph until emergence of the male adult.
The identification as a male adult of O. minor was confirmed based on Wilson [21], using the
following diagnostic characters: head, pterothoracic, and caudal appendages (Figure 6a—d).
A brief description of the male adult is presented based on our reared specimen following
Wilson [21].

Diagnosis. Wilson [21] revised the known Orientogomphus specimens from northern
Myanmar, China, Vietnam and Thailand as four species (O. armatus, O. circularis (Selys,
1894), O. minor and O. naninus (Forster, 1905), respectively). A distributional map has
been provided by Wilson [21]. In Thailand, the adults of O. minor were recorded in Sakon
Nakhon, Chiang Mai, Tak, Phatthalung, Krabi and Songkhla provinces [21,28,29].

Head (Figure 6a). Black with yellow markings; labrum with a pair of transverse
ellipsoid yellow spots; genae black; anteclypeus yellow; postclypeus black, with a large
yellow spot laterally; postfrons with a broad yellow band, antefrons black.

Thorax. Pattern of colouration as shown in Figure 6b. Prothorax black with yellow
laterally; pterothorax dorsal suture with a yellow streak; mesothoracic collar yellow, except
on middle; black stripe along first lateral suture disconnected to humeral, mesepimeron
ventral margin yellow; legs black.

Wing. Hyaline, venation dark brown, pterostigmata very dark brown, anal triangle
4-celled with the smallest cell a well-defined rectangle; anal field 2-celled, with A2 arising
from the subtriangle rather than directly from anal vein between cu-a and the subtriangle.

Abdomen. Abdomen predominantly black, with bright yellow markings; S1 mostly
yellow laterally, S2 yellow around auricle, dorsal yellow spots on 52-56, 54-S7 with dorso-
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lateral yellow markings at base, S8-59 with yellow lateral markings, epiproct black, cerci yel-
low outside and brownish to the proximal 2/3 and yellowish to the distal 1/3 (Figure 6¢—d).

Figure 6. Morphological features of Orientogomphus minor adult male: (a) frontal view of head;
(b) dorsal view of pterothoracic pattern; (c) dorsal view of caudal appendages; (d) lateral view of
caudal appendages.

Accessory genitalia. The anterior hamulus is only slightly hooked; the posterior one
does not bend caudad, but the anterior one is as high as the posterior one.

3.2. Distribution
3.2.1. Spatial Distribution of Gomphidae Species

Sixteen genera and 18 species of gomphid nymphs were found among the 28 sampling
sites in eastern, western, and southern Thailand. PCA analysis revealed that most gom-
phid nymphs were strongly correlated with axis 1 (20% of the total variance explained).
Among the gomphid species, the distribution of O. minor was strongly associated with the
distribution of Nychogomphus duaricus (Fraser, 1924), Onychogomphus louissiriusi Fleck, 2020
and Stylogomphus thongphaphumensis Chainthong, Sartori & Boonsoong, 2020 (Figure 7).
Those species were recorded solely in streams in the western part of Thailand.

3.2.2. Substrate Preference of O. minor Nymphs

A two-way cluster analysis showed two groups (I and II) of substrate types (mi-
crohabitat) and two groups (A and B) of gomphid species (Figure 8). Gomphid species
(group A) Megalogomphus sumatranus (Krtiger, 1899), Phaenandrogomphus asthenes Lieftinck,
1964, Lamelligomphus castor (Lieftinck, 1941), Paragomphus capricornis (Forster, 1914), O.
minor, Nepogomphus walli (Fraser, 1924), N. duaricus, O. louissiriusi, S. thongphaphumensis
and S. malayanus Sasamoto, 2001 were found predominantly associated with stony (pebble,
gravel, and sand) substrates. In contrast, gomphid species (group B) Heliogomphus selysi
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Fraser, 1925, Microgomphus svihleri (Asahina, 1969), Gomphidia abbotti Williamson, 1907, Gom-
phidictinus perakensis (Laidlaw, 1902), Burmagomphus williamsoni Forster, 1914, B. divaricatus
Lieftinck, 1964, Merogomphus paviei Martin, 1904 and Macrogomphus kerri Fraser, 1932 were
associated with litter (pool/marginal) and mud substrate types. The nymphs of O. minor
were found in a substrate with mixture of sand and gravel, together with P. asthenes, L.
castor, P. capricornis, N. walli, N. duaricus and O. louissiriusi.

(12.195 %)

A western
@ eastern
m southern

S. thongphaphumensis
O. louissiriusi |
O. minor—s__

A\ Axis 1(20.789 %)

B. divaricatus™

Figure 7. Principal component analysis (PCA) ordination biplots with sample and species scores
of Gomphidae species (vectors of S. thongphphumensis, O. louissiriusi and N. duaricus are related to
O. minor). Percentages of variance explained on the first two axes are indicated.
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Figure 8. Two-way cluster analysis dendrogram of six microhabitats and 18 Gomphidae species.
The two groups (I and II) of microhabitats and the two groups (A and B) of Gomphidae species
are indicated.

4. Discussion

Based on the description of the nymph of Amphigomphus hansoni Chao, 1954 by Xu [30]
and comparison with the nymphs of Nihonogomphus lieftincki Chao, 1954 and O. armatus,
Xu [30] concluded that the nymphal morphological characters of the genus Amphigomphus
are closer to those of Orientogomphus than of Nihonogomphus. Therefore, we selected two
species of the genus Amphigomphus for comparison in this study. The evidence afforded by
the characters of four gomphid nymphs species listed in Table 1 shows that the nymphs
of O. minor can be distinguished from those of the other three species by a front margin
of the median lobe furnished with about 50 finger-shaped serrations and the presence of
lateral spines on S6-9. We also found that the O. minor nymph is similar to the O. armatus
nymph only in the prementum length-to-width ratio, wing length, and mid-dorsal spines
on the abdomen. The nymphs of O. minor share similarities with Amphigomphus nymphs in
terms of wing pad length, mid-dorsal position on the abdomen and the shape of the third
antennal segment [18,30].

We showed that O. minor nymphs were distributed in the western streams of Thailand
and associated with other gomphid species (N. duaricus, O. louissiriusi and S. thongphaphu-
mensis), which are restricted in their geographic distributions [10,11,16]. The nymphs of
O. minor were usually found together with those of Lamelligomphus, Nepogomphus, Ony-
chogomphus, Paragomphus and Phaenandrogomphus. These nymphs burrow deeply into the
pebble, gravel, and sand substrates in streams. The nymphal microhabitat preference varies
for Gomphidae [6], resulting in related morphological adaptations (e.g., burrowers in sand
and mud (Anisogomphus, Burmagomphus and Onychogomphus) and in detritus accumulations
(Heliogomphus and Microgomphus)).

103



Diversity 2022, 14, 291

Table 1. Comparison of morphological characters of four gomphid species (two Orientogomphus and
two Amphigomphus, modified from [18,30]).

. . A. somnuki .
Characters/Species O. minor O. armatus Himiliinen, 1996 A. hansoni
Third antennal segment slender, stick-shaped, spindle-shaped, cyhr}drlcal, stick-shaped, longer
£ nvmph longer than antennal  shorter than antennal  parallel-sided, longer than antennal ST 1 2
ot nymp S1+2 S1+2 than antennal S1 + 2
Prementumrl:trilgth—to—wdth about 3:2 about 3:2 about 1:0.83 about 3:2
furm;gsjtwnh furm;ilsitwlth furnished with furnished with about
Front margin of median lobe X . about 27 or 28 40 finger-shaped
50 finger-shaped 60 finger-shaped small teeth serrations
serrations serrations
. . reaching basal .
. strongly divergent, strongly divergent, K strongly divergent,
Wing pads length reaching middle of S4  reaching middle of S4 half and. posterior reaching middle of S4
margin of S4,
Mid-dorsal spines on abdomen present on 52-9 present on S2-9 present on 52-9 present on S2-9
Lateral spines on abdomen present on S6-9 present on S7-9 present on S7-9 present on S7-9

Anthropogenic threats, such as deforestation, erosion, riparian vegetation removal,
channelisation, and flow regulation, have effects on macroinvertebrate communities, in-
cluding the odonate species composition [6]. Disturbance of the forest status is causing a
decline in dragonfly species diversity, community composition, and structure [31]. The
spatial distribution is influenced mainly by the presence of coarse detritus and by sediment
particle size [32]. Removal of riparian vegetation also has a strong effect on odonate species
composition and is associated with the loss of some species (Dicterias atrosanguinea Selys,
1853 and Chalcopteryx scintillans McLachlan, 1870) in Amazonia [33]. In Thailand, the
need of protecting rivers and streams is increasing due to increasing human activities. For
example, alterations in water flow by damming have affected the characteristics of stream
ecosystems, resulting in altered microhabitats, water flows, and even changes from running
water to standing water. The changes in microhabitat composition due to check dams also
affect the community of dragonflies by changing the types and numbers of prey species,
thereby affecting the food chain [34]. Therefore, knowledge of the microhabitat preferences
of gomphid genera, which contain one or a few species (e.g., Amphigomphus, Anisogonmphus,
Asahinagomphus, Asiagomphus, Davidius, Ethygomphus, Heliogomphus, Mattigomphus, Nihono-
gomphus, Siebodius, Stylogomphus, Sinictiogomphus) can provide insight into the conservation
issues of gomphid dragonfly nymphs in Thailand.

5. Conclusions

The taxonomic characteristics of O. minor are presented, and the nymph is described
and illustrated for the first time from a reared specimen collected in streams of western
Thailand. Morphological characteristics and distribution of Orientogomphus nymphs were
discussed and compared to the related species and genera. The geographic distribution of
O. minor is restricted to the western streams of Thailand and is associated with several other
gomphid species with restricted distribution in the country (i.e., N. duaricus, O. louissiriusi
and S. thongphaphumensis). Nymphs of the studied species burrow deeply into the pebble,
gravel, and sandy substrates in streams.
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Abstract: Based on literature data, unpublished material and the results of the year-round monitoring
at selected sites island-wide by the Cyprus Dragonfly Study Group since 2013, we acquired an
excellent knowledge of the diversity and status of the Odonata of Cyprus. Altogether, 37 species
are on the island’s checklist. Ischnura pumilio, Aeshna affinis and Brachythemis impartita were only
very rarely recorded in the past but are considered to be no longer present. The single record of
Calopteryx virgo from 1930 is in our opinion a misidentification and has been removed from the
checklist. The island has a rather impoverished odonate fauna compared to neighbouring countries.
There are no endemic species, but the island is home to some range of restricted species of which
Ischnura intermedia is the most important. Flight seasons determined for the 31 species with sufficient
data were generally found to be longer than reported for other countries in the Eastern Mediterranean.
This may be due to intensive year-round monitoring but could also result from Cyprus’ warmer
climate. Very wide annual variations were found in the abundance of all species over the seven years
and show an almost immediate response to the wide fluctuations in Cyprus’ annual rainfall levels.

Keywords: odonate; flight period; checklist; Eastern Mediterranean; citizen science; climate

1. Introduction

Biodiversity monitoring is an essential first step in being able to track changes in
ecosystems and species distributions and abundances locally and contributes to an im-
portant global understanding of trends. Records collected through structured monitoring
schemes, as well as opportunistic observations, can assist in developing conservation mea-
sures aimed at halting or reversing declines in species and habitat quality. Data collected
through citizen science projects are increasingly important for assessing biodiversity at
global and regional scales [1]. For dragonflies and damselflies in Europe, such detailed
information is only available for northern and central localities, but not in any depth for any
country or the area in general in the Eastern Mediterranean [2,3]. Kalkman and van Pelt [4]
published data on the distribution and flight season of species in Turkey but acknowledged
that their records were not evenly distributed over the year. In the European Atlas of
Odonata [5], flight season data for the Maghreb, Turkey and Greece, were included but
it was stated that the data were limited since very little recording had been conducted
outside the main summer holiday season. The recently published Atlas of the dragonflies
and damselflies of West and Central Asia [6] also contains phenology data, which includes
all species present on Cyprus. The data, however, need to be interpreted with care since
flight seasons for species for which there are few records may be longer than indicated and
for widespread species may be longer than that found at any given location.

As a first step towards filling the gap in our knowledge in the Eastern Mediterranean,
the Cyprus Dragonfly Study Group (CDSG) was established to carry out year-round
monitoring of the island’s Odonata, starting at the beginning of 2013. In this paper, we
present the results from the first seven years of this monitoring programme. This has
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allowed us to determine the status of each species and the flight season of all but the
island’s rarest species with a high degree of confidence. Although not as thorough as the
CDSG programme, an expedition in June 1994 [7] and an intensive survey from June 2003
to September 2004 on the northern side of the island [8] gave us insights into how the status
of species has changed and the impact of climate change over this 26-year timeline.

2. Study Area

Cyprus, the third-largest Mediterranean island, lying at the eastern extremity of the
Mediterranean basin, sits at the intersection of the Middle East (Asia), Europe and Africa.
The island (Figure 1) is defined by two mountain ranges, the Troodos massif and the
Kyrenia (Pentadaktylos) range, separated by a flat, broad east-west plain, the Mesaoria.
The Troodos massif dominates the south, west and central part of the island, rising to
1951 m a.s.l. The Kyrenia range, which rises to a maximum of 1024 m a.s.1,, is a narrow,
largely unbroken ridge that runs for approximately 160 km along the north coast. A coastal
plain up to five km in width separates it from the sea.
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Figure 1. Map of localities from which dragonflies and damselflies have been recorded by the CDSG
on Cyprus (1 = 703). The red dots relate to sites (1 = 136) that have been monitored for at least two
years, and the green dots to other non-regularly surveyed sites.

Cyprus has an intense Mediterranean climate with hot rainless summers from mid-
May to mid-September and generally mild and rainy winters from November to mid-
March. Consequently, annual rainfall is measured for hydrometeorological years (1-x to
30-ix). The average annual rainfall is considered to be 503 mm (based on the average
for the thirty-year period from 1961/1962 to 1990/1991) [9], but the island has a high
regional variation with the wettest area (1100 mm per annum) at the top of the Troodos
massif, dropping to a low of 300 to 350 mm per annum on the Mesaoria plain and in the
east. Hence, the main rivers arise on the Troodos massif and the lotic Odonata species
are restricted to this region. In response to the water stress levels, numerous reservoirs
and water storage tanks have been created with 108 listed [10]. All the major rivers are
dammed and the resulting reservoirs, along with other water storage tanks, have created
new habitats for lentic species, but have had a major impact on the downstream habitats.
Annual rainfall levels vary significantly and during the study period varied from 309 mm
in the hydrometeorological year 2015/2016 to 795 mm in 2018/2019 [9]. This results in
many habitats being highly unstable. Reservoir levels can change very rapidly. Rivers can
go from being in flood to having no flow and also becoming overgrown with vegetation.
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The most stable habitats are those fed by springs, which may form small pools, streams or
feed village tanks and swimming pools that attract several species.

3. Methods

A monitoring programme of the dragonflies and damselflies of Cyprus by the CDSG
was set up at the start of 2013. Just over 50 sites were initially selected for either monthly or
twice monthly dragonfly recording. Given the limited resources (ca. 10 regular and active
volunteers), the selection was made to ensure that all the then-known main species and
all habitat types were included and that there was good geographic coverage. A transect
was defined for each site, varying in length from a point count to a line transect of 400 m.
When counting dragonflies, the recorder walks in one direction, counting individuals
observed in front of them, over a section of water and the bank. Any individual that flies
in from behind the observer is not counted. Counting dragonflies from a single point
was performed where it was not possible to count them on a line transect. In this case,
the water and bank vegetation were visually scanned for the presence and abundance of
each species of Odonata. Details of all species present along these transects were noted,
including evidence of breeding behaviour. With relatively few odonates, all of which can
be easily identified in the field, netting is rarely needed. It was, therefore, possible to train
inexperienced volunteers in dragonfly recording quite rapidly. Some initial problems were
encountered with the pruinose-blue Orthetrum species, but when in doubt, the recorders
were encouraged to photograph the specimens for later confirmation. We were fortunate in
having a team of dedicated volunteers since year-round recording required a high degree
of commitment.

The results presented here relate to the years 2013 to 2019 (the study period). During
this period, several sites became no longer worthwhile for continued monitoring (see
Section 2). However, the CDSG has constantly sought out new localities for monitoring,
and once a location became no longer viable, it could be replaced by a new site. This resulted
in records from 703 sites island-wide, 136 of which were monitored for a significant time
during the study period (Figure 1).

From the data collected, we were able to determine the status of each of the odonate
species on Cyprus, based on the number of localities from where it was recorded.
Species occurring at more than 150 of the 703 sites are considered to be ‘very common’;
those above 100 to be ‘common’; above 50 are ‘rather scarce’; more than 10 sites are ‘scarce’;
and less than 10 are ‘extremely rare’. Species on the checklist for which we have no records
since 2013 or the recent study period were considered to be no longer present on the island,
given the intensity of monitoring. We then compared these data to the previous studies in
June 1994 [7] and June 2003 to September 2004 [8].

Flight season data were derived from the CDGS database and were limited to the
period 2013-2019. The data for each species were grouped into 10-day periods (decades)
for each month, logging the number of records (one species observed at one site on one
day) and abundance (count of adults) into each monthly decade. Data of records of just
larvae or exuviae were excluded in this analysis. These results were then graphed out for
each species. Species with less than 45 records from the study period were omitted from
the phenology calculation. The protocol for determining flight season corresponds with
the one used in the European Atlas [5]. The flight season for each species was determined
based on the records and since the earliest and latest sightings often refer to unusual events,
the flight season was defined as the first and last decade in which one to 99% of the records
had been made. The main flight season, when there was a greater chance of observing
the species, was also determined, being defined as the first and last decade in which 5%
or more of the total number of records occur. We then compared these data with that for
Turkey [4] and neighbouring countries presented in the European Atlas [5].
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4. Results

During the study period, a total of 7877 visits were made to 703 sites resulting in
23,899 records with a count of 343,008 adults. The annual breakdown of these data is shown
in Table 1 and Appendix A summarises the number of records and abundance per species
per year for the study period and for completion, the earliest and latest annual sightings
are given for each species.

Table 1. Some general results of the Cyprus Dragonfly monitoring schemes for the period 2013 to 2019.

2013 2014 2015 2016 2017 2018 2019 2013-2019
Number of visits 865 1088 1042 1049 1062 1315 1456 7877
Number of sites 171 126 139 162 214 237 310 703
Number of records 2937 2893 3273 3233 2970 4089 4504 23,899
Count of adults 67,252 41,434 53,178 36,984 35,981 42,866 65,313 343,008
4.1. Status

The status of the dragonflies and damselflies on the Cyprus checklist based on the
total number of sites from which each was observed during the study period is presented
in Table 2. From the total of the 37 species ever observed on Cyprus, 15 can be considered at
least as common (‘common’ and ‘very common’), another 16 species are scarce and can be
found at a rather reduced number of sites, three species are extremely rare and are limited
to a handful of sites and three species were not recently observed. Thus 34 species were
observed during the study period, and of these, there were a sufficient number of records
to determine with confidence the flight season data for 30 of them, plus good indicative
data for one other, Caliaeschna microstigma, for which we only have 47 records of adults on
the wing.

Table 2. Status of the dragonflies and damselflies of Cyprus, based on the total number of sites
(Nmax = 703) where a species was observed during 2013-2019.

Species Total % Status Criteria
Sympetrum fonscolombii 282 40.1 very common
Crocothemis erythraea 247 35.1 very common
Trithemis annulata 231 329 very common
Ischnura elegans 216 30.7 very common
Sympetrum striolatum 202 28.7 very common
Trithemis arteriosa 193 27.5 very common
Orthetrum chrysostigma 178 25.3 very common
Anax parthenope 152 21.6 very common >150 loc
Orthetrum brunneum 143 20.3 Common
Orthetrum coerulescens 138 19.6 Common
Calopteryx splendens 134 19.1 Common
Sympecma fusca 124 17.6 Common
Epallage fatime 117 16.6 Common
Anax ephippiger 117 16.6 Common
Pantala flavescens 109 15.5 Common >100 loc
Aeshna mixta 95 135 Rather scarce
Onychogomphus forcipatus 93 13.2 Rather scarce
Trithemis festiva 90 12.8 Rather scarce
Chalcolestes parvidens 88 125 Rather scarce
Orthetrum taeniolatum 76 10.8 Rather scarce
Orthetrum sabina 73 10.4 Rather scarce
Anax imperator 58 8.3 Rather scarce >50 loc
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Table 2. Cont.

Species Total % Status Criteria
Anax immaculifrons 47 6.7 Scarce
Selysiothemis nigra 41 5.8 Scarce
Diplacodes lefeburii 39 5.5 Scarce
Orthetrum cancellatum 36 5.1 Scarce
Erythromma lindenii 32 4.6 Scarce
Caliaeschna microstigma 28 4.0 Scarce
Ischnura intermedia 24 3.4 Scarce
Erythromma viridulum 19 2.7 Scarce
Lestes macrostigma 10 14 Scarce >10loc
Sympetrum meridionale 4 0.6 extremely rare
Aeshna isoceles 2 0.3 extremely rare
Lestes barbarus 1 0.1 extremely rare <10 loc
Ischnura pumilio 0 0.0 no longer present
Aeshna affinis 0 0.0 no longer present
Brachythemis impartita 0 0.0 no longer present

4.2. Phenology

Dragonlflies and damselflies were observed on the wing during every month of the
year. The cumulative number of records and the number of species observed in each month
during the period 2013-2019 is given in Figure 2. During January and February, the number
of records and abundance was low but picked up in March and April, peaking in May
and June through to August, followed by a gentle decline to the end of the year. A high
percentage of the island’s species were recorded from March to November, a consequence
of many species having a long flight season.
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Figure 2. The total number of records (continuous blue line) and number of species recorded (dotted
red line) for each month for the dragonflies and damselflies of Cyprus for the period 2013-2019.

Flight season per decade (10-day period) of adult Odonata in Cyprus for the period
2013-2019 is presented in Figure 3. Species with fewer than 45 records were not included
in this analysis. A distinction was made between the flight season, which contains decades
with up to 99% of the records, and the main flight season, being defined as the first and last
decade in which 5% or more of the total number of records occurred.
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Species

Chalcolestes parvidens

Lestes macrostigma

Sympecma fusca
Calopteryx splendens
Epallage fatime
Erythromma Endewii
Erythromma wiridubon
Ischrura elegans
Ischomura intermedia

Apslng mixta

A epiziger
Anax tmmaculifrons

Anax imperator

Astax parthenope

Calineschna microstigna
Ohychogomphus forcipatus
Crocothemis erythrasa
Diplacodes lefebori
Orthetriom brusmeum
Orthetrion concellatiom
Orthetriom chrysostigma
Orthetruom coerulescens

Ohrthetriom sabing
Ovrthetrum tasriolatum

FPantala flavescens

Selysiothenis nigra

Trithemis aromulata

Trithemis arteriosa

Trithemis festiva

Figure 3. The flight season of the Odonata present in Cyprus based on records for the period 2013 to
2019. Flight season (light shading) and main flight season (dark shading).

5. Discussion

One of the characteristics of islands is that they often have a low number of species
compared to neighbouring countries but a high rate of endemic species [11]. With only
37 species ever observed on Cyprus, the island has a relatively poor dragonfly diversity
compared with neighbouring countries such as Turkey with 105 species [6], Syria with
67 species [6], Greece with 76 species [5] but is rather similar to Crete with 35 species [5]
and Egypt with 39 species [12]. Although the nearby Mediterranean island of Crete has
a similar size, it holds two endemic species [5], while no endemic species are present
in Cyprus. The broad separation of Crete from mainland Greece (160 km) compared to
the shorter distance from Cyprus to Turkey and Syria (70 km) may be a factor. It may
result in a higher probability of migration and gene exchanges with mainland populations
compared to Crete. Migration and gene exchanges lower the likelihood of local adaptation
and species radiation. However, in some orders, Cyprus has similar or higher levels of
endemism than Crete, for instance, six endemic butterflies compared to four in Crete. It has
been suggested [8] that the absence of endemism in odonates might be a result of the
unstable nature of the habitats and the need for recolonisation preventing the development
of insular characteristics. Just a few species present in Cyprus have a rather restricted range,
e.g., Ischnura intermedia [13], Epallage fatime [6], Caliaeschna microstigma [14] and occur also
in West Asia. Nearly all dragonfly species found in Cyprus are widely dispersed either in
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Europe, Asia, or Africa. Several of them are well known migrants such as Anax ephippiger,
Pantala flavescens [15] and Sympetrum fonscolombii.

5.1. Status

Six of the eight species in the ‘very common’ category were recognised as being thus
for a long time by comparison with 1994 [7] and 2003/2004 [8] data. The presence of
Orthetrum chrysostigma and Trithemis arteriosa in this category, however, indicates a recent
strong expansion on the island. The seven species in the common category include the
first two obligate lotic species, Calopteryx splendens and Epallage fatime, whose distribution
is restricted to the streams of the Troodos and western Cyprus, where Trithemis festiva is
also locally common. Although also in the common category, the two most prominent
migrants, Anax ephippiger and Pantala flavescens show strong yearly fluctuations in num-
bers (Appendix A). Although very common, and more so than Anax parthenope on many
Mediterranean islands, Anax imperator is ranked as ‘rather scarce’ on Cyprus. This was
already noted by Lopau and Adena [7] who attributed this to its late arrival on the is-
land. However, two decades later it still has only managed to establish a modest presence.
We, therefore, presume that the absence of many suitable reproduction habitats, e.g., per-
manent waters, has a stronger impact. Orthetrum sabina, although still rather scarce, has
none the less expanded its range significantly since 1994. Earlier population sizes on
Cyprus, and even more generally in Europe are small (<10 individuals) [7,8,16] but we
have on several occasions observed populations of several hundred individuals. Although
Anax immaculifrons has been found in less than 10% of the investigated sites, this species is
rather widespread in the western part of Cyprus and is a regular visitor to some swimming
pools in the Paphos area, where reproductive behaviour, including oviposition has been
observed. Caliaeschna microstigma is unusual in being active in the late afternoon and early
evening when only limited monitoring is carried out by the CDSG and also many of the
localities where it occurs are not easily accessible. Consequently, it has almost certainly
been under-recorded, which is supported by the large number of exuviae found, indicat-
ing that it is much more common than suggested by its scarce ranking. Of the species
in the extremely rare category, Sympetrum meridionale was found to be the most elusive
anisopteran with no established populations or localities where it could regularly be seen:
there is just one record from April and two records from November. Aeshna isoceles was
rediscovered in 2019 and was observed between April and July at two locations in a river
valley on the Karpas Peninsula, where populations seemed to be well established [17].
Only a single Lestes barbarus individual was observed in August 2019 and this was assumed
to be a migrant [17]. Finally, three species, Ischnura pumilio, Aeshna affinis and Brachythemis
impartita were not observed during the study period and are assumed to be no longer
present on the island. None of these three species ever had a strong presence on Cyprus.
For Brachythemis impartita, there was only one set of records (1 male and 2 females) in
2006, and these were assumed to be accidental visitors. Brachythemis impartita has in recent
decades extended its range into Europe and West Asia and to the northeast is found in the
Levant and the southernmost part of Turkey [6]. Thus, we can expect that B. impartita may
be able to colonise Cyprus. For Ischnura pumilio, there are only two records from Cyprus:
one from 1893 and one from 1947. These also could reasonably be considered to be migrants
with no established populations. It is known as a pioneer species with a preference for
sparsely vegetated habitats. It seems unlikely that colonisation will occur from Turkey or
Syria, where this habitat is also under severe pressure. Aeshna affinis was last recorded
from Cyprus in 1994. It is a well-known disperser and was until two decades ago a rare
observation in most of north-western Europe [5]. As Cyprus is at the south-eastern edge of
the range of the species [6], it is not unlikely that the former observations are the result of
one or several influxes on the island.

There is one published record of Calopteryx virgo from Cyprus, reported by Navas [18],
who examined material collected by Mavromoustakis, an eminent local hymenopterist, in
1930 at an altitude above 1000 m asl in the Troodos. Since then, this species has appeared
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on every published checklist of the island’s Odonata. Neither the CDSG nor any other
observers have since been able to find a second specimen on the island. Lopau and
Adena [7] already considered that this single record was a misidentification of a particularly
blue C. splendens specimen. The ideal summer water temperatures for C. virgo are between
13 and 18 °C [19]. We measured water temperatures in streams in July and August and
found that at altitudes above 1200 m, there were waters cool enough to support C. virgo.
However, these occupy a very small geographic area and are on very precipitous mountain
sides that are liable to have severe destructive flash floods during the winter months when
rainfall on the Troodos can be torrential. Whereas other species such as Epallage fatime
could recolonise such mountain streams by spreading upwards from the lower slopes,
any species found only in the highest reaches would be particularly vulnerable to local
extinction. We, therefore, concur with Lopau and Adena [7] and consider that the species
never was found on Cyprus and remove Calopteryx virgo from the island’s checklist.

5.2. Yearly Variation in Abundance

Monitoring programmes are typically set up to detect trends in the long term, such
as the monitoring demanded by the European Union for the species mentioned on the
Habitats Directive where a timeline of 24 years is stipulated [20]. It is obvious that our
timeframe 2013-2019 is too short to detect statistically sound trends. Nevertheless, some
clear differences in the observed number of adults over the years could be detected, which
is much more marked than that of the number of records for each species (Appendix A).
To correct for sampling effort, we calculated the mean numbers of adults being observed
per visit and per year (Figure 4). These numbers correlate very well with the amount of
rainfall level during the previous winter (Figure 4). By far, the highest abundance was
observed in 2013. Although rainfall during the winter of 2012/2013 was somewhat above
normal, this followed four previous winters of well above average rainfall. Reservoirs were
full and there was permanent flow along much longer stretches of the rivers than observed
in years of low rainfall. In contrast, rainfall during the 2013/2014 winter was well below
average and the abundance of the island’s odonate populations was immediately reduced.
The well above average rainfall during the winter of 2014/2015 resulted in a noticeable
rapid recovery of abundance but was reversed by the exceptionally low rainfall during the
winters of the next three years (2015/2016, 2016/2017 and 2017/2018). Reservoir levels
were low, many stretches of rivers had no flow during the entire period and significant
overgrowth with reeds occurred. The winter of 2018/2019 was exceptionally wet, in fact
the wettest since record keeping started in 1901. Reservoirs filled, dams overflowed and
there was extensive flooding on most of the rivers. Extensive damage resulted; several
of the sites that were being monitored were washed away, and, in many locations, the
developing larvae may also have been affected. Nonetheless, there was an upswing in the
adult abundance during the 2019 season.

This variability is typical of Cyprus’ climate, which is characterised by repeating
cycles of drought years such as seen 2016 to 2018, resulting in many local extinctions of
odonate populations. Consequently, Cyprus’ most successful odonate species are those
that are habitat generalists and able to rapidly recolonise former habitats or new habitats
as they are formed. However, there is also a climatic problem that is equally, if not more
worrying than global warming for the flora and fauna of Cyprus, particularly for the
odonates. From 1901 onwards, when climate variables started to be recorded, there was a
clear decline in rainfall levels (Table 3). The average decline was almost one millimetre per
year, a trend that is predicted to continue [9]. Seeing the impact of low rainfall levels, this
does not bode well for the future of Cyprus’ odonates and we may expect species that are
habitat specific and less adept at recolonising to be hit first and hardest. Such clear declines
in rainfall have already been observed in Mediterranean-type landscapes in south-western
Australia over the last 40 years [21]. Besides climate change, the growing human impact
during the past century has also been detrimental to many wetland habitats in Cyprus.
The intensified exploitation of water resources and especially dam building, which is well
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recognised to have impoverished the valleys below the dams, has certainly affected the
population of several species, especially those dependent upon streams and rivers or those
species, which only occur in a limited number of sites.
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Figure 4. Relation between annual rainfall (continuous blue line) and the mean adult count per visit
per year (dotted line in red).

Table 3. Average annual rainfall levels for the four 30-year periods since 1901.

30-Year Period 1901/02-1930/31 1931/32-1960/61 1961/62-1990/91 1991/92-2020/21

Average annual

. 559 524 503 476
rainfall mm

5.3. Phenology

With seven years of recording experience and a large number of records, we have a
good dataset to determine the flight season for 31 of Cyprus’ species with a high degree
of confidence. Many have long flight seasons (Figure 3) and longer than that reported for
their conspecifics in neighbouring countries [4-6].

Just three species, Lestes macrostigma, Epallage fatime and Caliaeschna microstigma, all
univoltine, emerge early in the year and have short flight seasons (Figure 4). The duration of
the flight season for the first two species is similar to Turkey, Greece and Bulgaria [4,22,23]
but the emergence is around one month earlier, which can be explained by the year-round
warmer climate in Cyprus. For C. microstigma, our flight season is shorter but falls well
inside that for Turkey [24] and may be a consequence of our rather low number (47)
of records.

At least five species are present year-round on Cyprus. One of these, Sympecma fusca
overwinters as an adult across its range [25] and mating activity on Cyprus takes place
from the beginning of February to the end of April. Sympetrum striolatum not only over-
winters as an adult on Cyprus as previously mentioned [4,26], but it is the main breeding
season. In Europe, the species has normally been observed only until December [27], but
it overwinters as an adult in North Africa [28,29] and winter breeding is known to occur
in northern Algeria [30]. On Cyprus, after emergence in spring, reproductive activity is
delayed until mid-October and continues through to the end of March. For three other
species, Ischnura elegans, Sympetrum fonscolombii and Trithemis annulata, the numbers of
adults observed in January and February are very low, and most likely these species do
not overwinter as adults or only very occasionally. For I. elegans and T. annulate, numbers
start to pick up from March and April, respectively, and mating activity has then been
observed right through the remainder of the flight season. However, although not visible
on Figure 3, S. fonscolombii, shows a typical bivoltine lifecycle with mating occurring from
the beginning of April to the end of June and then from mid-September to mid-November,
when hundreds of females have been observed ovipositing in tandem over the complete
area of many reservoirs and other lentic water bodies. It seems likely that Anax imperator
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and A. parthenope have a bivoltine lifecycle in Cyprus (Figure 3), but a dedicated survey of
larvae and exuviae is needed to confirm this.

Apart from S. striolatum, two other species delay reproductive activity until au-
tumn/winter. For Chalcolestes parvidens, there are a few records from January to April, but
numbers start to build up from May. Reproductive activity, however, is delayed until the
autumn/winter, starting from mid-September and peaking from mid-October to the end
of November, much later than observed elsewhere [31]. This appears to be a response to
Cyprus’ warmer climate and a need to wait for cooler months to ensure the eggs enter a
diapause. Aeshna mixta also delays reproductive activity to autumn/winter, emerging from
March/April but then moving away from the breeding grounds with mating observed
from mid-October to the end of December.

Cyprus’ two main migrant species have very different flight seasons. There are
records from every month except July for the migratory Anax ephippiger, although the main
influx occurs from the beginning of February to the end of April when in some years vast
swarms have been observed. The few individuals observed from August onwards are
thought to be mainly offspring from the spring influx. In contrast, there are no records
for Pantala flavescens from mid-January to the beginning of July, when it has then been
observed to the end of the year. It is also confirmed to breed on Cyprus [15].

Orthetrum chrysostigma, Crocothemis erythraea, Trithemis arteriosa and Trithemis festiva
also have long flight seasons with records from every month of the year except February
or January in the case of C. erythraea. The first three species have their main distribution
range in Africa where they can be observed year-round [32] just as in many parts of
the Arabian Peninsula [6]. Trithemis festiva is a mainly Oriental species and its flight
season on Cyprus is considerably longer than that reported for Greece and Turkey [33]
and somewhat longer than that for West and Central Asia [6]. The range restricted and
threatened Ischnura intermedia has at least two and possibly even three generations a year
and records are only lacking from January and February [13].

The remaining species mostly have flight seasons that are longer, emerging earlier and
staying on the wing longer than that reported for Greece and Turkey [4,5]. It is possible that
the longer flight season reported for Cyprus may just be a consequence of more intensive
year-round monitoring but could also be a result of the warmer climate enabling an earlier
emergence and facilitating more generations per year.
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Abstract: Assemblages of adult Odonata were studied in four intermittent karst rivers encompassing
macrophyte-rich (MRH) and macrophyte-poor habitats (MPH) in southern Europe, where tempo-
rary lotic habitats are the predominant freshwater type but are still understudied. With a total of
25 recorded species, the studied habitats support species-rich Odonata assemblages, as already shown
for intermittent rivers in the Mediterranean. Aquatic macrophyte abundance, conductivity, and water
velocity are the most significant determinants of Odonata assemblages in the studied IRES. MRH
promote higher Odonata abundance and the taxonomic and functional diversity of their assemblages
compared to the MPH. Odonata assemblages in MRH are characterized by higher values of body size
and a higher share of species preferring lentic and temporary hydrological conditions. Moreover, their
assemblages are characterized by various patterns of nymphal development and drought resilience
strategies. In contrast, MPH are preferred by lotic species, with nymphal development all year round
and with no specific drought-resisting strategies. Our results contribute to the knowledge of diversity
and ecological requirements of dragonflies and damselflies in IRES habitats, which could provide
scientific background for future conservation activities and bioassessment protocols of such habitats
and their biota.

Keywords: flow intermittence; environmental variables; aquatic macrophytes; karst; dragonflies;
damselflies

1. Introduction

Approximately half of the running waters worldwide do not have continuous flow
of surface water throughout the year and thus are categorized as temporary or non-
perennial [1,2]. In the Mediterranean region of Europe, such rivers and streams are the
predominant type of freshwater lotic habitats, due to dry climatic conditions, climate
change, and land-use development. Non-perennial habitats are characterized by a wide
range of hydrological regimes and can be categorized as intermittent (cease to flow sea-
sonally or occasionally), ephemeral (flow only due to precipitation or snowmelt events),
or episodic (flow primarily after heavy rainfall events) [3,4]. Here, we focus on intermit-
tent rivers and streams (IRES), hydrologically highly dynamic and complex freshwater
ecosystems that periodically cease to flow and run dry. Within such systems, three different
flow categories can be distinguished: lotic (flowing), lentic phase (isolated pools), and dry
riverbed, with the latter two being present during the dry periods [5,6].

Due to increasing anthropogenic pressures (e.g., river regulation, water abstraction,
and pollution) and the global climate change, the Mediterranean basin is one of the most
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vulnerable regions in the world [7].The flow regimes of the IRES are rapidly changing,
and the extent and intensity of dry periods in the IRES are expected to increase in the
forthcoming future [6,8], which will also lead to serious water availability problems in the
Mediterranean area [7]. Additionally, large parts of this area are densely populated, increas-
ing the demand for irrigation and drinking water. The negative consequences of water
abstraction and regulation are reflected in river hydrology modifications, with intensified
drought effects [9]. Over the past few decades, water abstraction and impoundment have
even caused many previously perennial rivers to become intermittent [10,11]. This trend is
expected to continue in the near future [12], which will surely lead to irreversible changes
in biological communities [13].

As IRES cover more than half of the global river network, it is essential to understand
their contribution to biotic diversity at both local and landscape scales [5,6]. During the past
decade, many studies have investigated and highlighted the importance of flow perma-
nence for the composition and structure of aquatic macroinvertebrate assemblages [14-16].
Nevertheless, there are still large gaps regarding the environmental drivers that shape their
diversity and composition in intermittent lotic habitats. Consequently, intermittent rivers
and streams are still not included in biomonitoring programs in the majority of EU coun-
tries [8]. Yet, it is worth mentioning that in Croatia, there are two intermittent river/stream
types in the National River Typology [17] with defined ecological status classes. In order
to provide a scientific background for the development of widely applicable bioassess-
ment methodology of IRES, it is essential to conduct further studies on the effect of flow
intermittency on all aspects of stream ecology.

Odonata are an amphibious insect order (with aquatic nymphs and terrestrial adults)
widely used as ecological indicators of freshwater ecosystem health [18-21]. Many studies
showed that their assemblages are highly influenced by physicochemical water condi-
tions [22-26] but even more importantly by habitat’s morphology and structure (e.g.,
bottom substrate and structure of aquatic vegetation) [27-33]. Many Odonata species have
life-history adaptations that enable them to occupy temporary habitats, such as desiccation-
tolerant eggs or fast larval growth [34-36]. Nymphs of some large Odonata species can
also use damp sediment beneath the stones for aestivation [37]. For those species whose
drought-resisting abilities are low, perennial lotic habitats and pools [37] as well as artifi-
cial reservoirs [38] in the vicinity of IRES were shown to be suitable refuge sites during
dry periods.

To improve our knowledge about the aquatic insect communities in IRES, we studied
the assemblages of adult Odonata in karst intermittent rivers in the Dinaric Western Balkans
ecoregion [39]. The Dinaric Alps extend over approximately 60,000 km? and are the largest
continuous karst landscape in Europe [40]. Karst is a set of morphological, hydrological,
and hydrogeological terrain features built of water-soluble rock. The Dinaric Western
Balkans area is characterized by an extremely complex hydrological network [41] and
extraordinary diversity of biota [42], yet it is still greatly understudied. Although Odonata
are considered to be among the well-studied aquatic insect orders [43], their ecological
requirements in karst rivers and streams are very poorly known [22,44], especially in
intermittent habitats. Therefore, the main objectives of this study were (i) to compare
Odonata assemblages (species richness, diversity, and abundance) in two focal habitat
types: macrophyte rich and macrophyte poor, in the Mediterranean intermittent karst
rivers; (ii) to examine the functional diversity of Odonata assemblages and detect changes
in functional traits; and (iii) to determine the main environmental drivers that shape these
assemblages. We hypothesize that the structure and abundance of aquatic macrophyte
vegetation are the main environmental drivers shaping Odonata assemblages in the studied
karst intermittent rivers, where macrophyte-rich habitats support the higher taxonomic
and functional diversity of Odonata.
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2. Materials and Methods
2.1. Study Area

The study was conducted in the Dinaric Western Balkan ecoregion (ER5) of Croatia [39].
Our study encompassed four Mediterranean karst intermittent rivers belonging to the
Adriatic Sea basin: the Kr¢i¢, Cikola, Milja$i¢ Jaruga, and Guduca Rivers (Figure 1). The
Kr&i¢ River catchment covers 157 km?2. Tts source is located at the foot of the Dinara
Mountain, near the town of Knin. The river flows for 10.5 km and ends with a 40 m high
waterfall, which contributes to the forming of the Krka River [45]. The average annual
discharge values for the period 1982-1990 for the Kr¢i¢ River were 3.93 m®/s [46]. The
catchment area of the Cikola River is approximately 300 km?. Its spring is located near
Mirlovi¢ Polje village. The river runs for 39 km, ending as a tributary of the Krka River
near Nos Kalik village [47,48]. The mean annual discharge for the Drni$ hydrological
station during 2003-2017 was 5.0 m?/s [48]. The Miljagi¢ Jaruga River is a part of the
Bokanjac-Poli¢nik catchment area of 244.51 km? [49]. Tt springs near Suhovare village and
flows for 25 km to its mouth in the Adriatic Sea near the town of Nin [50]. The mean annual
discharge for the Boljkovac-Miljasi¢ Jaruga hydrological station for the period 1961-2009
was 0.85 m>/s [51]. The Bribisnica River belongs to the Prokljan Lake catchment area,
which amounts to 596.22 km?. Tt springs on the west side of the Bribirska Glavica hill.
Near the Ladevci bridge, the river becomes the torrential Guduéa River, which flows for
seven more kilometers and runs into the Prokljan Lake [49]. The Guduca River generally
carries on less than 1 m3 /s of water [52]. Throughout the text, this river is referred to as the
Guduca River.

Our study was conducted at a total of 12 study sites (three sites per river) (Figure 1).
At each site, we analyzed the vegetation structure, Odonata assemblages, and measured
physicochemical water parameters.
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Figure 1. Geographical position of the four studied intermittent karst rivers located in the Croatian part
of the ER5. Legend: SVN—Slovenia, BIH—Bosnia and Herzegovina, SRB—Serbia, HUN—Hungary.

2.2. Vegetation Analysis

During our third sampling event (30 June/1 July 2021), at each study site, we con-
ducted a macrophyte vegetation survey (aquatic vascular plants and bryophytes) that
included the assessment of species coverage and abundance. The sampling plot size was
approximately 100 m?. The assessment of macrophyte species coverage and abundance was
performed using the expanded, nine-degree Braun-Blanquet scale (+ = up to 5 individuals;
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1 = up to 50 individuals; 2m = more than 50 individuals; 2a = coverage between 5 and
15%; 2b = coverage between 15 and 25%; 3 = coverage between 25 and 50%; 4 = coverage
between 50 and 75%; 5 = coverage over 75%) [53-55]. The assessment included both aquatic
vascular plants and aquatic bryophytes, for which the cumulative plant coverage of each
group was calculated. Additionally, a cumulative plant coverage was calculated separately
for lower (<30 cm) and higher (>30 cm) aquatic vascular plants.

2.3. Environmental Variables

In April 2021, when all four rivers were flowing (i.e., in the lotic phase), the following
environmental parameters were measured at each study site: water temperature, dissolved
oxygen concentration and saturation (using the oximeter WTW Oxi 330/SET), conductivity
(using the conductivity meter WTW LF 330), pH (using the pH-meter WTW pH 330), water
width and depth (using a hand meter/measuring tape), and water velocity (using the
SonTek Flow Tracker). At each site, the parameters were measured at three equally spaced
points in a transect from the shoreline to the center of the river, perpendicular to the river
flow. Additionally, at those same points at each sampling site, triplicate 1 L water samples
were taken for the laboratory analysis of the chemical parameters (alkalinity, chemical
oxygen demand, concentrations of nitrites, nitrates, and orthophosphates) using Standard
Analytical Procedure [56]. At the visited study sites, substrates were composed mostly of
fine sediment (silt, mud), lithal (stones, gravel), and aquatic vegetation.

2.4. Odonata Sampling

Odonata adults were investigated between the end of May and beginning of July 2021,
every two weeks, during a total of three sampling events (30 May/1 June, 14 June/15 June,
30 June/1 July 2021). At each river, three sites were visited at each sampling event (Figure 2);
the first site was the closest to the river source, while the third was the most distant. At
each study site, Odonata were investigated along a 200 m transect during the period of
45 min (until no additional species were detected). Species flying or perching within ~5 m
of the transect route were documented and counted (high abundances of damselflies were
estimated instantaneously). The surveys were conducted on sunny days, between 10 a.m.
and 4 p.m. Adults were mostly observed visually, identified by eye, or using close focusing
binoculars. Some species were sampled using an entomological net (e.g., those from
the genus Sympetrum). Collected individuals were identified in the field, photographed,
and released. Surveys of all sites were conducted on foot by the same observer (M. V.).
Taxonomy follows Ref. [57].

2.5. Data Analyses

Among a total of 12 study sites, six macrophyte-rich (MRH) and six macrophyte-poor
habitats (MPH) were identified based on their aquatic macrophyte species richness and
abundance (>10% habitat covered with macrophytes in MRH, <10% in MPH). Species
richness and abundance data were tested for normality using the Shapiro-Wilk test in
SPSS Statistics ver. 27.0 [58]. Then, aquatic macrophytes (total) and vascular plants (low
and high) were analyzed with respect to species richness and abundance in two focal
habitats: MPH vs. MRH, using Mann-Whitney U-tests in SPSS Statistics ver. 27.0 [58].
Differences in physicochemical water parameters between the MPH and MRH were tested
using generalized linear mixed models (GLMMs). In all the constructed models, we
included sites (level 1) nested within macrophyte vegetation type (level 2) with sampling
events as repeated measures. For all the physicochemical parameters, we applied the
gamma distribution with log link function. The macrophyte vegetation type was used as a
fixed effect in all models. To account for the variation introduced by potential differences
among sampling sites and events, sites and sampling events were included in all models as
random effects, with first-order autoregressive (AR1) covariance type, which was assumed
for repeated measures over time [59]. Pairwise contrasts of estimated means were applied
using a least significant difference (LSD) post hoc test. We constructed a full model for each
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target physicochemical variable, as recommended by [60]. The above-mentioned analyses
were performed in SPSS Statistics ver. 27.0 [58].

Figure 2. Examples of the sites where Odonata were studied at four intermittent karst rivers (Croatia):
sites characterized by poorly developed aquatic vegetation: (a) the Kr¢i¢ River (Site 3), (b) the Guduca
River (Site 1), (c) the Cikola River (Site 3); sites with well-developed aquatic vegetation: (d) the Cikola
River (Site 2), (e) the Guduca River (Site 3), (f) the Miljasi¢ Jaruga River (Site 1).

Assemblage metrics: diversity (Shannon diversity index, H', Simpson diversity index,
1 — A), species richness (S) and abundance (N), were calculated for Odonata assemblages at
each study site in each of the two habitat types (MPH and MRH). In community ecology, it
is common to use several diversity indices differing by their sensitivity to rare or common
species, i.e., the most commonly used Shannon diversity index is disproportionately sensi-
tive to the rare species, while the Simpson diversity index is disproportionately sensitive to
the most common species (see in [61]). Prior to the analysis, assemblage data were tested
for normality using the Shapiro-Wilk test in SPSS Statistics ver. 27.0 [58]. The similarity of
Odonata assemblages between the two habitats was examined using hierarchical cluster
analysis (HCA) based on the Bray—Curtis similarity matrix in Primer 6.0 [62]. Species data
were log (x + 1) transformed prior to the HCA. Study sites with no Odonata records were ex-
cluded from the HCA. To evaluate the differences in Odonata assemblage metrics between
the two habitats, a set of generalized linear mixed models (GLMMs) was constructed. In the
construction of all models, we used the same approach as for physicochemical parameters.
For species richness and abundance, Poisson distribution was applied, while for diversity
indices, gamma distribution was used, with the log link function. The significance of the
models was tested using the least significant difference (LSD) post hoc test.
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To quantify the functional diversity of Odonata assemblages, a total of 17 functional
traits from four groups were used: (i) body size, (ii) nymphal development (all year, mainly
in spring, mainly in summer, mainly in autumn, mainly in winter, unknown), (iii) hydrolog-
ical preference (eupotamon—main channel and connected side arms; parapotamon—side
arms connected only at the downstream end at mean water levels; plesiopotamon—no
connectivity with the main channel at the mean water level, including lakes, where cover-
age by macrophytes does not exceed 20%; palaeopotamon—no connectivity with the main
channel at mean water levels, including lakes and pools, where coverage by macrophytes
exceeds 20%; temporary water bodies—temporary pools, where the water level is primarily
dependent on ground water levels) and (iv) drought resilience form (no resilience strategy
against droughts, egg diapause—resisting in the egg stage; nymph diapause—resisting
in the nymphal stage; adult diapause—resisting in the adult stage; unknown resilience
strategy) (retracted from Refs. [57,63,64]) (Appendix A).

The functional diversity of Odonata assemblages was quantified using the Rao quadratic
diversity (RaoQ) coefficient, which is a measure of trait convergence or divergence patterns
compared to random expectation. Community weighted mean (CWM) values were cal-
culated for each functional trait in Odonata assemblages to quantify shifts in mean trait
values within the assemblages, resulting from environmental selection for certain functional
trait categories [65]. RaoQ and CWM values were calculated in CANOCO version 5.11
package [66]. Prior to the analysis, functional data were tested for normality using the
Shapiro-Wilk test in SPSS Statistics ver. 27.0 [58]. Differences in the RaoQ coefficient and
trait CWM values between the two habitats were tested using a generalized linear mixed
model (GLMM). We used a gamma distribution for each variable with log link function.
We used the same approach as for physicochemical parameters and assemblage metrics to
construct the models and test their significance.

The relationship between Odonata assemblages and environmental variables was
tested using canonical correspondence analysis (CCA). Odonata represented by fewer
than 20 individuals were omitted from the CCA, and a total of 17 species was used in
the analysis. To assess the influence of environmental factors on the spatial distribution
of CWM values of functional traits in Odonata assemblages, redundancy analysis (RDA)
was used. All the recorded species were included in the RDA. A total of six statistically
significant environmental variables (water temperature, velocity, hardness, conductivity,
abundance of vascular macrophytes, and bryophytes) were included in the CCA and RDA.
Prior to the RDA, Odonata abundances were centered and standardized by the average
functional traits, while they were log (x + 1) transformed prior to the CCA. To test the
relationship between trait or species composition and environmental variables, a Monte
Carlo test using 499 permutations (p < 0.05) was performed. These analyses were performed
in the CANOCO version 5.11 package [66].

3. Results
3.1. Vegetation Analysis

Vascular macrophyte species richness and abundance were significantly higher in
MRH (Table 1) compared to the MPH. The same pattern was observed for species richness
and the abundance of low and high vascular plants (Table 1). In MRH, tall (e.g., Phragmites
australis (Cav.) Steud., Scirpus lacustris L., Cyperus longus L., Typha angustifolia L.) and low
vascular plants (e.g., Lythrum salicaria L., Mentha aquatica L., Alisma plantago-aquatica L.,
Agrostis stolonifera L.) are intermixed in mosaic assemblages (Figure 2d—f).

On the other hand, aquatic bryophytes were more species rich and abundant at MPH
(Table 1), with bryophyte species such as Cinclidotus aquaticus (Hedw.) Bruch et Schimp.,
C. fontinaloides (Hedw.) P. Beauv., Cratoneuron filicinum (Hedw.) Spruce, Fissidens crassipes
Wilson ex Bruch et Schimp., and Rhynchostegium riparioides (Hedw.) Cardot predominating.
Those habitats are characterized by low abundance and low number (solely six taxa overall)
of macrophyte vascular species (Figure 2a—c).
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Table 1. Vegetation analysis of macrophyte-poor and macrophyte-rich habitats of four intermittent
karst rivers (Croatia), with mean values + standard error per habitat type (n = 6, for each habitat
type). Different letters indicate a significant difference between the habitats (Mann-Whitney U-test,
p <0.01). Legend: LM—Ilow macrophytes, HM—high macrophytes.

Habitat Type

Macrophyte Poor Macrophyte Rich

Vascular Plants

Phragmites australis (Cav.)

Dominant vascular plants Mentha long z:folia (L)L, . Steud,, .
Oenanthe fistulosa L. Scirpus lacustris L.,
Cyperus longus L.

Species richness (total, mean 4= SE) 1.00 £+ 0.45 b 10.50 + 1.612
Abundance (total, mean + SE) 333+ 1.69° 39.00 +5.722
Species richness of LM (mean =+ SE) 1.00 + 0.45b 7.50 +1.09 2
Abundance of LM (mean =+ SE) 333+ 1.69° 25.00 £+ 3.522
Species richness of HM (mean =+ SE) 0.00P 2.834+0.70°
Abundance of HM (mean + SE) 0.00P 14.00 +2.68 2

Bryophytes

Cinclidotus aquaticus
(Hedw.) Bruch et Schimp.,
C. fontinaloides (Hedw.) P.
Dominant bryophytes Beauv., Rhynchostegium
riparioides (Hedw.) Cardot,
Cratoneuron filicinum

Cinclidotus fontinaloides
(Hedw.) P. Beauv.,
Calliergonella cuspidata
(Hedw.) Loseke,
Fontinalis antipyretica

(Hedw.) Spruce Hedw.
Species richness (total, mean + SE) 333+0332 150 +£0.812
Abundance (mean + SE) 14.17 £1.252 3.83+2.17P

3.2. Environmental Variables

Alkalinity, water hardness, conductivity, water temperature, and velocity differed sig-
nificantly between the MPH and MRH (Table 2). MPH were characterized by significantly
lower water temperature, hardness, conductivity and alkalinity, and significantly higher
water velocity compared to the MRH (Table 2). The other measured parameters did not
significantly differ between the two habitat types (MPH and MRH) (Table 2).

Table 2. Physicochemical properties of water measured in macrophyte-poor and macrophyte-rich
habitats of four intermittent karst rivers (Croatia), with mean values & standard error per habitat
type (n = 18, for each habitat type). GLMM (full model) output shows differences in physicochem-
ical water properties between the habitats. For all the physicochemical parameters, the gamma
distribution with log link function was applied. Macrophyte vegetation was used as a fixed ef-
fect, while sites were included as a random effect. Statistically significant effects obtained from
the least significant difference post hoc test (p < 0.05) are reported in bold. Legend: F—F statis-
tic, d.f. 1—degrees of freedom, d.f. 2—denominator degrees of freedom, MPH—macrophyte-poor
habitats, MRH—macrophyte-rich habitats.

Environmental Variables (MEIZE)E SE) (MeIZInR:II:_ISE) F p df. 1 d.f.2
Alkalinity (mg CaCO3/L) 126.94 + 3.75 157.50 + 2.63 23.589 0.000 1 34
Water hardness (mg CaCO3/L) 22448 +14.18 277.88 £ 10.78 10.201 0.003 1 34
Conductivity (uS/cm) 414.61 +20.04 547.72 + 16.80 10.224 0.003 1 34
Water temperature (°C) 10.84 + 0.62 14.09 + 0.38 6.706 0.014 1 34
Water velocity (m/s) 0.58 + 0.03 0.31 + 0.06 7.667 0.009 1 34
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Table 2. Cont.

MPH MRH

Environmental Variables (Mean + SE) (Mean + SE) F p df. 1 d.f. 2
Oxygen saturation (%) 98.89 + 1.22 107.81 £2.53 2.790 0.104 1 34
Nitrates (mg N/L) 0.25 £ 0.04 0.18 £ 0.02 1.085 0.305 1 34
Water depth (cm) 27.22 +4.15 33.61 +4.42 0.985 0.328 1 34
Nitrites (mg N/L) 0.02 £0.01 0.01 £ 0.00 0.481 0.495 1 34
Chemical oxygen demand (mg/L) 3.61 £0.23 3.76 £0.37 0.315 0.578 1 34
o-phosphates (mg N/L) 0.02 £ 0.00 0.02 + 0.00 0.208 0.652 1 34
Dissolved oxygen (mg/L) 10.80 £0.19 11.04 £0.25 0.176 0.678 1 34
pH 7.98 + 0.08 7.96 £+ 0.03 0 0.988 1 34

3.3. Odonata Species Occurrence

In total, 25 Odonata species were recorded (Table 3). Overall, the most numerous
species was Platycnemis pennipes (Pallas, 1771), which was also most frequently recorded at
MRH. Calopteryx virgo (Linnaeus, 1758) was the most numerous species at MPH (Table 3).
Species recorded in low numbers (less than 20 individuals) were Sympetrum fonscolombii
(Selys, 1840), S. sanguineum (Miiller, 1764), S. meridionale (Selys, 1841), Cordulegaster heros
Theischinger, 1979, Aeshna affinis Vander Linden, 1820, Crocothemis erythraea (Brullé, 1832),
Orthetrum cancellatum (Linnaeus, 1758), and Somatochlora meridionalis Nielsen, 1935 (Table 3).

Table 3. Odonata recorded in macrophyte-poor and macrophyte-rich habitats of four intermittent
karst rivers (Croatia). Species are represented by the total number of individuals (N) and frequency
(%). Species codes are those used in the CCA.

Habitat Type
Total
Macrophyte Poor ~ Macrophyte Rich
Species Name Species Code N % N % N %
Calopteryx splendens (Harris, 1782) Ca spl 25 3.85 233 3.75 258 3.76
Calopteryx virgo (Linnaeus, 1758) Ca vir 564 86.80 70 113 634 9.24
Chalcolestes viridis (Vander Linden, 1825) Ch vir 675 10.86 675 9.84
Sympecma fusca (Vander Linden, 1820) Sy fus 222 3.58 222 3.23
Ischnura elegans (Van der Linden, 1820) Is ele 370 5.96 370 5.38
Coenagrion puella (Linnaeus, 1758) Co pue 392 6.31 392 5.71
Erythromma lindenii (Selys, 1840) Erlin 218 3.51 218 3.18
Platycnemis pennipes (Pallas, 1771) Pl pen 20 3.08 3500 56.33 3520 51.28
Aeshna affinis Vander Linden, 1820 1 0.15 4 0.07 5 0.07
Aeshna isoceles (Miiller, 1767) Ae iso 31 0.50 31 0.45
Anax imperator (Selys, 1839) An imp 30 0.48 30 0.44
Brachytron pratense (Mdiller, 1764) Brpra 34 0.55 34 0.50
Onychogomphus forcipatus (Linnaeus, 1758) On for 36 5.54 51 0.82 87 1.28
Cordulegaster heros Theischinger, 1979 3 0.46 3 0.04
Somatochlora meridionalis Nielsen, 1935 1 0.15 18 0.29 19 0.28
Libellula depressa Linnaeus, 1758 Li dep 25 0.40 25 0.36
Libellula fulva Miiller, 1764 Li ful 45 0.72 45 0.66
Orthetrum cancellatum (Linnaeus, 1758) 17 0.27 17 0.25
Orthetrum coerulescens (Fabricius, 1798) Or coe 102 1.64 102 1.49
Orthetrum brunneum (Fonscolombe, 1837) Or bru 48 0.77 48 0.70
Sympetrum sanguineum (Miiller, 1764) 4 0.06 4 0.06
Sympetrum fonscolombii (Selys, 1840) 4 0.06 4 0.06
Sympetrum striolatum (Charpentier, 1840) Sy str 105 1.69 105 1.53
Sympetrum meridionale (Selys, 1841) 1 0.02 1 0.01
Crocothemis erythraea (Brullé, 1832) 14 0.23 14 0.20
Species richness (S) 7 24 25
Abundance (N) 650 6213 6863
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3.4. Odonata Assemblages and Their Functional Diversity

Odonata species richness and diversity were five to seven times significantly higher in
MRH than in the MPH (Table 4, Figure 3a,c,d). Furthermore, Odonata abundance was over
nine times significantly higher in MRH than in the MPH (Table 4, Figure 3b). Moreover,
the results of the cluster analysis revealed clear separation of MPH and MRH, with low
similarity of their respective Odonata assemblages, accounting for less than 5% (Figure 4).

Table 4. GLMM (full model) output showing differences in Odonata assemblage metrics, functional
diversity, and community weighted mean (CWM) values of functional traits between macrophyte-
poor and macrophyte-rich habitats of four intermittent karst rivers (Croatia). Poisson distribution
was applied for species richness and abundance, while for diversity indices and functional traits,
gamma distribution was used with log link function. Vegetation was used as a fixed effect, with
sites and months as random effects. Statistically significant effects obtained from the least significant
difference post hoc test (p < 0.05) are reported in bold. Legend: F—F statistic, d.f. 1—degrees of
freedom, d.f. 2—denominator degrees of freedom.

Assemblage Parameter F P df.1 d.f. 2
Species richness (S) 45.756 0.000 1 34
Abundance (N) 58.940 0.000 1 34
Shannon diversity (H') 29.200 0.000 1 23
Simpson diversity (1 — A) 19.700 0.000 1 23
Functional Parameter
Functional diversity

(RaoQ) 28.563 0.000 1 27
CWM body size 8.149 0.008 1 27
eupotamon 182.582 0.000 1 27

. parapotamon 13.839 0.001 1 21
CWl\/ie}}fZil:clzsglcal plesiopotamon 91.216 0.000 1 22
P palaeopotamon 19.457 0.000 1 22
temporary water bodies 7.247 0.014 1 19
spring 20.020 0.000 1 17
CWM nymphal summer 128.804 0.000 1 17

autumn - - - -

development .

winter - - - -
all year 188.086 0.000 1 27
no drought resilience 138.067  0.000 1 26
egg diapause 11.703 0.003 1 17

CWM drought nymph diapause 1994  0.178 1 15

resilience form adult diapause R R

unknown resilience type - - - _
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Figure 3. Odonata assemblages in macrophyte-poor and macrophyte-rich habitats of four intermittent
Kkarst rivers (Croatia). Each assemblage metric is shown by mean and standard error: (a) species
richness (S), (b) abundance (N), (c) Shannon diversity index (H’), (d) Simpson diversity index (1 — A).
Asterisk indicates a significant difference between the habitats (GLMM including sites as fixed
factors and months as repeated measures, least significant difference post hoc test, p < 0.001). Poisson
distribution was applied for species richness and abundance, while for diversity indices, gamma
distribution was used with log link function.
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Figure 4. Cluster analysis of Odonata assemblages in MPH and MRH of four intermittent karst rivers
(Croatia), based on Bray—Curtis similarity coefficient and species’ log (x + 1)-transformed abundances.
Study sites with no Odonata records were excluded from the analysis.

130



Diversity 2022, 14, 31

Functional diversity (RaoQ) was also significantly higher at MRH (Table 4, Figure 5a).
Odonata assemblages inhabiting MRH are characterized by significantly higher CWM
values of body size compared to the assemblages at MPH. In such habitats, other groups
of functional traits were shown to be more diverse compared to those at MPH (Table 4,
Figure 5). At MRH, a similar share of species with nymphal development all year, in spring
and summer were recorded, while in MPH, species with nymphal development all year
dominate (Figure 5). At MRH, we recorded a higher share of species with a preference for
lentic hydrological conditions (plesiopotamon, palaeopotamon) and temporary water bod-
ies, while those with a preference for eupotamon (lotic hydrological conditions) dominate
at MPH. Finally, at MRH, we recorded a higher number of species with certain strategies to
drought resilience (especially with egg diapause), while at MPH, mainly species with no
resilience strategy against droughts were recorded (Table 4, Figure 5).

Functional diversity (RaoQ) CWM body size
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Figure 5. Odonata functional traits in macrophyte-poor and macrophyte-rich habitats of four inter-
mittent karst rivers (Croatia) shown as mean and standard error: (a) functional diversity (RaoQ),
(b) CWM body size, (c) hydrological preference, (d) nymphal development, (e) drought resilience
form. Asterisk indicates a significant difference between the habitats (*** = p <0.001), (** = p < 0.01),
(* = p < 0.05. Legend: Hydrological preference: EUP—eupotamon, PAR—parapotamon,
PLE—plesiopotamon, PAL—palaeopotamon, TWB—temporary water bodies. Nymphal devel-
opment: ALY—nymphal development all year, SPR—nymphal development mainly in spring,
SUM—nymphal development mainly in summer, AUT—nymphal development mainly in autumn,
WIN—nymphal development mainly in winter, UNK—unknown nymphal development. Drought
resistance forms: NOD—no resilience strategy against droughts; EGD—egg diapause, NYD—nymph
diapause, ADD—adult diapause, UNK—unknown resilience strategy.

3.5. Odonata Species and Functional Traits Related to Environmental Variables

Odonata assemblages clearly differed with respect to two habitat types, as shown by
statistically significant results of the CCA (explanatory variables accounted for 52.86%;
Fratio = 3.9, p = 0.002). The first two ordination axes (eigenvalues 0.616 and 0.333) ex-
plained 40.62% of the variation (Figure 6). Axis 1 was related to conductivity (R = —0.672),
water velocity (R = 0.616), and vascular macrophytes (R = —0.433), and axis 2 was related
to bryophytes (R = 0.684) (Figure 6). These results indicate a strong separation between
the MPH and MRH, with the latter mostly positioned to the left of zero, which is a pattern
governed by higher conductivity and an abundance of vascular macrophytes, while all
macrophyte-poor habitats were positioned to the right, in correlation with higher water
velocity. Lentic species, such as Anax imperator (Selys, 1839), Brachytron pratense (Miiller,
1764), and Chalcolestes viridis (Vander Linden, 1825) were positively associated with MRH,
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while the lotic ones such as Onychogomphus forcipatus (Linnaeus, 1758), Calopteryx splendens
(Harris, 1782), and C. virgo were abundant in MPH (Figure 6).
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Figure 6. CCA ordination triplot on standardized and log (x + 1) transformed data of 17 Odonata
species and six environmental variables recorded at four intermittent karst rivers (Croatia). Taxa
codes (triangles) are presented in Table 3. Black squares represent macrophyte-rich habitats, and grey

squares represent macrophyte-poor habitats.

Statistically significant results of RDA showed that Odonata functional traits differed
with respect to the studied habitat types (explanatory variables accounted for 61.39%;
F ratio = 5.8, p = 0.002). The first two ordination axes (eigenvalues 0.457 and 0.101) ex-
plained 55.75% of the variation (Figure 7). The first ordination axis is correlated mainly with
macrophytes (vascular macrophytes (R = —0.834) and bryophyte abundance (R = 0.853),
and the second axis is correlated mainly with water velocity (R = —0.382), once again
indicating a strong separation of MRH (with abundant vascular macrophytes) and MPH
(with higher water velocity).
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Figure 7. Redundancy analysis (RDA) ordination biplot showing the relationships between Odonata
functional traits (CWM body size—red arrow, CWM hydrological preferences—green arrows, CWM
nymphal development—black arrows, CWM drought resilience form—blue arrows) and six signifi-
cant environmental variables (purple arrows) at four intermittent karst rivers (Croatia).

4. Discussion

With a total of 25 recorded species (37% of Croatian, 15% of European Odonata
fauna) [67,68], our results indicate rather high Odonata species richness in the studied inter-
mittent karst rivers, similar to previous studies on IRES in the Mediterranean area [69-71].
Although ephemeral and intermittent Mediterranean streams generally have different and
less diverse macroinvertebrate communities compared to the perennial ones [16,70,72,73],
previous studies observed a shift in community structure with changing hydrology. Lotic
diversity tends to decrease with increasing flow intermittence, but in such habitats, there is
often a compensation with an increase in lentic diversity, including Odonata [6,70]. This is
not surprising, as higher numbers of European Odonata prefer lentic habitats or lotic ones
with low water velocity, which are characterized by higher habitat heterogeneity [57,74].
One of the species recorded in our study, C. heros, is of international conservation concern.
The species is endemic to Central and Southeastern Europe [57,75], and it is one of the eight
near-threatened (NT) European Odonata [75]. It is indicative of pristine lotic habitats and
thus is listed in Annexes II and IV of the EU Habitat Directive and in Annex I of the Bern
Convention [75], implying that its habitats should not be altered [76]. The occurrence of
C. heros in the studied IRES indicates the potential conservation value of such habitats.
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The current study shows that Odonata assemblages in the studied intermittent rivers
are highly influenced by habitat features, such as the structure and abundance of aquatic
macrophytes, and physicochemical water parameters, particularly conductivity and water
velocity. Physicochemical water properties and aquatic vegetation composition are strongly
mutually influenced [77,78]. Our results corroborate the results of previous studies showing
that the diversity of vascular macrophyte assemblages increases with decreasing water
velocity, while bryophytes are generally associated with more turbulent water flow [78,79].
High abundances of vascular macrophytes lead to the increase in flow resistance and sedi-
mentation of organic debris, which results in reduced water velocity, increased conductivity,
and produces lentic conditions in a particular habitat [80,81]. In IRES, the occurrence of
lentic conditions within a stream or river is enhanced by the absence of high flow periods
that could limit the growth of vascular macrophytes [78,82].

Our study shows that abundant and diverse macrophyte vegetation promotes increased
abundance, species richness, taxonomic, and functional diversity of Odonata assemblages
in intermittent karst rivers. This corroborates the results of previous studies frequently
demonstrating close relationship between Odonata and aquatic vegetation [31-33,83-87].
Odonata require aquatic vegetation to complete key stages of their life cycle, using it as
shelter and hunting ground (both as nymphs and adults) [34,88,89], for emergence [90],
perching, thermoregulation, and oviposition in the adult stage [34,91,92]. The presence of
water and emergent macrophyte vegetation are the most important visual cues for adult
habitat selection [93,94], yet they respond more to the structural variety of macrophytes
than to macrophyte species composition [34,95].

Odonata assemblages in macrophyte-rich habitats showed higher values of body size,
which is probably due to the preference of the recorded Anisoptera (e.g., Aeshna isoceles
(Miiller, 1767), A. imperator, B. pratense) toward such habitats. This preference is reflected
in their higher species richness and abundance in macrophyte-rich habitats compared
to macrophyte poor ones. Due to the lower water velocity and higher abundance of
vascular macrophytes, such habitats had numerous lentic sections along the river course,
and consequently a higher share of species with the preference for lentic hydrological
conditions (such as Sympecma fusca (Vander Linden, 1820), A. isoceles, and B. pratense) and
the species frequently occurring in temporary water bodies (such as C. viridis, S. meridionale,
and Libellula depressa Linnaeus, 1758) [63,64]. During the fieldwork, we also observed high
abundances of teneral individuals of many of the recorded lentic Zygoptera species (e.g.,
C. viridis, S. fusca), as well as the reproductive behavior of many of the lentic Anisoptera
and Zygoptera, e.g., copulation and oviposition. Therefore, those species are very likely to
complete their life cycle in macrophyte-rich intermittent rivers. Nevertheless, we strongly
recommend future studies to be focused on systematic nymph-focused research. On
the other hand, macrophyte-poor habitats were characterized by more turbulent water
flow, and their assemblages consisted predominantly of lotic species (such as C. virgo,
O. forcipatus, and C. heros) [63,64].

In macrophyte-rich habitats, we recorded a higher number of species with certain
drought resilience strategies, especially egg diapause (such as in C. viridis, A. affinis, and
most of the recorded Sympetrum species). In addition, Odonata assemblages in such
habitats consisted of species whose nymphs develop all year round or specifically in
spring or summer. After the oviposition into the waterbody, in order to survive harsh
environmental conditions such as droughts, eggs may go through a diapause, or they begin
to develop immediately into the aquatic nymphs. In intermittent habitats, rapid growth is
crucial, as the nymphs must develop rapidly to emerge into aerial adults before the habitat
dries out. Such nymphs generally have faster development that occurs within weeks after
oviposition [96]. Therefore, drought resilience strategies and nymphal development are
most likely closely related traits in the studied Odonata assemblages. Due to relatively high
drought resilience, Odonata are often amongst the dominant and relatively diverse taxa in
the Mediterranean intermittent rivers and streams [70,72,97]. In contrast, macrophyte-poor
habitats in our study were characterized mainly by the species with all year-round nymphal
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development and with no drought resilience strategies [63,64]. However, for some of those
species, drought-survival strategies and mechanisms may be insufficiently known (e.g., C.
splendens, C. heros) [69,98], or their occurrence in the studied IRES could be the result of
the adult search for food resources (e.g., S. meridionalis, O. forcipatus) [69,99]. Thus, their
occurrence in IRES should be confirmed with future, nymph-focused studies.

5. Conclusions

The current study revealed high Odonata species richness in karst IRES ecosystems.
One of the recorded species is of international conservation concern, indicating the potential
conservation value of IRES habitats. Habitats with well-developed aquatic macrophytes
promote higher abundance as well as the taxonomic and functional diversity of Odonata
assemblages compared to the habitats with poorly developed macrophytes. In addition
to aquatic vegetation, physicochemical water properties, particularly conductivity and
water velocity, are shown to be amongst the most significant determinants of Odonata
assemblages in the studied IRES. To define adequate conservation measures for habitats
and the species they support, it is crucial to understand species diversity patterns related to
the quality of their environment [100]. Therefore, the current study represents an interesting
contribution to our knowledge of Odonata diversity and their ecological requirements
in intermittent karst rivers in the Mediterranean. These results also provide some new
insights that could be useful for sampling protocol development and the bioassessment
of IRES.
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Abstract: Plecoptera, an environmentally sensitive order of aquatic insects commonly used in water
quality monitoring is experiencing decline across the globe. This study addresses the landscape
factors that impact the species richness of stoneflies using the US Geological Survey Hierarchical
Unit Code 8 drainage scale (HUCS) in the state of Indiana. Over 6300 specimen records from regional
museums, literature, and recent efforts were assigned to HUCS8 drainages. A total of 93 species
were recorded from the state. The three richest of 38 HUC8s were the Lower East Fork White
(66 species), the Blue-Sinking (58), and the Lower White (51) drainages, all concentrated in the
southern unglaciated part of the state. Richness was predicted using nine variables, reduced from
116 and subjected to AICc importance and hierarchical partitioning. AICc importance revealed
four variables associated with Plecoptera species richness, topographic wetness index, HUCS area,
% soil hydrolgroup C/D, and % historic wetland ecosystem. Hierarchical partitioning indicated
topographic wetness index, HUCS area, and % cherty red clay surface geology as significantly
important to predicting species richness. This analysis highlights the importance of hydrology and
glacial history in species richness of Plecoptera. The accumulated data are primed to be used for
monograph production, niche modeling, and conservation status assessment for an entire assemblage
in a large geographic area.

Keywords: stoneflies; aquatic insects; USA; species richness; hierarchical unit codes

1. Introduction

Stoneflies (Plecoptera) are aquatic insects that are species-rich in temperate, mountain
streams [1-3]. Approximately 3900 extant, valid species are classified into 17 families
worldwide [4,5]. In North America (including Mexico), the number of extant species is just
over 770 [3]. Plecoptera species exhibit a range of sensitivities to water and habitat quality
changes and this makes them useful as indicators of water quality [6,7].

Plecoptera species across much of the world are thought to be imperiled by human
activity and climate change. To survive climate change through the end of the 21st century,
stoneflies may be forced to undergo dramatic range shifts, as suggested by modeling of
generic distributions in North America [8]. In the USA, Plecoptera are the third-most
imperiled group of freshwater aquatic organisms [9]. In Illinois, 29% of 77 species known
at the time were considered extirpated or extinct [10]. Extirpations and range loss have also
been reported for Indiana [11], Michigan [12], and Ohio [13,14]. Similar imperilment of the
stonefly fauna of the Czech Republic has been reported [15]. It is estimated that in Europe
and North America up to 35% of stonefly species are in decline and many of these species
appear to meet International Union for Conservation of Nature criteria for inclusion in the
Red List of Threatened Species [16].

Despite demonstrated stonefly range loss and extinctions [10], the paucity of high
quality stonefly specimen-level data hampers our ability to understand historic distri-
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butions, the effects of human disturbance through the 20th century, current distribution
and relative imperilment, and predicted distribution changes. Accumulating such data is
difficult. Much of the developed world had already degraded water and habitat quality
prior to the 1950s, leaving large rivers without their characteristic stonefly fauna and intact
assemblages being present only in small streams and at higher altitudes [10,15,17]. Older
literature often present lists of species from known locations that include misidentifications
and lack corrective voucher specimens. Many ecological works and water quality agencies
appropriately apply methods using higher taxonomy [18], though the resulting data rarely
meet species-level conservation objectives [19].

Criteria for inclusion in such a distribution data set include identifications as provided
by taxonomic experts, precise location data, and a unique identifier (catalogue number)
that links data to a particular specimen or specimens. Specimens providing this kind
of information are found in museums or research collections. They often result from a
long history of taxonomic research within a state or region. Such assessments have been
conducted on Indiana stoneflies since before 1900, mostly as an adjunct to taxonomic
studies [20-26]. The most recent publication in [11] reported 87 species and two recent
works [27,28] added two new species and one existing species to the Indiana total.

Fortunately, nearly all cited authors deposited their specimens in regional museums
so that specimens and data would be available for broader analyses in the future. Recent
USA National Science Foundation and Fish and Wildlife Service grants to DeWalt have
enriched these data with contemporary collections, building a >6330 record data set of
Indiana stoneflies. These data are critical to establishing where species occurred prior to
major degradation, providing context for current distributions and a means to estimate
range losses of individual species. They are also important to determine which drainages
and areas of the state are the richest in species and allow for analysis of factors useful in
predicting richness within drainages. This data set will ultimately be used to develop a dis-
tributional atlas for the state and conservation status assessments for the entire assemblage
in Indiana.

The objectives of this study were twofold: (1) to use the aforementioned accumulated
species data set to assess species richness and its distribution across watersheds in Indiana,
and (2) to investigate the relative importance of natural and human disturbance variables
for explaining species richness within individual watersheds. We anticipated that our
data, with many specimens collected prior to 1950, would reflect historic distributions and
that species richness would be best predicted by natural variables, not human disturbance
factors. We also predict that the southern more rugged areas of Indiana would contain
the richest watersheds. These data will be used for other secondary objectives such as a
monograph of species distributions, taxonomic investigations of potential new species, and
for conservation status assessments of the entire assemblage in Indiana, several of which
are ongoing. The Indiana data are a subset of nearly 40,000 records gathered from Ohio to
Iowa, Minnesota to Michigan.

2. Materials and Methods

Present-day Indiana reflects two major glacial events [23,24]. The Illinoian glaciation,
approximately 100,000 years ago at maximum extent, covered about 80% of Indiana. The
Wisconsinan glaciation, maximum extent 18,000 years ago, covered approximately 60%
(Figure 1, Table 1). These glacial events left three major landscapes within the state—the
Wisconsinan (twice glaciated), the Illinoian (once glaciated), and the unglaciated south-central
region. The Wisconsinan landscape is occupied by low-gradient streams and is deeply buried
in glacial till. The older Illinoian landscape is eroded to abundant ravine streams and mature
river valleys, and in the southwest along the Wabash River windblown loess ridges are
common. Some larger river valleys of Illinoian age are filled with Wisconsinan-era outwash,
forming large, meandering rivers. The unglaciated region is rugged with high-gradient
streams, abundant groundwater, and exposed limestone bedrock.
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Table 1. Summary of Indiana historic vegetation and glaciation prior to European settlement.

Historic Vegetation Area km? % Area
Mesophytic forest 7885 8.4
Deciduous—beech—maple 46,600 49.7
Deciduous—oak—nhickory 27,968 29.8
Dry prairie 2565 2.7
Open wetlands/wet prairie 8131 8.7
Wooded wetlands 570 0.6
Glaciation
Wisconsinan (twice glaciated) 58,996 62.9
Illinoian (once glaciated) 23,028 24.6
Unglaciated 11,713 12.5
Total area 93,719

The United States Geological Survey (USGS) hydrologic unit codes (HUCs) at the
HUCS scale [29] (Figure 1) were used as watershed replicates.

Prior to European settlement, Indiana supported six major vegetation communities—dry
prairie, oak-hickory upland forest, beech-maple upland forest, beech-oak-maple-hickory
mesophytic forest, wooded wetland, and non-wooded wetland [30-33] (Figure 1, Table 1).
Forests dominated and prairies and wetlands occupied the northern third of Indiana. Cur-
rently, 62% of land use is agricultural (Table 2).
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Kilometers wE

e . qut-o.bl-lld(wy-wdnd-wmd

AT
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Figure 1. Map of Indiana vegetation prior to European settlement and glaciation. Adapted from
Lindsey et al. [32].
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Table 2. Summary of statewide land use of Indiana in 2016.

2016 Land Use Area km? % Area
Agriculture 57,965 61.9
Forest 21,537 23.0
Built area 9756 10.4
Wooded wetlands 1996 2.1
Open water 1200 13
Herbaceous/shrub 815 0.9
Herbaceous wetlands 291 0.3
Barren 159 0.2
Total 93,719

A large portion of the data used in this study resulted from examination of historical,
borrowed specimens from many institutional and private collections, principal among these
were the Illinois Natural History Survey Insect Collection (INHS), the Purdue University
Entomological Research Collection (PERC), and the Western Kentucky University (WKUC).
Sampling continued between 2000 and 2015 by DeWalt, Grubbs, and Donald W. Webb
(deceased, INHS). Newman assumed lead of the project in 2016 and focused sampling on
areas of the state where effort was sparse and rare species might be found. Throughout
the century-long effort, sampling was not done at randomly selected locations, but was
conducted at multiple locations within a full range of lotic habitats characteristic of the
HUCS being sampled (Figure 2). Resulting from this century of work is a highly detailed
database of specimen and confirmed literature records. Historical and contemporary
specimens were morphologically identified to the current state of the art. Recent literature
used to identify species may be queried from the Plecoptera Species File Online [4]. Data
from both larvae and adults were included where species-level identification was certain.

Border records were included in this analysis to increase the number of species within
several Indiana peripheral drainages that were incompletely collected. These records met
the following criteria for inclusion in the data set: the waterbody of the record formed
a border with Indiana, or the locality of record was within 5 km of the state border and
the same habitat existed in adjacent areas of Indiana. Border records were included from
Illinois (110), Kentucky (3), Michigan (1), and Ohio (1).

Specimen data (locality labels, determination labels, and catalog numbers) were cap-
tured and normalized in a custom database. Most specimens were associated with their
database record using a paper catalog number [34]. We georeferenced locations using
an online mapping program [35] employing datum WGS-84. Where collectors provided
coordinates, these were projected to verify the location and coordinates corrected accord-
ingly. Precision of coordinates are provided as radius in meters: collector-provided = 10 m,
localities with stream name and road crossing or small town name = 100-1000 m radius,
localities with moderate population size to 50,000 people = 10,000 m, and Indiana county-
level records = 100,000 m. State-level records were not mapped. County records were
retained in analyses if drainage affiliation was certain.

Maps were exported from an ArcView 9.3 (ESRI) project file using a WGS-84 projection
and overlaid on USGS HUCS drainages. Each georeferenced record was thus assigned to a
HUCS drainage, allowing creation of a binary matrix of presence/absence of species by
HUCS drainage. Total species richness values were obtained from this matrix. Drainages
with fewer than five recorded species were considered incompletely collected and were
eliminated from analysis. Five species was the value for the Little Calumet drainage which
was known to be well sampled [36]. Small drainages leaving or entering border states were
trimmed to areas within Indiana.
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Figure 2. Map of Plecoptera specimen localities in Indiana.

All statistical analyses were conducted in an R environment [37]. Linear regression
models were used to examine the relationship of species richness to the number of unique
localities and HUCS drainage area. This was accomplished using the Im function. The
completeness of species discovery in Indiana was analyzed by building a species presence—
absence vs. unique site-date collection events matrix. This matrix was used to fit a species
accumulation curve using the specaccum function in vegan using 100 permutations [38].
Data were further subjected to the specpool function in order to estimate the species richness
of the study area.

A K-means cluster analysis was used to examine the similarity of species assemblages
between different drainages. The number of clusters represented by the data was de-
termined using the “elbow method”, which indicated two clusters in the data. Jaccard
distance between HUCS species assemblages was calculated using vegdist function (vegan
R package). This output was then subjected to hierarchical clustering using the hclust
function (stats package). These data were plotted as a tree.

A natural and human disturbance variable set containing 116 environmental variables
was assembled using three sources—USDA /NRCS Geospatial Gateway [39], USGS Na-
tional Land Cover Database (NLCD) 2016 [40], and pre-European settlement vegetation
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from land survey data [32]. Variables fell into seven categories: climate, geology, hydrology,
soils, topography, land cover, and historical ecosystem (vegetation).

Data from the USDA /NRCS and NLCD 2016 were in raster format while historical
ecosystem data were formatted in shapefiles. All were treated similarly. Variables were
extracted for each HUCS drainage using ARCMap Spatial Analyst Tools, Zonal Statistics as
Table to obtain a mean value for each HUCS. For datasets with several discrete values such
as land cover, Spatial Analyst Tools, Tabulate Area was used and values were converted into
percentages of coverage for each HUCS. Variable data were consolidated into a spreadsheet
in Microsoft Excel (Microsoft, Redmond, WA, USA) for the first stage of variable reduction.

Multiple linear regression was used for variable set reduction followed by linear
model-based variance partitioning to assess the effects of the environmental variables on
Plecoptera species richness. Statistical methods for AIC based analyses were adapted from
previous work [41].

To eliminate highly correlated variables, Pearson correlation coefficients were calcu-
lated. Pairs of variables were considered highly correlated if r > 0.7. In this case, one
variable was removed from further analysis based on interpretation and experience of
which variable was likely more important to stonefly species richness. This reduced the
number of variables by 75, leaving 41. The remaining variables were examined for variance
inflation factor (VIF) in multiple linear regression modeling (vifstep in R package usdm).
Variables with a VIF > 10 were considered highly collinear and were dropped from further
analysis [41]. This left 15 variables which were tested for their effect on species richness
using relative weights and dominance analysis. This procedure examines independent
variable contribution to variance in a multiple linear regression model [42]. This was
accomplished using the package yhat [43] using the function rlw. The relative weight
values were used to reduce the 15 variable set to nine, as this is the maximum number that
can be used in the hier.part function (package hier.part) used later in the analysis. Six of
seven categories were represented by the remaining variables: hydrology, soils, land cover,
historic ecosystem, HUCS area, and geology (Table 3).

A generalized linear model was fit for species richness based on the remaining nine
predictors using a Poisson distribution. The dispersion parameter was calculated as 1.64,
negating the need for an over-dispersion adjustment to the data [37,41].

Using the dredge function in the R package MuMin [44,45], all possible candidate
models using the variables from the global model were ranked using Akaike information
criteria (AICc). Score differences in AICc (AAICc) between the top-ranked model and all
other models were used to select a group of models considered substantially supported [46].
Six models with a AAICc < 2 were selected for further analysis. Model averaging was
calculated for six well-supported models using R package AICcmodavg, using the modavg
function. This method produced average coefficient estimates and 95% confidence inter-
vals which were standardized to facilitate comparison of dissimilar variables [47]. Each
predictor was assigned a relative importance value calculated by summing the model AICc
weight of all models containing that particular variable. This analysis effectively eliminated
% cherty red clay since it was not contained in any model where AAICc < 2.

Further analysis was conducted using hierarchical variance partitioning, using the
hier.part function in the hier.part R package [48]. Hierarchical variance partitioning estimates
the percentage of variance explained by individual predictors in a linear model. This
method compares all possible models in a multiple regression to obtain I, the measure
of individual predictor effect on variance, and J, the contribution of a predictor when
combined with each of the other predictors [49]. It provides another estimate of importance
as confirmation of RIV importance, though they do not always agree. Data matrices of
the top AICc importance predictors were randomized 1000 times with rand.hp to create
distributions of I for each variable. Z-scores were computed with 95% confidence intervals
for the value of I of each variable.
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Table 3. Description, source, and statistics of nine variables included in the model.

Variable Description Source Mean Median SD SE Min Max
Drainage area km? [38] 2934 2404 1514 276 352 7044
Soil infiltration
Mean Horton overland flow exceeded by [38] 6.12 6.20 1.40 0.26 247 8.14
precipitation
Mean topographic wetness

index (TWT) Depth-to-water [38] 13.31 13.35 0.58 0.11 12.14 14.27
% Wetlands 2016 Recent wetlands [39] 2.60 1.22 3.32 0.61 0.19 13.38
% Developed land 2016 Built lands [39] 9.89 7.02 6.55 1.02 4.48 35.26
%o Historic wetland Historic 23] 913 0 17.99 328 0 65.87

ecosystem wetlands
% Soils hydrogroup B Med“slgl‘lscoar S 5| 32.92 31.72 1251 228 9.16 58.44
% Soils hydrogroup C/D 111 ;‘r);llsn eSéOWIY [38] 357 1.63 5.30 0.97 0.01 2157
% Cherty red clay Chert in clay [38] 4.37 0 14.22 2.60 0 69.97

3. Results

3.1. Species Richness and Patterns

A total of 6339 specimen records were amassed during this study. Unique sampling
events totalled 2411 and were conducted at 1050 unique locations from 1879 to 2021
(Figure 2). As a result, we recorded 93 stonefly species from Indiana (Table S1). Eight of
10 North American families were represented with Perlidae (36 species), Perlodidae (17),
Capniidae (14), and Taeniopterygidae (7) providing 80% of all species collected in the state.
No endemics were found, but four species represent new state records—Allocapnia pygmaea
(Burmeister, 1839), Paracapnia angulata Hanson, 1961, Acroneuria lycorias (Newman, 1839),
and an undescribed species, Perlesta IN-5 (temporary name).

Linear regression indicated a significant, positive relationship between species richness
and the number of unique localities sampled within HUCS8 drainages (p = 1.85 x 10799,
adjusted R? = 0.72) (Figure 3). Species richness demonstrated a significant, positive, but
weaker relationship with HUCS area (p-value: 0.005, adjusted R? = 0.23) (Figure 4). A
species accumulation curve demonstrates that stoneflies were sampled to near completeness
(Figure 5). The model estimated a terminal species richness of 95 (£5) species, just two more
than observed values.
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Figure 3. Scatterplot of stonefly species richness versus the unique localities within HUC8 watersheds
of Indiana. Adjusted R?, probability, and line of best fit provided for simple linear regression analysis.

149



Diversity 2021, 13, 672

[ ]
» 80 p=447x10° °
3 R%adj. = 0.23 °
=
S
S 40
[92]
(O]
2
® 20
(2]

2000 4000 6000
Area sq km

Figure 4. Scatterplot of stonefly species richness versus Indiana HUC8 watershed drainage area in
km?. Adjusted R?, probability, and line of best fit provided for simple linear regression analysis.
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Figure 5. Species accumulation curve with 95% confidence interval (gray shade) for Indiana Ple-
coptera using unique collection events as replicates. Terminal estimation was 95 + 5 species.

The mean number of species for the 30 HUCS8 watersheds with five or more species
was 23.3, with a median of 20.0. A heat map of species richness demonstrates that three
hyperdiverse HUCS8 drainages exist in Indiana (Figure 6, Table S2). These include the
Lower East Fork White (66 species), the Blue-Sinking (58 species), and the Lower White
(51 species), all in the southern third of the state. Other drainages with richness values
above 30 species include the Middle Wabash-Little Vermilion (42 species), the Middle
Ohio Laughery (37 species), Silver-L. Kentucky (34), Sugar Creek (31 species), and Upper
White (31 species). These too occur in the southern half of the state. Eight watersheds were
represented by four or fewer species, all were relatively small in drainage area, inadequately
sampled, and unlikely to be diverse.

150



Diversity 2021, 13, 672

L. Michigan Michigan

Illinois

Species Richness
by HUC8

o
[s-1

Silver-Little
Kentucky

Kentucky
Highland-Pigeon © | 20-34
S o
O N oneters [ )

0 12.525 50 75 100

Figure 6. Heat map of Plecoptera species richness within HUC8 watersheds in Indiana.

A K-means cluster analysis of HUC8 species assemblages produced two clusters.
Cluster 1 contains drainages from the unglaciated and once-glaciated southern landscapes
of Indiana (Figure 7). Cluster 2 is composed of mostly northern drainages with a few more
large, southern drainages filled with glacial outwash.

3.2. Relative Importance of Watershed Variables in Species Richness

Analysis by AICc provided six models for species richness with AAICc < 2 (Table 4).
Akaike weights of these six models ranged from 0.0575 to 0.1548 with a mean of 0.0852 + 0.0148
SE. McFadden R? values suggest the models strongly explain variance in species richness and
by a similar proportion among all models (McFadden R? = 0.52-0.54 for top-six models). AICc
analysis identified four variables included in all top-six models—mean topographic wetness
index (TWI), area km?, % soils hydrogroup C/D, and % historic wetland ecosystem. Percent
cherty red clay was the only variable not included in the AAICc < 2 model set. All models
contained between four and six variables. The best model, as determined by AAICc, was Model
1 with five variables (area, % soils hydrogroup CD, % development, % historic wetlands, and
mean TWI), though all models were approximately equivalent.
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Figure 7. Hierarchical cluster tree based on K-means analysis of species by HUC8 drainage.

0 1
Jaccard Distance

Table 4. Models with AAICc < 2 and their variables (X), AICc score, AAICc, AICc weights, and McFadden R? values.
Drainage area km? = Area, % soils hydrogroup B = % B, % soils hydrogroup CD = % CD, % cherty red clay = % Chert,
%wetlands 2016 = % Wet, % developed 2016 = % Dev, % historical wetland ecosystem = % HWet, mean Horton overland
flow = p Hort, mean topographic wetland index = TWL

% % % % log Akaike = McFadden

Model  Area B % CD Chert % Wet Dev HWet p#Hort TWI df Lik AlCc AAICc Weight R2

1 X X X X X 6 —97.8 211.2 0 0.1548 0.53

2 X X X X X X 7 —96.6 2122 1.00 0.0940 0.54

3 X X X X X 6 —98.5 2127 1.50 0.0731 0.53

4 X X X X 5 -1002 2128 1.62 0.0688 0.52

5 X X X X X X 7 —96.9 213.0 179 0.0632 0.54

6 X X X X X X 7 —97.0 2132 1.98 0.0575 0.53
Global X X X X X X X X 10 —96.1 2238 12.58 0.0003 0.54

Results of the AICc analysis were supported by standardized coefficients since none
of the top-four variables contained zero within their 95% confidence intervals (Table 5). A
positive predictor effect was found for three variables (area km?, % soils hydrogroup B,
and % wetlands 2016) and the five remaining variables had a negative effect on species
richness (% developed 2016, mean Horton overland flow, % historic wetland ecosystem,

mean TWI, and % soils hydrogroup C/D).
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Table 5. Standard coefficients of variables included in AAICc < 2 model set with 95% confidence intervals. % Cherty red
clay not included in AICc models.

Variable Mean SE Lower Conf. Limit Upper Conf. Limit

% Developed 2016 —1.763 0.995 —3.714 0.187
v Hfgg;;:gfa“d —0.751 0.280 ~1.299 —0.203
Mean topographic wetness 0567 0.082 —0.729 0,406

index

Mean Horton overland flow —0.045 0.035 —0.114 0.024
% Soils hydrogroup C/D —0.036 0.013 —0.061 —0.011
Drainage area km? 0.00022 0.00003 0.00012 0.00024

% Soils gydrogroup B 0.006 0.004 —0.001 0.013

% Wetlands 2016 2.115 1.731 —1.278 5.508

AICc relative importance values (RIV) ranged from 0.196 to 1.000 (Figure 8). Relative
positions of the top five variables were (1) mean TWI (1.00), (2) area km? (1.00), (3) % soils
hydrogroup C/D (0.91), (4) % historic wetland vegetation (0.88), and (5) % developed 2016
0.62).
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Figure 8. AICc Relative Importance Values (RIV) for nine variables included in the global model.

Relative positions of variables shifted when subjected to hierarchical partitioning.
The relative positions of the top five highest scoring variables were (1) mean TWI (32.9%),
(2) area km? (22.0%), (3) % cherty red clay (12.8%), (4) % Soils hydrogroup CD (9.5%), and
% Soils hydrogroup B (7.9%) (Figure 9). Percent cherty red clay was not included in any of
the top six AIC models but ranked in the top three by hierarchical partitioning. Percent
soils hydrogroup B moved above % historic wetland ecoregion. The other three variables
in aggregate accounted for less than 10% variation.
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Figure 9. The %I contribution to variance in species richness determined by hierarchical partitioning.

Examining Z-scores indicated that mean TWI, area km?, and % cherty red clay, each
explained a significant percentage of variance, with Z-scores over the 95% confidence limit
(Figure 10).
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Figure 10. Z-scores of variables determined by hierarchical partitioning. * Denotes variables significant at 95% confidence

interval.

4. Discussion

Large scale assessments of aquatic insect biodiversity are always difficult to conduct
if species-level identification is needed. Sampling must be conducted instream for larvae
and for adults in a wide variety of habitats and in multiple seasons; species succeed each
other throughout the year [2]. In regions where water and habitat quality are degraded
due to agricultural practices and human development many species will be missing or
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in distributions and densities too low for detection [10]. New sampling alone would not
recover all species that were once present, nor would it produce natural ranges for species.
Such is the case for Indiana, a midwestern USA state where at least 70% of land use is in
agriculture and human development. Museum data are necessary to tally all species and to
provide context for the species that still exist in an area. We have built a data set that allows
us to recover the fauna of a highly disturbed landscape and ask questions about species
richness of the entire assemblage of water and habitat quality sensitive species, how it is
distributed across the landscape, and the relative importance of factors maintaining species
richness.

4.1. Species Richness and Patterns

We recovered 93 species of stoneflies from Indiana, adding four species to the state
tally [4]. Species richness was a positive function of unique sampling events and to a
lesser degree by drainage area (Figures 3 and 4). Both relationships were expected, though
some heavily sampled drainages produced relatively few species. Our sampling nearly
exhausted all species possible in the region (Figure 5) with a prediction being 95 =+ 5 species.
The current value of 93 is 14 more than known for Illinois [11]. Conversely, the new tally for
Indiana is 9 fewer than Ohio’s 102 species [49] and 32 fewer than Kentucky [50]. Michigan
has 68 species [12]. Regional tallies are known to be a function of both longitude and
latitude, with decreases in species richness as both variables increase [13].

Indiana stonefly species richness is greatest in the southern part of the state, especially
in HUCS8s with large proportions of unglaciated area. The two richest HUCS8s (Lower
East Fork White, 66 and Blue-Sinking, 58) are largely unglaciated (Figure 6). The third-
richest drainage (Lower White, 51 species) is an old, once-glaciated landscape, having
been covered only by the Illinoisan glacial advance. These three drainages may have acted
as a refuge during the Wisconsinan glaciation but were certainly first invaded from the
Appalachian Mountains and plateaus east and south of the Ohio River [51].

A K-means cluster analysis of HUCS8 assemblages suggests that there is substantial
faunal turnover between northern and southern drainages (Figure 7). Cluster 1 drainages
are mostly northern and of Wisconsinan glaciated landscapes. Cluster 2 is composed mainly
of drainages from the southern half of Indiana in areas of Illinoian once-glaciated and
unglaciated landscapes. The largest differences in the two clusters are within the winter-
and spring-emerging Capniidae, Chloroperlidae, Leuctridae, Nemouridae, Perlodidae, and
Taeniopterygidae. Cluster 1 contains 8 genera and 14 species, while Cluster 2 contains
21 genera and 52 species [4].

4.2. Relative Importance of Watershed Variables in Species Richness

AICc models 1-6 all explained 52-54% of the variation in species richness in drainages
with only minor loss of information (Table 4). There is a pattern in the distribution of
species richness within the HUCS8 drainages. Four variables were always present in these
six models: area km?, % soils hydrogroup CD, % historic wetland ecosystem, and TWI,
all but one is related to hydrology. Examination of the importance of variables by RIV,
%I contribution, and Z-scores always rated TWI and area km? first and second. Ranking
of other variables was inconsistent. One variable not found in the six models was %
cherty red clay and it turned up the % I contribution of hierarchical partitioning and
Z-scores in third position. Note that % developed 2016 appears to be unimportant in
broad scale species richness of stoneflies in Indiana. All others are natural variables. This
suggests that historical specimen data have helped to capture pre-European settlement
stonefly assemblages.

TWI is a complex estimate of depth-to-water and had a negative relationship with
Plecoptera species richness, i.e., areas with high TWI (marshes and wooded wetlands)
supported lower species richness (as in the Little Calumet drainage). Conversely, low TWI
values indicate areas that drain well, have higher slopes, coarser substrates, and higher
dissolved oxygen values. These are conditions conducive to stonefly species richness (as
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in the high richness Lower East Fork White and Blue-Sinking drainages). Some studies
used TWI as a predictive measure for the presence of wetlands [52]. Others found a
negative relationship of TWI with understory vegetation species richness in an Alberta,
Canada boreal forest, i.e., drier habitats had greater species richness than wetter ones [53].
Conversely, an assemblage of grassland-inhabiting passerine birds living in the floodplain
of the Loire valley, France was positively associated with TWI [54].

HUCS area km? was the second most important variable and a positive predictor
of species richness. Larger HUCS8s contain a diversity of habitat types (seeps, ravine
streams, and medium and large streams), supporting greater species richness. In Ohio,
no relationship between drainage area and species richness of stoneflies was found [13],
but the analysis was based on the much larger HUC6-scale drainages which may have
smoothed habitat differences between drainages. Several other large-scale analyses of
aquatic insect distributions have been conducted, but none have analyzed the effect of
drainage area on species richness: for stoneflies [55] and caddisflies [56] in the Ozark
and Ouachita Mountains area and for caddisflies in Minnesota [57]. Also working in the
Ozark/Ouachita/Interior Highlands area, drainage area accounted for approximately 35%
of variance in species richness of native fish [58]. Their drainages approximated HUCS to
HUC12 scale.

The third-most important variable in AICc and fourth in hierarchical partitioning was
% soils in HydroGroup C/D (I = 9.5%). Soils in hydrologic group C/D are notoriously slow-
draining [59]. In Indiana, these soils are common in large river bottoms in the southern half
of the state, but they make up a large proportion of soils in the Eel (Wabash), Mississinewa,
Salamonie, Upper Wabash, St. Joseph (Maumee), St. Mary’s, Maumee, and Auglaize
drainages where five under-sampled drainages were eliminated from the analysis. This
region makes up the Bluffton Till Plain [31,33]. The soils were largely formed by precursors
of Lake Erie and deposited by minor re-advances of glaciers, leaving a series of concentric
moraines that divide the HUCSs of this region. Others [12,50] reported similar results of
low stonefly richness for adjacent drainages in northwest Ohio. This hydrologic soil group
is a representation of permeability and a function of the least transmissive horizon of soil
in a location [59]. They may be placed in a dual category if the water table is present within
60 cm of the surface, even if the soil makeup is conducive to faster draining. This is the
case of our % hydrologic group C/D. These are sandy clay loams where the water table is
naturally within 60 cm of the surface.

Percent historic wetland ecosystem is likely representing a similar impact, though
from a different part of the state. The lower portion of the Maumee and its tributaries
in Indiana were wetlands, part of the Great Black Swamp, a wooded wetland complex
formed atop lake plains of ancient glacial Lake Maumee [60]. Additionally, other major
wetland complexes were found in northwestern Indiana as part of the Grand Kankakee
Marsh and drained by the Calumet, Kankakee, Iroquois, Tippecanoe, and Middle Wabash-
Little Vermilion drainages [30]. This is also the region where most of the state’s wet and
dry prairies occurred, which were grouped together with other emergent wetlands in
presettlement vegetation percentages [35]. These areas are rich in flat streams with low
gradients and sandy soils. Few stoneflies live in such conditions [36].

Percent cherty red clay was not included in AICc importance since it was not included
in any of the top six models where AAICc < 2. However, it ranked third with a positive
relationship to richness when the dataset was subjected to hierarchical partitioning and
Z-scores. This category of surface geology is associated with unglaciated Indiana [30].
Cherty red clay is a surface geology in portions of six HUC8 drainages, but it only makes
up >5% area in three (Blue-Sinking, 70.0%; Lower East Fork White, 39.7%; and Silver-
Little Kentucky, 11.3%). Eroding from these soils are chert nodules, biologically formed
inclusions found in limestone. The presence of chert indicates moderate and high slopes,
coarse substrates, and groundwater influence, all important for supporting high stonefly
species richness. This variable appears important in only a small area of Indiana. It may
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be a more important variable in unglaciated areas where limestone is more extensively
distributed.

It is important to note that Plecoptera species richness differs greatly across the
drainages of the state. The top four most species-rich HUCS8s are the Lower East Fork
White (66 species), the Blue-Sinking (58), the Lower White (51), and the Middle Wabash—
Little Vermilion (42) and they greatly exceed the mean value of 23.3 species. It should also
be noted that certain lower-scoring HUCS8s greatly outperform their neighbors. The St.
Joseph River, which drains to Lake Michigan, still supports a nearly complete assemblage
of large perlid and perlodid stoneflies: Acroneuria (three species), Agnetina (one species),
Paragnetina (one species), Neoperla (one species), Isoperla (three species). This number is
approximately twice as many species as found in adjacent HUCS8s to the east and south.
Morainal systems in this drainage created a more varied topography, swifter current, glacial
lakes, and abundant groundwater.

5. Conclusions

Our results highlight the importance of hydrology on species richness of Plecoptera.
Three of the top four variables in AICc importance are directly tied to hydrology—TWI, %
soils in hydrogroup C/D, and % historic wetlands. These factors are important in that they
reflect available substrates, water availability, flow rate, and dissolved oxygen. Human
disturbance variables were unimportant in explaining HUCS8 diversity.

We could not directly demonstrate the importance of glacial history to Indiana Ple-
coptera species richness, but several of the hydrology variables are likely surrogates for
glacial history. Percent cherty red clay may also be indicative of lack of glaciation. The
cluster analysis strongly suggests a role for glacial history.

Land use over the past two centuries has had a significant impact on current species
richness across the state [11]. This study tallies species present in museum records dating
back to 1879. The older records place many species in drainages where they no longer
occur [10,11]. Eight stonefly species have not been collected in Indiana since the early- to
mid-20th century. These species primarily inhabited large rivers, especially the middle and
lower Wabash and lower White rivers. The timing of these extirpations correlates with
the change to mechanized agriculture and the use of chemical insecticides, herbicides, and
fertilizers [9]. Currently, 62% of the land area of Indiana is in agriculture, and Wisconsinan
glaciated areas share an outsized proportion of land devoted to agriculture. High stonefly
species richness persists only in unglaciated and once-glaciated areas where topography is
not conducive to widespread agriculture [10].

The work conducted here is of sufficient extent and intensity that additional analyses
are possible. A distributional atlas of all the stoneflies species in Indiana is nearly ready for
submission. Conservation status assessments with these data are also planned for early
2022. The latter will help inform conservation efforts of species, important drainages, and
individual waterbodies. It has taken the efforts of many scientists over the past century to
gather these data.

Indiana data and those of a seven state region are now being used to predict pre-
European distribution of stoneflies throughout the wider Midwest, USA. This will be the
precursor for predicting future distributions as influenced by climate and other variables.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13120672 /51, Table S1: Presence/absence data matrix for Indiana stoneflies (Plecoptera) and
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but present in the HUCS, Table S2: USGS HUCS8 watersheds, HUCS code, species richness, number
of specimen records, and drainage area.
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Abstract: Of the more than 3900 described species worldwide, stoneflies (order Plecoptera) are
represented in Israel, a semi-arid country, by as few as five species. As a group of highly sensitive
aquatic insects, they are restricted to the northernmost watershed of the Sea of Galilee, where the
most pristine streams in Israel are found. The Israeli stoneflies are not often collected in the field,
and they have not been recorded in the literature in the last 30 years. In order to provide an up-
to-date picture, I gathered the available historical records of the local fauna, as well as all verified
data from the last decade, and compared the two datasets. Despite the unprecedented efforts that
have recently been invested in studying freshwater macroinvertebrates in Israel, a sharp decrease in
stonefly occurrence is evident. Whilst the populations of three species have dramatically declined
(Protonemura zernyi, Leuctra hippopus, and L. kopetdaghi), the remaining two have not been collected at
all in over four decades and are considered locally extinct (Brachyptera galeata and Marthamea berauds).
These findings highlight the joint impact of multiple stressors on the stream system in the Sea of
Galilee Watershed—namely, stream pollution and water diversion on the local level and climate
change on the global level. If the current trends continue, there is a great concern that the entire local
stonefly fauna will become extinct, and many stream-dwelling taxa may follow soon after.

Keywords: anthropogenic impact; distribution; local extinction; museum study; Plecoptera;
population decline

1. Introduction

The approximately 3900 valid species of stoneflies (order Plecoptera) are well dis-
tributed across temperate regions and in mountainous landscapes but are extremely rare in
semi-arid and arid regions [1-4]. Similar to many other aquatic insects, their life cycle includes
an aquatic nymph stage and an aerial adult stage. The nymphs develop in freshwater bodies,
in particular streams, where they employ various feeding strategies, including detritivory,
herbivory, and carnivory. They obtain dissolved oxygen by absorption through their body
integument and specialised gills. They require well-oxygenised waters and, therefore, can
usually be found only in unpolluted, running waters with low temperatures, compared with
many other freshwater invertebrates. The adults are typically winged and emerge following
several moulting events. Adults, many of which are short lived and do not feed, often remain
in the vicinity of aquatic habitats, where they mate and oviposit in the water [1,2].

Stoneflies are not adapted to arid and semi-arid regions, and their nymphs require
pristine conditions [1], a combination that naturally dictates their distribution. In Israel, they
are confined to the Sea of Galilee Watershed in the very north of the country, where human dis-
turbance is relatively moderate and the climatic conditions are humid-mediterranean. While
stoneflies are abundant in Lebanon [5], they are completely absent from other neighbouring
countries, such as Jordan, highlighting that this watershed is apparently the southernmost
stonefly suitable habitat in the Levant (in accordance to “Nehring Line”, see [6]).

Only five species are known from Israel. Evidence for the first two species is found
in sporadic reports [7-9]. Bromley [10] was the first, and so far the only one, to provide
a full checklist of the local species alongside information regarding their identification,
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distribution, and phenology. Her publication was based on material collected primarily
in the 1970s, which was partially identified by P. Zwick. Part of this material is currently
housed in the entomological collection in the Steinhardt Museum of Natural History at
Tel Aviv University and has been examined as part of the preparation of the current study.
Additional material should be housed in the old Inland Water Ecological Service (IES)
collection at the Hebrew University of Jerusalem [10] but could not be located for the
purposes of this study (E. Gavish-Regev, pers. comm.). Bromley [10] determined two
distinct geographical clusters of stoneflies in Israel (Figure 1)—namely, the headwaters
(main tributaries) of the Jordan River (three species) and streams in the central Golan
Heights (two species). Following these publications, Israeli stoneflies have rarely been
mentioned in the literature [11-15] and always as part of a wider invertebrate community.
The paucity of scientific and grey literature regarding Israeli stoneflies does not mean
that local research has stopped. In fact, numerous sampling expeditions in the streams
of northern Israel have been carried out in the last decade. These expeditions included
studies for several graduate theses focusing on stream macroinvertebrates; independent
research projects; growing interest and demand by local authorities, such as the Nature
and Parks Authority, to assess the ecological status of streams; above all, those carried out
by the Israel Center for Aquatic Ecology. Although no accurate numbers of old or recent
sampling expeditions are available, it is highly probable that the sampling effort over the
last few years is as great, if not greater, than in the past.

5§
19A1Y UBPIOL

gl ]

8 : ()
Jilaburr v 3 Jilabun

.. Salugiyya z vy .. Salugiyya
Xo .yy e & %

Seaof (HESNZ/EuEE " Seaof
Galilee Jase 5 2 Galilee

@ Protonemura zernyi
O Marthamea beraudi
@ Leuctra kopetdaghi
o Leuctra hippopus

@ Brachyptera galeata

Figure 1. Geographical distribution of the five stonefly species in Israel. The two geographical
clusters are the headwaters of the Jordan River in the north of the map and the Golan Heights in the
south. All the streams mentioned in the main text are indicated by their names: (a) past distribution,
i.e., prior to 1988 (reproduced based on [10]); (b) present known distribution, i.e., data points from
1989 and onwards.
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As they are environmentally sensitive (most of them are narrow-ranged stenother-
mal species), stoneflies are usually considered to be good bioindicators of ecological
changes [1,2,4]. Recently, a growing number of studies worldwide have compared old and
current distribution patterns of stoneflies in order to assess small- and large-scale spatial
trends (e.g., [16-18]) and, in particular, the effects of climate change. In this study, I applied
a similar methodology to the Israeli fauna, by gathering the latest data on the occurrence of
stoneflies in Israel, drawing an up-to-date picture of their distribution, and discussing their
potential response to future environmental change.

2. Materials and Methods

In order to assemble a database with all of the old and the new records of Israeli
stoneflies, I combined all of the available data from the literature and from museum collec-
tions. I examined all of the locatable stonefly material ever collected in Israel (48 museum
entries with a total of 222 individuals). Most of this material is stored in the entomological
collection of the Steinhardt Museum of Natural History at Tel Aviv University (SMNH).
Additional collections I examined include those in the Israel Centre for Aquatic Ecology
(ICAE) and the Museum of Zoology, Lausanne, Switzerland (MZL), which houses an
important collection of aquatic insects from the Levant. As noted above, I attempted to
check the collection of the Hebrew University in Jerusalem (HUJI), but 13 existing vials
contain foreign material only. Other important entomological collections from the Levant
(in Budapest, Prague, and Vienna) do not include Israeli stoneflies either (D. Muranyi,
pers. comm.). The lists below include all of the identified Israeli stoneflies that could be
located. Additional, unidentified material found in the SMNH collection (ca. 15 pinned
adults) was collected in the known sites in Israel between 1943 and 1984, and therefore, no
information is lost by excluding them. The analysed material includes nymphs and adults
(marked below as N and A, respectively). The majority of the material was determined
by P. Zwick in the early 1980s. I re-examined the old material, to confirm the validity of
my own identifications, using the identification key presented in [10] and then identified
the more recent material (i.e., post-1980s). Material from MZL was first determined by J.-P.
Reding. It is noteworthy that some collection details in the old material are missing from
the original labels.

The material was collected over the years by several collectors, who, according to the
details in the published literature and personal communication with the available collectors,
employed various sampling techniques. Nymphs were usually collected from streams
using aquatic hand nets of various mesh sizes. Adults were collected either by hand nets
in the vicinity of streams or in light traps. In most cases, newer material was preserved in
ethanol (at least 70%), and the old adult material was occasionally pinned. Sampling effort
varied greatly over the years, with a few peaks representing the thorough fieldwork led by
the IES and the Hebrew University team during the 1970s-1980s, and by scientists from Tel
Aviv University in the last decade. The latter include former students of A. Gasith, and
more recently, members of the ICAE, led by Y. Hershkovitz. Previously recorded localities
are mostly found in nature reserves which are frequently sampled for various scientific and
monitoring purposes. Despite the inconsistency in sampling effort, it is fair to assume that
the presence of sustainable populations would have been identified, as current fieldwork
in the northern streams of Israel is at least as intensive as it always has been. It is unlikely
that a stable population, which was recorded in the past and persisted in the same sites,
escaped all modern sampling efforts.

Building DNA libraries based on the barcoding segment of the mitochondrial cy-
tochrome c oxidase (COI) gene is a common practice nowadays in order to keep track,
identify, and compare sampled specimens. No such data are available for stoneflies of the
five local species (neither from Israel nor from foreign populations). In order to bridge
this gap, I extracted DNA and sequenced the 658-bp COI segment from fresh material of P.
zernyi and of L. kopetdaghi. Extraction and amplification protocols are detailed in [19]. The
resulting sequences (Table 1) were compared against available sequences in GenBank.
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Table 1. New mitochondrial cytochrome c oxidase (COI) sequences, with closest available sequences
in GenBank database (accessed on 29 November 2021).

Species GenBank Accession Number Closest Available Taxon
Protonemura zernyi OL352236 Protonemura meyeri [KY262295]: 88% identity
Protonemura zernyi OL352237 Protonemura meyeri [KY262295]: 88% identity
Leuctra kopetdaghi OL352238 Leuctra inermis [HM376115]: 88% identity

A literature survey included the few papers published on Israeli stoneflies (mainly [10]),
as well as two recently completed Master’s theses that include stonefly records [14,15].
Approximate locality data for Figure 1 were retrieved from collected material and from
the literature. Stream names and their spelling vary in the literature and on collection
labels, and they are often replaced by a landmark such as a named waterfall. The following
list of common spellings should aid the non-local reader: Ayun = Ayun = Iyyon = HaTa-
nur; Banyas = Banias = Panyas = Hermon; Senir = Hatzbani = Hazbani; Jilabun = Gilbon;
Qusbiye = Qusbiya = Salukiyya = Saluqiyya.

3. Results
3.1. Brachyptera galeata Koponen, 1949

In the past, this species was reported to be fairly abundant, albeit confined to three
small streams in the Golan Heights [10]. However, this species has not been found in any
of the numerous field surveys conducted in the central Golan Heights in the past four
decades, suggesting that it has disappeared from Israel. The old material was collected
by D. Furth from ‘Qusbiye’, a ruined Syrian village in the central Golan. This locality
is not characterised by any reliable water body that may explain the occurrence of this
population, but the collecting probably occurred near a small bridge nearby (D. Furth,
pers. comm.)—facilities in this area have considerably changed over the years. Saluqiyya
Springs, found less than 2km away, used to be the most important water source around
Qusbiye (see below), and probably the closest stonefly suitable habitat to the village.

Genetic information: the COI segment has never been sequenced for this species.

Available material in collections: ISRAEL: SMNH378713, 2A, Qusbiye, 31.1.1978, Furth
D.G. leg. # SMNH378714, 20N, Qusbiye, 3.ii.1981, Furth D.G. leg. ¢« SMNH378715, 51N,
Qusbiye, 3.ii.1981, Furth D.G. leg.

3.2. Leuctra hippopus Kempny, 1899

This is a common stonefly, with a wide Palearctic distribution, reaching its southern
limit of distribution in Israel. It was previously recorded in the 1970s from a few springs
and streams in the Golan Heights [10] (Figure 1a). Two Leuctra nymphs were collected in
the Jilabun Stream in 2015, in moderately running water upon medium and large stones
with plenty of aquatic vegetation and leaf litter. Although they are too small to be identified
to the species level with certainty, they are assumed to belong to L. hippopus based on their
distribution. Despite the fact that the Jilabun Stream has never been a locality record for
the species, it is fairly close to the other L. hippopus localities and relatively far from the L.
kopetdaghi localities (Figure 1). It is only owing to this unusual sample that the species is
not considered extinct from Israel.

Genetic information: L. hippopus is the only Israeli stonefly species with available
genetic data in GenBank and in BOLD databases, owing to sequences obtained from its
central European populations. No sequences from Israel are available, and my attempts to
extract DNA from the fresh small specimens have failed.

Available material in collections: ISRAEL: SMNH378716, 13A, Salugiyya Springs,
31.i.1978, Furth D.G. leg. « SMNH378717, 3A, Saluqiyya Springs, 31.1.1978, Furth D.G. leg.
e SMINH342801, 2N, Jilabun Stream, 29.x.2015, Yanai Z. leg.
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3.3. Leuctra kopetdaghi Zhiltzova, 1972

This is a common stonefly in West and Central Asia, with Israel being its southernmost
limit of distribution. The species was recorded in two important tributaries of the Jordan
headwaters, the Ayun and Tal Streams, in the 1970s [10]. More recently it was recorded
from Ayun in 2004 and 2010 [13], and also from the Dan Stream. Nymphs were collected
around the year, providing no new information on phenology. They were found in the
main course of a stream in moderate current velocity with a substrate of pebbles, gravel,
and leaf litter [15].

Genetic information: a single specimen from the Dan Stream was successfully se-
quenced for its COI barcoding segment (Table 1). An 88% similarity to the closest match on
GenBank confirms that the specimen probably belongs to the genus Leuctra but not to any
species available in GenBank, i.e., it is very likely that this is the first genetic contribution
of L. kopetdaghi.

Available material in collections: ISRAEL: SMNH378718, 22A, Ayun Stream (haTanur
Waterfall), 21.i1.1974, Furth D. leg. @« SMNH342800, 1N, Dan Stream (Tel Dan), 10.iii.2017,
Gattolliat J.-L. & Truskanov N. leg. @ ICAE1160, 3N, Dan Stream (Tel Dan), 7.v.2018, Weiss
A.leg. e ICAE1164, 1IN, Dan Stream (Tel Dan), 19.viii.2018, Weiss A. leg. e ICAE1165, 2N,
Dan Stream (Tel Dan), 19.viii.2018, Weiss A. leg. ¢ ICAE1169, 1N, Dan Stream (Tel Dan),
4.x1.2018, Weiss A. leg.

3.4. Marthamea beraudi (Navds, 1909)

This species was detected in the material from Israel for the first time by Illies [7],
mentioned as ‘Lerpa beraudi’, and later placed in its current generic position by Zwick [9].
Marthamea beraudi is currently known from Lebanon and from Israel, in the headwaters
of the Litani and the Jordan Rivers, respectively [5,9,10]. It is assumed to favour potamal
habitats [9], although in Israel, it was found in the crenal/rhithral sections of the Banyas,
Dan, and Senir Streams [10,11] (Figure 1a). It was recently claimed to be found in the Dan
Stream [14]; however, I failed to locate the relevant samples for validation, and I suspect
that they were in fact misidentified P. zernyi (supported by the fact that these were reported
to be rare and very young specimens [15]).

The material listed by Zwick [11] should be housed in the collection of Tel Aviv
University (which was integrated into the SMNH collection), although a recent check
revealed that part of this collection was missing.

Genetic information: the COI segment has never been sequenced for this species.

Available material in collections: ISRAEL: SMNH374414, 1A, Banyas Stream, 4.vi.1943,
Bytinski-Salz H. leg. « SMNH374415, 1A, Banyas Stream, 4.vi.1943, Bytinski-Salz H. leg.
e SMNH378719, 3N, 7A, Banyas Stream, 16.v.1968 « SMNH378730, 2A, Banyas Stream,
16.v.1968 « SMNH378720, 2N, Banyas Stream, 31.i.1970 ¢ SMNH378726, 2N, Banyas Stream,
31.i.1970 ¢ SMINH378724, 1N, Senir Stream, 17.v.1967 ¢ SMNH378727, 1A, Senir Stream,
16.v.1968 ¢ SMNH378723, 2N, Senir Stream, 16.i.1970 ¢ SMNH378725, 2N, Senir Stream,
16.1.1970 ¢« SMNH378721, 3N, Senir Stream, 31.i.1970 ¢ SMNH378731, 3N, Senir Stream,
31.i.1970 ¢« SMNH374416, 1A, Senir Stream, 9.v.1972, Kugler J. leg. « SMNH378729, 1N,
Senir Stream, vii.1974, Freidberg A. leg. ¢ SMNH378728, 1N, Dan Stream (Tel Dan), 2.i.1973,
Freidberg A. leg. ¢ SMNH378722, 1N, two labels: (Banyas Stream, 17.v.1967; Senir Stream,
16.v.1968).

3.5. Protonemura zernyi Aubert, 1964

This species is only known from Lebanon, where it was described based on a single
male [5,20], and from Israel. Zwick [8] reported and described the female and the nymph
based on two males, one female, and one female nymph, which were collected in Tel
Dan, Israel on 15.iv.1971. These specimens are housed in an unknown collection. He also
determined two adults and two nymphs collected in the early 1970s, which are found in
the SMNH collection. However, they must be different specimens than those reported,
based on their collection details. The species was found in the Dan Stream during special
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excursions in 1979 and in 1982-1984 [11,12]. More recently, P. zernyi has been occasionally
collected in the Banyas and Dan Streams (e.g., [14,15]; Weiss et al. in prep.). Although it
remains rare, compared with other aquatic invertebrates, it seems to maintain its rank as
the most abundant stonefly in Israel (Figure 1). It was also reported from the Ayun Stream
recently [14], a first record for the species from this stream, yet the relevant sample could
not be located and was excluded in this study since it cannot be verified. In recent years,
P. zernyi nymphs were mainly collected in brooks near the mainstream course in the Tel
Dan Nature Reserve, where water runs moderately, but quiet waters are available near
banks and between boulders. The sites are well shaded by riparian trees and accommodate
aquatic herbaceous vegetation with leaf litter. The substrate is composed of pebbles and
gravel. Nymphs were most successfully collected in the spring (March-May) but were
recorded in smaller numbers in August and in November.

Genetic information: the barcoding segment of the mitochondrial COI gene was
sequenced for the first time for P. zernyi. Two sequences are available in GenBank (Ta-
ble 1), and both support the claim that this is an independent species that has never been
sequenced before within Protonemura.

Available material in collections: ISRAEL: SMNH378732, 19A, Senir Stream, 13.ii.1970
e SMNH378733, 2N, 1A, Dan Stream (Tel Dan), 2.1.1973, Freidberg A. leg. « MZL-GBIFCH
00981383, 2N, Dan Stream (Tel Dan), 8.v.1990, Sartori M. leg. # SMNH342803, 1N, Dan
Stream (Tel Dan), 5.vi.2015, Yanai Z. & Cohen S. leg. e ICAE750, 4N, Dan Stream (Tel
Dan), 14.vi.2015, Hershkovitz Y. leg. ¢ SMNH342802, 8N, Dan Stream (Tel Dan), 5.xi.2015,
Yanai Z. leg. e ICAE784, 1N, Dan Stream (Tel Dan), 10.viii.2016, Hershkovitz Y. leg.
SMNH342797, 21N, Dan Stream (Tel Dan), 10.iii.2017, Gattolliat J.-L. & Truskanov N. leg.
SMNH342798, 4N, Dan Stream (Tel Dan), 10.iii.2017, Gattolliat J.-L. & Truskanov N. leg.
SMNH342799, 2N, Dan Stream (Tel Dan), 10.iii.2017, Gattolliat J.-L. & Truskanov N. leg. e
MZL-GBIFCHO00981380, 7N, Dan Stream (Tel Dan), 10.iii.2017, Yanai Z. & Gattolliat J.-L.
leg. @ MZL-GBIFCH00981381, 19N, 18N, Dan Stream (Tel Dan), 10.iii.2017, Yanai Z. &
Gattolliat ] .-L. leg. ® MZL-GBIFCHO00981382, 20N, Dan Stream (Tel Dan), 10.iii.2017, Yanai
Z. & Gattolliat J.-L. leg. o ICAE1164, 1IN, Dan Stream (Tel Dan), 19.viii.2018, Weiss A.
leg. ¢ SMNH342804, 1N, Dan Stream (Tel Dan), 6.viii.2020, Yanai Z. & Hershko A. leg. o
ICAE1168, 8N, Dan Stream (Tel Dan), 4.xi.2018, Weiss A. leg. e ICAE1162, 1N, Banyas
Stream, 22.v.2018, Weiss A. leg.  ICAE1170, 4N, Banyas Stream, 5.xi.2018, Weiss A. leg. o
ICAE reference collection, 3N, 1A, Banyas Stream, 10.xi.2021, Hershkovitz Y. & Luz D. leg.
e SMNH379008, 1N, 1A, Banyas Stream, 10.xi.2021, Hershkovitz Y. & Luz D. leg.

4. Discussion

Examination of the historical stonefly material proved to be complicated due to a
combination of insufficient details in the literature, difficulties in locating some of the
material, and poor labelling of many of the old vials. The rough resolution of information
given in the old literature makes it even harder to identify exact sites and characterise the
nature of the habitats of the local stoneflies. In many cases, in particular, in the old labels
and in the literature (e.g., [10]), a stream is only mentioned by its name, and no coordinates
or detailed data regarding the exact site are given. These streams can vary greatly, from
their crenal headwaters to their rhithral and, sometimes, potamal segments [21]. When
necessary (e.g., in Figure 1), I tried to indicate the most probable site for stoneflies based on
my own knowledge and on other collected material. For example, most of the stoneflies
from the Banyas and Dan Streams were probably found in the upper segments close to the
Panyas Ruins and Tel Dan, respectively. Similarly, the assumption that Saluqiyya Springs
are more accurate than the old records mentioned as ‘Qusbiye’ is based on acquaintance
with this site. It is, therefore, challenging to accurately assess populations and habitats
retroactively and to assess past and current threats to this group. Nevertheless, it is possible
to draw conclusions regarding general trends in stonefly distributions.

Protonemura zernyi is currently the most common stonefly in Israel, followed by L.
kopetdaghi. Both were found in the northern geographical cluster (Figure 1), suggesting that
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their populations survived the environmental changes that occurred in this region over
the years (see below). Both species are known today from fewer localities than in the past,
suggesting slight population declines, although this cannot be ascertained without reliable
long-term population monitoring. Protonemura zernyi persists in half of its previously
known localities, perhaps owing to the fact that these are crenal stream sections, which
are relatively protected and exhibit stable conditions, such as temperature (<17 °C) and
chemical composition [11,12], despite a slight decline in water discharge [22,23]. Leuctra
kopetdaghi is still common in the same water system and has recently been found in the
Dan Stream as well. A probable explanation is that streamflow in all streams in the
watershed has declined over the years [22,24], and perhaps, the unique conditions that
were once available in smaller tributaries are now only available in the Dan Stream and in
the rehabilitated Ayun Stream. The water transfer from Dan to Ayun [13,25] may also be
of crucial importance for the L. kopetdaghi population in the latter stream. The origins of
the Jordan River are protected in nature reserves and are, therefore, relatively moderately
disturbed and serve as refugia for threatened crenal species. Similar to stoneflies, other
orders of sensitive freshwater insects are well established there. Tel Dan supports 35%
and 24% of the Israeli diversity of mayflies (Ephemeroptera) and caddisflies (Trichoptera),
respectively ([12,14,15]; unpublished data), highlighting the importance of Tel Dan as a
conservation hotspot at the local scale.

In central Golan Heights, L. hippopus has not been found in any of its historical sites,
but a very rare finding from the Jilabun Stream suggests that some Leuctra still exist in
the Israeli Golan Heights. These nymphs were impossible to identify and may represent
either an expansion northward by L. hippopus or southward by L. kopetdaghi. The former
seems more likely, considering the location (Figure 1b) and the ecological features of the
stream, which is a typical Golan stream [21]. The question of the specific identity of this
population can be resolved by future samplings, through either collection of adults or more
mature nymphs, or successful COI sequencing. In any case, this single observation in
the Jilabun Stream probably represents either a sink population from a Lebanese source
or a fragile relict population, rather than a stable, sustainable one. Compared with other
local stoneflies, L. hippopus is probably the most tolerant to environmental changes. It is
distributed across a very wide range in the Palearctic and, unlike many other species, has
exhibited an increase in populations in disturbed (channelised, polluted) sites in the Czech
Republic [17].

Available material in SMNH, as well as reliable published information, suggests that
M. beraudi was last documented and collected in Israel in 1974 [9]. Almost 50 years later,
with considerable sampling efforts in its habitats, it appears that M. beraudi is extinct in
Israel. Marthamea beraudi requires a set of unique conditions that can rarely be found in
Israel, including low water temperature and high current velocity [12]. Recent changes in
rainfall and water discharge in the Dan and adjacent streams [22-24] may have rendered
them uninhabitable for M. beraudi.

The case of B. galeata is similar, with 40 years of absence from Israel. In the Golan
Heights, organic pollution due to cattle activity affects most water sources. Touristic
pressure has increased rapidly, including trampling and swimming in the Golan streams.
Salugiyya springs, where the most important population of B. galeata was sampled by D.
Furth in the 1970s, has been for decades the main source for a large plant for bottled water,
which altered the structural environment and significantly decreased the amount of water
downstream.

The stonefly fauna in Lebanon is much richer, with many endemic species [5]. It
appears that Lebanese stonefly populations are more stable than those in Israel and may
be subject to weaker anthropogenic pressures in some habitats. The Israeli populations,
on the other hand, are on the margin of the species distribution range and limited to a
very small area which is experiencing massive climatic and anthropogenic changes. It
is reasonable to expect that, at least for a few species, Lebanese populations represent a
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source that supports sink populations in Israel. International collaboration, with long-term
sampling and genetic analyses, may shed light on these migration patterns.

Sequencing the barcoding COI segment for P. zernyi and L. kopetdaghi, had a threefold
purpose in this study—namely, (a) it is the best available, genetics-based method to confirm
the generic position of these species. In addition, it allowed me to confirm that these species
had not yet been sequenced for their COJ, i.e., to confirm that these were not synonyms
or misidentifications of any other species that could be found in GenBank; (b) it is a step
towards the inclusion of stoneflies in the ongoing process of building a COI library for
all of the local freshwater macroinvertebrates; (c) it contributes to the global knowledge
of these two species, allowing wider systematic studies. These three goals have been
achieved for P. zernyi and L. kopetdaghi, and their COI sequences are now available for
future comparisons and analyses (Table 1). I am hopeful that we will soon obtain sequences
for the remaining three species—if not from Israeli populations, then from nearby Lebanese
ones, furthering the three abovementioned aims.

Despite the fact that the Israeli stonefly fauna is rather poor, a loss of two out of five
known species in just a few decades is alarming. It corresponds to recently reported trends
in much faunistically richer regions, which have also had severe declines in their stonefly
faunas [16-18]. Whilst in some countries (e.g., Czech Republic, USA [16-18]) there is a long
tradition of monitoring freshwater invertebrates using a standard, consistent methodology,
such data are not always available. Nevertheless, even in countries with more sporadic data,
such as Israel, analysing long-term changes in populations and distribution patterns using
publications and collection-based methods is of scientific value. It is particularly important
in understanding ongoing processes and setting future conservation and research priorities.

Stoneflies are widely used as bioindicators of stream health, as they have strict en-
vironmental requirements, thus highlighting their importance for management practices.
The knowledge of the concrete environmental requirements of the local stoneflies is ex-
tremely limited due to a lack of ecological, long-term research. Whilst this gap should be
bridged via field surveys, laboratory experiments, and modelling techniques, it is likely
that generally Israeli stoneflies are affected by similar environmental factors as other stone-
flies (e.g., [17,18]). Their habitats in Israel suffer from multiple stressors, including water
pumping and overtake, damming and other hydrological barriers, and increasing pressure
from recreation. Smaller streams in the Golan Heights (the southern stonefly cluster, Fig-
ure 1) are usually subject to organic pollution due to cattle presence, whilst the important
Dan and Banyas Streams in the northern cluster regularly receive wastewaters from com-
mercial fishponds. Furthermore, the area is affected by climate change, with predictions
of a significant decrease in rainfall and an increase in temperature in the future [23,24].
For stenothermal species such as stoneflies, this means that current habitats may become
entirely unsuitable. With the continuing degradation in habitat quality in northern Israel, I
expect that stonefly species will keep seeking the few refugia left, either within Israel (such
as L. kopetdaghi) or closer to their source populations in Lebanon (probably the cases of B.
galeata, L. hippopus, and M. beraudi). The trend seen in Israeli stoneflies, often considered
quick responding bioindicators, is expected to be seen in the future in other species, espe-
cially in light of climate change, which may push the entire zoogeographical boundary
(‘Nehring Line’ [6]) northwards. It is, therefore, of crucial importance to minimise all
anthropogenic disturbances to the stream systems in northern Israel, with special attention
on removing hydrological barriers and reducing agricultural pollution (e.g., cattle grazing
and fishpond wastewaters). As the ability to reverse climatic processes is limited, they can
still be mitigated by ensuring sufficient quantities of water from natural sources, such as
springs in the streams. Finally, proper monitoring, studying, and reporting of stream biota
are essential for tracking trends and identifying threats before it is too late.

5. Conclusions

It is reasonable to state that two stonefly species (P. zernyi, L. kopetdaghi) have main-
tained their populations, despite a slight decline. One species (L. hippopus) has severely
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declined but potentially maintains a local relict population in the Golan Heights. The
remaining two species (B. galeata, M. beraudi) are extinct in Israel, remaining endemic to
Lebanon. Accumulating evidence of local anthropogenic disturbances and global changes
appear to be related to the observed decline. Plecoptera species are sensitive aquatic in-
vertebrates that cope with a given set of anthropogenic and climatic stressors. Monitoring
and understanding their response can predict the responses of other groups and serve as a
warning sign for irreversible future changes.
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Abstract: The species composition of aquatic (Nepomorpha) and semiaquatic (Gerromorpha) Het-
eroptera were examined from protected and unprotected study sites in three streams associated with
Kaeng Krachan National Park. At each stream, both quantitative and qualitative sampling methods
were used during seven collecting events (November 2018 to June 2020). A total of 11 families,
representing 33 genera and 60 species, were collected in this study, with more Nepomorpha families
but higher species richness in Gerromorpha. The species richness of both protected and unprotected
sampling sites were lowest during the fifth sampling event. Nevertheless, there was no significant
difference in richness between protected and unprotected sampling sites for any sampling event
based on a paired t-test analysis. Based on an nMDS analysis, the patterns of species composition
of aquatic and semiaquatic heteropterans were unclear among protected and unprotected sampling
sites. The use of aquatic and semiaquatic Heteroptera as bioindicators for habitat quality is still
uncertain. Additional physiochemical characters of the water and physical characters of the stream
may lead to a clearer picture of the relationship between aquatic and semiaquatic Heteroptera and
stream habitat quality.

Keywords: Heteroptera; aquatic; species compositions; Thailand

1. Introduction

Kaeng Krachan National Park is the largest national park in Thailand, located in
Phetchaburi and Prachuap Khiri Khan provinces, covering an area of approximately
2900 km? [1]. The area was announced as a national park in 1981 and as a World Heritage
Site in 2021 [2]. The national park is apart of the Tenasserim Mountain Range where the
Himalayan, Indochinese, and Sumatran faunae meet [3]. The national park is one of the
best in Southeast Asia in terms of the preservation of wildlife habitats, with outstanding
wildlife management and protection [4]. The national park fauna is highly diverse with
many endemic species [5]. Therefore, numerous research projects have been conducted
within the national park [5]. Nevertheless, the diversity on aquatic insects in this biologi-
cally rich national park remains unexplored. With a high biodiversity and distinguished
conservation management, Kaeng Krachan National Park is a perfect study area to examine
the differences in composition patterns of aquatic and semiaquatic Heteroptera between
protected and unprotected sampling sites. Furthermore, studies within the park offer an
opportunity to discover undescribed species of aquatic and semiaquatic Heteroptera within
the faunistically complex area.

Semiaquatic Heteroptera species are in infraorder Gerromorpha [6,7]. Gerromorpha
consists of eight families, 161 genera, and nearly 2120 species worldwide [8,9]. Aquatic
Heteroptera are classified under infraorder Nepomorpha, with 11 families, 137 genera, and
approximately 2006 species distributed worldwide [9,10]. Most Gerromorpha species live
on the water surface, floating plants, and vegetation on the margins of freshwater habitats,
whereas Nepomorpha live under water, including in both lentic and lotic habitats [7].
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In the last several decades, the aquatic and semiaquatic Heteroptera in Thailand have
received great attention [11-24]. Numerous new species have been discovered from this
rich country [25-28]. Nevertheless, the diversity of aquatic and semiaquatic Heteroptera at
Kaeng Krachan National Park remains unexplored.

Owing to their high diversity and habitat specialization, aquatic and semiaquatic
Heteroptera are excellent organisms for studies in evolutionary biology, ecology, and con-
servation biology [29]. Most ecological studies on aquatic and semiaquatic Heteroptera
investigate the relationship of these two infraorders with biotic factors (e.g., aquatic veg-
etation, and riparian vegetation) [30]. For example, riparian vegetation in lotic habitats
is positively correlated with the nepomorphan and gerromorphan species richness [31].
Additionally, the communities of Nepomorpha and Gerromorpha in streams are influ-
enced by abiotic factors, including stream velocity, electric conductivity, pH, organic matter,
and water temperature [32,33]. Recently, ecological studies have shown effects of nega-
tive environmental changes on aquatic and semiaquatic Heteroptera communities [34-37].
Ephemeroptera, Plecoptera, Trichoptera, and Odonata were considered to be more sensitive
to water quality and habitat degradation than aquatic and semiaquatic Heteroptera [38].
Nonetheless, aquatic and semiaquatic Heteroptera have been used as bioindicators in
various aquatic systems [39,40]. For example, the species compositions of Nepomorpha
communities may reflect ecological integrity, habitat diversity, and water quality, as well
as stress by pollutants [41,42]. Furthermore, changes in the habitat structure can alter the
physicochemical characters of water, which subsequently negatively effects the taxonomic
diversity of Gerromorpha [35,36,43]. Therefore, gerromorphans are potential candidates
as bioindicators to monitor environmental changes, especially those of anthropogenic
source [30,44]. In this research, the compositions of aquatic and semiaquatic Heteroptera
were compared between protected and unprotected sampling sites within three streams,
each of which originates within Kaeng Krachan National Park. Aquatic and semiaquatic
Heteroptera are suitable taxa for this study because (1) they are well-known taxonomically,
and (2) the group has potential as indicators for habitat quality.

2. Materials and Methods
2.1. Study Area

Kaeng Krachan National Park covers the rain forests of the Tenasserim Mountain
Range in the west of Thailand. The national park is located in the Mae Klong Water-
shed. The Phetchaburi and Pranburi rivers are two major rivers that originate from the
uplands inside the national park and run through Phetchaburi and Prachuap Khiri Khan
provinces, respectively.

The criteria for the paired study sites were: (1) the protected section was located in the
national park, (2) the unprotected section was located at least 1 km outside the national
park, and was noticeably impacted by human activities (e.g., agriculture, urbanization),
and (3) sites must have been similar in size and stream morphology (e.g., the presence of
riffles, stream width) for both sections (Figures 1 and 2). Three protected and unprotected
sampling sites (six sites total) were chosen on three streams. The paired stream sites are
(protected and unprotected sampling sites): (1) Mae Kra Dung La Waterfall (MWF) and
Mae Kra Dung La Stream (MS); Ban Krang (BK) and Huai Sat Yai (HSY); and Pa La-U
Waterfall (PWF) and Huai Palaw (HPL) (Figures 1 and 2).

2.2. Measurement of Physical Characters of Sampling Sites

Global Positioning System (GPS) technology was used to record latitude, longitude,
and elevation (WGS84 datum). At each sampling site, basic physical characters were
measured: stream width, stream depth, and riparian width (Table 1). Physical characters
were measured at three randomly chosen spots and then averaged. The types of substrate
and presence of marginal vegetation were also recorded at each sampling site (Table 1).
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Sampling Sites hS
@ M:e Kra Dung La Waterfall (MWF)
‘ Ban Krang (BK)

. Pa La-U Waterfall

‘ Mae Kra Dung La Stream (MS)
@ 11uai Sat Yai (HSY)

. Huai Palaw (HPL)

Figure 1. Map of Kaeng Krachan National Park showing three protected sampling sites located inside
the national parks, including Mae Kra Dung La Waterfall (MWEF); Ban Krang (BK); Pa La-U Waterfall
(PWF), and three unprotected sampling sites located outside the national parks, including Mae Kra
Dung La Stream (MS); Huai Sat Yai (HSY); Huai Palaw (HPL).
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Figure 2. Protected sampling sites located inside the national park: (a) Mae Kra Dung La Waterfall
(MWF); (b) Ban Krang (BK); (c¢) Pa La-U Waterfall (PWF), and unprotected sampling sites located
outside the national park: (d) Mae Kra Dung La Stream (MS); (e) Huai Sat Yai (HSY); (f) Huai
Palaw (HPL).
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Table 1. Physical characters of sampling sites in the study. * = protected sampling sites and / = found.

Spigsies o, OSSN, D s e g vgsaion St Hpesin S
MWE? 3939(:%{475?2 (2.9%?50) (0.0g}g.al) >80 v % v
BK* 353::2:%%‘;?/% (2.0?)'3.80) (0.0%337) >50 v v
oom
PWE* 39292{%}\; (1.4@?23) (0.0?1'-2845) >30 v v v
MS 339(;32%151%1\’2 a .5%3.45) (0.033344) 5-30 v
o)
HSY 3929(?32‘;%% (3.253;?200) (0,1%-33.70) 15 v v
12°32.017' N
HPL 099&%%?‘;' E (1.72923172',26) (0.1?)?(}.46) 1-5 v

2.3. Sampling and Identification of Aquatic and Semiaquatic Heteroptera

To determine the composition patterns of aquatic and semiaquatic Heteroptera, six
sampling sites were sampled at each site (two in each stream) using both quantitative and
qualitative sampling methods. Each site was sampled seven times between November
2018 and June 2020. Three mesohabitats (i.e., gravel, margin, water surface) were identified
and sampled. At each sampling site, three samples of each mesohabitat (3 x 3) were
collected using a quantitative method and one sample of each mesohabitat (1 x 3) was
collected using a qualitative method. Therefore, 12 samples were taken at each sampling
site during the sampling events. Samples were collected using an aquatic D-net, although
the specific sampling techniques differed among mesohabitats. For quantitative sampling,
gravel sampling was conducted over a 2 m swath by kicking the substrate while holding
the net downstream. Marginal stream vegetation and roots were swept with the D-net
back and forth three times. The net was swept over the water surface three times to collect
surface-dwelling insects (e.g., Gerridae, Veliidae).

For qualitative sampling, one sample of each mesohabitat was collected using a
similar technique as during quantitative sampling. However, sampling continued until no
recognizably new morphospecies were collected in three consecutive samples. All samples
were sorted in the field using soft forceps to remove specimens, which were placed into
container with 80% ethyl alcohol and labeled. Specimens were identified to species level
and counted under a stereo microscope using various taxonomic keys [24,45,46].

2.4. Data Analysis

Taxonomic richness was tested for a normal distribution using the Shapiro-Wilk test.
A pairwise t-test was performed to compare protected and unprotected sampling sites,
significance was set at alpha = 0.05. The normality test and paired f-test were performed by
Jamovi 2.3.9 [47]. A non-metric multidimensional scaling algorithm (nMDS) was used to
reveal community patterns of aquatic and semiaquatic Heteroptera between protected and
unprotected sampling sites of the seven collecting events based on abundance data. nMDS
was performed using PC-ORD 5.0 [48].

3. Results

Protected and unprotected sampling sites overlapped in physical characteristics
(Table 1). Protected sampling sites are located 232 to 386 m above sea level with an aver-
age stream width from 3.12 to 7.36 m and an average stream depth from 0.16 to 0.20 m.
Likewise, the unprotected sampling sites are located 176 to 350 m above sea level with
an average stream width from 3.16 to 9.37 m and an average stream depth from 0.21 to
0.33 m. Conversely, the riparian width, substrate types, and the presence of marginal vege-
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tation between protected and unprotected sampling sites were dissimilar. The protected
sampling sites have a wider riparian width (>30 m) and marginal vegetation with larger
substrates (boulder and cobble), whereas the unprotected sampling sites have a narrower
riparian width (1-5 m) and lack of marginal vegetation with smaller substrates (cobble,
gravel, and sand).

Approximately 2000 specimens were collected in this study. Specimens were identified
to the species level when taxonomic knowledge was available, or were assigned to morphos-
pecies otherwise. Nevertheless, at least three possible undescribed species of Heteroptera
have been discovered. Two possible undescribed species of Metrocoris were collected from
Ban Krang (BK) and Pa La-U Waterfall (PWF), and a single possible undescribed specimen
of Ranatra was collected from root mats at Pa La-U Waterfall (PWF) (Table 2).

Table 2. Taxa collected from protected sampling sites located inside the national park and uprotected
sampling sites located outside the national park. * = protected sampling sites.

Species

Sites
MWE * BK * PWF * MS HSY HPL

Nepomorpha
Aphelocheiridae

Aphelocheirus (M.) asiaticus (Hoberlandt & Stys) X X
Aphelocheirus (A.) grik Polhemus & Polhemus X X

Helotrephidae

Helotrephes otoeis Nieser & Chen
Hydrotrephes jani Zettel
Tiphotrephes indicus (Distant)
Micronectidae

Micronecta quadristrigata Breddin

Naucoridae

Gestroiella limnocoroides Montandon

Gestroiella siamensis Polhemus, Polhemus & Sites
Heleolaccocoris ovatus (Montandon)
Heleolaccocoris strabus (Montandon)
Naucoris scutellaris (Stal)

Nepidae

Cercotmetus asiaticus Amyot & Serville
Ranatra thai Lansbury

Ranatra sp. A

Notonectidae

Anisops nigrolineatus (Lundblad)
Aphelonecta gavini (Lunsbury)

Enithares ciliata (Fabricius)

Nychia sappho Kirkaldy

Gerromorpha

Gerridae

Amemboa armata Polhemus & Andersen
Amemboa cristata Polhemus & Andersen
Limnogonus nitidus (Mayr)

Limnometra matsudai (Miyamoto)
Metrocoris acutus Chen & Nieser
Metrocoris borneensis Polhemus
Metrocoris malayensis Chen & Nieser
Metrocoris nigrofasciatus Distant
Metrocoris nigrofascioides (Chen & Nieser)
Metrocoris sp. A

Metrocoris sp. B

Onychotrechus esakii Andersen
Pleciogonus wongsirii Chen, Nieser &
Wattanachaiyingchareon

Ptilomera jariyae Vitheepradit & Sites
Ptilomera tigrina Uhler

Rhagadotarsus kraepelini Breddin
Rheumatogonus intermedius Hungerford
Rheumatagonus vietnamensis Zettel & Chen

X X X X

B3

x

X X X X X

X X X X X X

x

x

bl
bl

bl

X X X X
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Table 2. Cont.

Sites
Species
MWE * BK* PWEF * MS HSY HPL
Ventidius modulatus Lundblad X X
Ventidius pulai Cheng X X
Hebridae
Hebrus longisetosus Zettel X X
Hyrcanus saxatilis Andersen X
Hydrometridae
Hydrometra annamana Hungerford & Evans X X X
Hydrometra greeni Kirkaldy X X
Hydrometra kelantan Polhemus & Polhemus X
Hydrometra longicapitis Torre-Bueno X X X
Hydrometra orientalis Lundblad X
Mesoveliidae
Mesovelia horvathi Lundblad X X X X X
Mesovelia vittigera (Horvath) X X X X
Veliidae
Microvelia douglasi Scott X X X X X X
Microvelia genitalis Lundblad X X X X
Microvelia leveillei (Lethierry) X X
Microvelia sp. A X X X
Microvelia sp. B X X
Neoalardus typicus (Distant) X
Perittopus asiaticus Zettel X
Rhagovelia femorata Dover X X X X X
Rhagovelia inexpectata Zettel P
Rhagovelia sondaica Polhemus & Polhemus X X
Rhagovelia sumatrensis Lundblad X
Strongylovelia setosa (Zettel & Tran) X X X
Strongylovelia sp. A X X
Species of Nepomorpha 7 1 6 5 6 10
Species of Gerromorpha 17 13 27 15 12 15
Total species 24 14 33 20 18 25

Species richness was not significantly different between protected and unprotected
sampling sites (Table 3). Species richness varied from season to season, appearing the
highest at the beginning of the year (January 2019 and March 2020) and falling after that
(November 2019 and June 2020). Species richness was nearly always lower at unprotected
sampling sites (Figure 3). However, based on the results of the paired t-test, there was
no significant difference between protected and unprotected sampling sites during each
sampling event (Table 3, Figure 3).

Table 3. Paired t-test of species richness between three protected and three unprotected sites (n =3
for each). Mean = average species richness of the three study sites.

Mean + SD Student ¢-Test
Months N Protected Sampling Sites Unprotected Sampling Sites p)*
November 2018 3 38.70 4 4.04 28.00 + 3.61 0.239
January 2019 3 43.30 £9.29 38.30 4 4.51 0.402
April 2019 3 28.70 + 4.16 26.70 £7.09 0.197
July 2019 3 24.30 +3.79 17.00 £ 6.56 0.19
November 2019 3 14.00 £+ 6.24 14.30 £ 4.51 0.944
March 2020 3 52.30 4 4.93 45.70 + 8.96 0.109
June 2020 3 37.30 &+ 5.69 29.39 +£4.73 0.134

*p>0.05.
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The results of ordination using an nMDS analysis based on abundance data showed
no clear community patterns between protected and unprotected sampling sites (Figure 4).
In the protected group, the community at Mae Kra Dung La Waterfall (MWF) from June
2020 was clearly separated from other sampling sites from any other sampling event
because of the positive correlation with Enithares ciliata. Additionally, communities at Ban
Krang (BK) from every sampling event were aligned together with a positive correlation
with C. asiaticus, H. kelantan, R. inexpectata, Ranatra sp. A, and R. thai. In the unprotected
group, communities at Mae Kra Dung La Stream (MS) from April 2019 to March 2020 were
separated from other communities.

70 q
60 4
P 50 7
o
8
&
o
20 o
10 4
0 T T T T T T 1
November 2018 January 2019  April 2019 July 2019  November 2019 March 2020 June 2020
Periods
—&8— Protected sampling sites «==@== Unprotected sampling sites
Figure 3. Species richness of protected and unprotected sampling sites during seven collecting events.
o~
8 BKé
Hydrometra kelantan BK1 ] o
i’ < B wwre
Ranatrg/sp. A BK7 o ‘7 . i
... ® & RHagovelia inexpectata Enithares ciliata
At | BKk3 3
Ranarza haie  egys B, /
]

’Cercotmetus asiaticus

Axis 1

A Protected sampling sites

® Unprotected sampling sites

/ #® Species of aquatic and semiaquatic Heteroptera
Ms7
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Figure 4. nMDS ordination plot samples by taxa dissimilarity (abundance data) between protected
and unprotected sampling sites in the seven collecting events (stress = 14.80). Green refers to protected
sampling sites, red refers to unprotected sampling sites, and blue refers to species.
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4. Discussion

In general, conservation management is a vital tool to promote aquatic insect diversity,
especially in preserved areas [49-51]. In protected areas, the presence of a riparian zone
and marginal vegetation within aquatic ecosystems provides a wide variety of suitable
microhabitats for aquatic insects [52,53]. Anthropogenic activities (e.g., agriculture, de-
forestation, urbanization) clearly impact the diversities of aquatic insects throughout the
world [54-58]. Given the inferred large number of undescribed species and higher richness
of insects, the paucity of aquatic surveys, and continuing habitat destruction in tropical
areas, the aquatic insect fauna of these regions are more threatened than those of temperate
regions [59]. This study focused on comparisons of species composition of aquatic and
semiaquatic Heteroptera between protected and unprotected sampling sites that are located
inside and outside of a national park, which reflect conservation management and the
influence of human disturbance, respectively.

Season affects the insect communities of both aquatic and terrestrial ecosystems [60].
The richness and composition of aquatic insects in temperate regions fluctuates throughout
the year, partially due to temperature changes among the seasons [61]. Similarly, the aquatic
insect diversity in the tropical zones is strongly controlled by the seasons [61-63]. Richness
and abundance of tropical aquatic insects are generally positively correlated with amount
of rainfall [64,65]; however, an excessive amount of rainfall can significantly cause the
decline of aquatic insects in streams [66].

The lowest richness was observed during November 2019 (Figure 3), which occurred
during a drought during 2019 [67,68]. Most of the streams dried up and consisted of only
stagnant pools at the sampling sites. The change in water level and flow clearly effected
benthic nepomorphans, especially Aphelocheiridae and Naucoridae, since most of them
are adapted to living in running waters [69,70]. Pools became the only available refuges for
aquatic insects during these unfavorable periods [71-73]. These aquatic true Heteroptera
have been reported to colonize new suitable habitat by short flights, and some are known
to estivate during unfavorable conditions [74,75]. In this study, numerous species of
semiaquatic Heteroptera were found at high densities in pools during the drought period.
Gerromorpha is known to temporarily colonize these mesohabitats until lotic habitats
revert to their normal stage [76-78].

Although the richness of aquatic and semiaquatic Heteroptera was not significantly dif-
ferent, this study was similar to previous studies that found aquatic true Heteroptera were
more commonly found in altered areas [79]. Two species within each family, Aphelocheiri-
dae and Naucoridae, were associated with gravel and sandy substrates in unprotected
sampling sites (Table 2) [69,70,79], and they were not abundantly present in protected
sampling sites within the national park (Table 1). Although most species of Gerridae and
Veliidae are not strongly associated with specific mesohabitats [11,80], some members are
found only in specific mesohabitats within aquatic systems [76]. For example, species of
Metrocoris and Perritopus occur abundantly at margins and rock pools of forested streams
in the highlands [25,76,81,82], whereas species of Ventidius are commonly found in open
streams in lowlands [83]. These habitat preferences were observed in this study: species of
Metrocoris and Perritopus were present only from protected sampling sites, and species of
Ventidius were found only in unprotected sampling sites.

Based on the species abundance of aquatic and semiaquatic Heteroptera, the results of
nMDS showed an unclear pattern. Nevertheless, there are several interesting arrangements
of sampling sites in both the protected and unprotected group. In the protected group, the
Mae Kra Dung La Waterfall in March 2020 (MWF6) was separated from other protected
sampling sites because of Enithares ciliata. In Thailand, E.ciliata has only been reported
from forested streams [84], which describes MWF6. E.ciliata was not collected at any other
sampling sites. Various sampling events at Ban Krang (BK) were grouped together because
of the presence of C. asiaticus, H. kelantan, Ranatra sp. A, and R. thai. Ban Krang (BK) is
located deep in the national park and had a higher species richness than other sampling
sites (Table 2). The cluster of Ban Krang (BK) in the nMDS is probably due to location
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because the diversity of aquatic insects is generally higher in remote streams in forests
which are less affected by humans [85,86]. Furthermore, vegetation and root mats were
abundant observed at the stream margins of Ban Krang, which provide suitable habitat
for C. asiaticus, H. kelantan, Ranatra sp. A, and Ranatra thai [87-89]. In the unprotected
sampling sites, several sampling events at Mae Kra Dung La Stream (MS) were separated
from other sampling sites in the group. Although Mae Kra Dung La Stream (MS) is an
unprotected sampling site located outside the conservation management, the physical
characters of this sampling site are similar to those protected sampling sites because it is
well-shaded with numerous large trees in the riparian zone and contains large emergent
rocks in the stream (Table 1).

Previously, research on aquatic insect diversity and structure adjacent to different
land uses (i.e., agriculture, forest, urban) indicated that both richness and abundance of
streams located in forested areas are higher than those of streams associated with other
land uses [90-94]. Based on this study, the use of aquatic and semiaquatic Heteroptera as
bioindicators of stream habitat quality is still unclear. Additional physiochemical charac-
teristics of water and additional physical characteristics of streams with different species
richness and composition may allow for a better understanding of the relationship between
aquatic and semiaquatic heteropterans and land use adjacent to stream systems [95,96].
Including additional aquatic insect orders (e.g., Ephemeroptera, Plecoptera, Trichoptera,
Odonata) in assessments may assist the study as bioindicators for the quality of stream
physical structure [97].

Although the aquatic and semiaquatic Heteroptera are not directly influenced by
forest types or vegetative zones (they are predacious), numerous species are restricted to
forests, especially gerromorphans [36,76]. The specific reason for their restricted habitat
is unknown. Nonetheless, preserved forests protect habitat integrity of streams, which
provide preferred or suitable habitats for aquatic and semiaquatic Heteroptera [6,30].
Therefore, conservation management is vital to protect the diversity of aquatic insects from
human disturbance [98,99].

5. Summary

In total, 60 species, representing 33 genera, and 11 families of aquatic and semiaquatic
Heteroptera were collected during this study. Species richness and composition did not dif-
fer significantly between protected and unprotected sampling sites. However, unprotected
sampling sites tended to have lower absolute species richness than protected sampling
sites. Conservation management and quality of riparian zones play a major role in shaping
the composition of not only herbivorous, but also predaceous, aquatic insects. The ability to
use aquatic and semiaquatic Heteroptera as indicators for habitat quality remains unclear,
but this may be useful after further study.
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Abstract: The Gerromorpha assemblages in mangroves located in the central and eastern regions
of Thailand were examined, and a total of nine species belonging to six genera and three families
were discovered. Four of the recorded species are new records for Thailand. Asclepios annandalei
Distant, 1915 was the most common species and widely distributed throughout the study area. The
most diverse genus was Xenobates, which consisted of Xenobates argentatus Andersen, 2000, Xenobates
mandai Andersen, 2000, Xenobates murphyi Andersen, 2000, and Xenobates singaporensis Andersen,
2000. Three of these species are new country records. Here, we present taxonomic and ecological
information of mangrove gerromorphans in the central and eastern regions of Thailand.

Keywords: species richness; marine insects; Hemiptera

1. Introduction

Gerromorpha (Heteroptera) consists of eight families that occupy a wide range of
habitats from rock faces of waterfalls down to open oceans [1,2]. Five families of these
gerromorphans are known to inhabit marine and brackish habitats, including mangroves,
intertidal zones, coastal shorelines, and open oceans [1,3]. In Southeast Asia, Gerridae
from marine systems consist of approximately 23 species within three genera [4]. Ten
species of Stenobates, two species of Asclepios and a single species of Rheumatometroides
occur in mangroves, coastal marshes and seashores [4-6]. Approximately 10 species of
Halobates occur close to shores and open oceans [7]. A few species of Hebrus (Hebridae)
have been reported from an intertidal zone of mangroves [4]. Hermatobatidae consists of
three species within genus Hermatobates that are restricted to intertidal zones throughout
the Subregion [1,4]. Two species representing one genus of Mesoveliidae (Nereivelia) were
found underneath logs of mangroves in Singapore and Thailand [8]. Veliidae is composed
of three genera that occur in marine habitats in Southeast Asia [1,4]. Approximately thirty
species of Halovelia and Haloveloides are commonly found in the intertidal zone, and twenty
species of Xenobates inhabit the water surface in mangrove forests [4].

Mangroves in Thailand are located on both the Andaman Sea and the Gulf of Thailand.
More specifically, the majority of large mangroves are distributed throughout the Andaman
Sea in the southern region of Thailand, whereas mangroves in the Gulf of Thailand are
fragmented and scattered from the eastern region toward the southern region [9]. The
mangrove ecosystem represents a complex link between freshwater and saltwater [10].
Taxonomy of plants in mangroves is considered important research since they are the main
components of the ecosystem [10]. Research on insects in mangrove forest ecosystems
has focused on terrestrial insects, especially pests and beneficial insects of mangroves
themselves, or attractive insects [11]. However, our knowledge about the species richness
of aquatic insects in mangrove ecosystems, especially in Thailand, is still very scarce [12].
Most research on aquatic insects in Thai mangroves is the result of taxonomic studies on
certain groups [6,13,14] or ecological research on faunal recovery [12]. Therefore, this is
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the first study on aquatic insects in Thailand, which provides a better understanding of
species richness and distribution of marine insects. This valuable information can be further
employed for various dimensions of research in mangroves of Thailand or Southeast Asia.

2. Materials and Methods

To determine the species richness of gerromorphans in mangroves in the central and
eastern regions of Thailand, a faunistic survey was conducted from 2018 to 2020 (Figure 1,
Table 1). In total, twenty-five separated mangroves distributed through the Gulf of Thailand
in the central and eastern regions were sampled (Figures 1 and 2, Table 1). At each site,
two mesohabitats were recognized, which were water surface and water margin of the
mangrove. Eight spots of each mesohabitat were sampled for a gerromorphan fauna in each
mangrove. Specimens were collected using an aquatic D-net, although the specific sampling
technique differed among mesohabitats [15]. At the water margin, insects associated with
emergent and submerged vegetation were collected by sweeping the net back and forth
across the margin. Insects were collected from the water surface using an aquatic D-net.
Collecting was continued until no recognizably new morphospecies were collected in two
consecutive samples at each mesohabitat. In each sampling regime, when the D-net was
up to one-third full, the organic material was transferred to a white pan, specimens were
removed with soft forceps, placed into containers with 80% ethyl alcohol, and labelled.

100 101 102 103

Gulf of Thailand

| W sclepios annanalei

B Halobates dianae

B Rieumatometroides insularis insularis
Mesovelia vittigera

W Nereivelia murphyi

B Xenobates argentatus

B Xenobates mandai

W Xenobates murphyi
NXenobates singaporensis

100 km

100 101

102 103

Figure 1. Map showing species richness and distribution of gerromorphans in mangroves of central
and eastern regions, Thailand. Species are color-coded. Numbers refer to collecting sites (see Table 1).
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Table 1. Collection data of samples in this study.

Site Number

Collecting Sites

Coordinates

1 Trat: Koh Chang Island, Ban Salak Kog 12°01.320" N 102°23.388' E
2 Trat: Koh Chang Island, Ban Salak Phetch 12°00.062’ N 102°22.760' E
3 Trat: Ban Tha Rani 12°11.287' N 102°33.410" E
4 Trat: Ban Pret Nai 12°07.768' N 102°30.168' E
5 Trat: Ban Nam Chiao 12°11.086" N 102°27.734' E
6 Trat: Hard Sai Dum 12°10.165" N 102°24.397" E
7 Chantaburi: Ban Tha Sorn 12°22.097' N 102°20.524' E
8 Chantaburi: Leam Ward 12°25.355" N 102°13.579" E
9 Chantaburi: Leam Ngan 12°25.101" N 102°14.104’ E
10 Rayong: Samea Phu 12°42.166' N 101°43.019' E
11 Rayong: Saphan Rak Samea 12°43.031' N 101°39.237' E
12 Rayon%x;ﬁiﬁ‘e’if é’:ﬁgﬁfsource 12°41.584' N 101°40.500' E
13 Rayong: Phra Chedi Klang Nam 12°40.036’ N 101°14.311' E
14 Chonburi: Klong Tumru 13°26.370" N 100°58.068" E
15 Samut Prakarn: Ban Si Long 13°28.502" N 100°51.043' E
16 Samut Prakarn: Chulachomklao Fort 13°32.323' N 100°34.885" E
17 Samut Prakarn: Wat Khun Samut Chin 13°30.649" N 100°31.957" E
18 Bangkok: Bang Khun Thian 13°30.415" N 100°25.409’ E
19 Samut Sakhon: Khok Kham 13°29.173" N 100°20.060" E
20 Samut Songkram: Khlong Khon 13°19.208" N 099°58.812" E
21 Phetchaburi: Bang Ta Boon 13°15.440" N 099°56.580" E
2 PhetCgf;‘ggpl\iae‘;gtg’tﬁgjzource 13°10.954' N 100°01.182' E
23 Phetchaburi: Laem Phak Bia 13°03.284’ N 100°05.537" E
2% Prachaup g‘r‘;ﬁ,};’ﬁ Pranburi 12°24.676/ N 099°59.330' E
25 Prachaup Khiri Khan: Khlong Khao Dang 12°08.317' N 099°57.110" E

Morphological terminology largely follows Polhemus & Polhemus [6,16], Ander-
sen [14], Andersen & Cheng [7], and Yang & Murphy [8]. Dried male specimens of each
genus were placed under a Leica EZ4W stereomicroscope coupled with the LAS EZ pro-
gram to obtain images. Images were then prepared with Photoshop CS5 (Adobe Systems
Inc., San Jose, CA, USA). Specimens were deposited in the Entomology Museum, the
Department of Entomology, Kasetsart University, Bangkok, Thailand.

Principle Component Analysis (PCA) was used to reveal species richness patterns
of Gerromorpha in mangroves in the Central and Eastern regions based on the pres-
ence/absence data. PCA compresses richness variance into component axes to show the
species richness relationships among communities. This analysis was performed using
PC-ORD software 5.0 [17].
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Figure 2. Photos of representative collecting sites in this study: (A) Ban Tha Rani (collecting site
3), (B) Phra Chedi Klang Nam (collecting site 13), (C) Chulachomklao Fort (collecting site 16), and
(D) Pranburi Forest Park (collecting site 24).

3. Results

Nine species representing six genera and three families of Gerromorpha were collected
from 25 mangroves in Central and Eastern regions (Tables 1 and 2). The most species-rich
family was Veliidae with four species (Table 2). In addition, four new country records were
discovered during this study. The preferred mesohabitats of each genus in this study were
shown in Figure 3. Halobates was commonly found in the open water of estuaries. Asclepios
and Rheumatometroides were collected in shallow sections of mangroves near estuaries.
Mesovelia and Nereivelia were collected from margins of mangroves along the river, but
Nereivelia occupied mangroves closer to the estuary. Xenobates species were found along
the shorelines of mangrove streams and inside mangrove forests.

FAMILY GERRIDAE
This family consists of 75 genera worldwide that occupy a wide range of habitats [4,16,18].
More specifically, each genus has a specific preferred habitat [1], ranging from rock faces of
waterfalls to open oceans [1]. Nevertheless, only five genera are considered marine gerrids:
Asclepios, Halobates, Stenobates, Rheumatometroides, and Rheumatobates [3,4]. These genera,
except Rheumatobates, have been reported from Southeast Asia [3,4]. In Thailand, six species
representing these four genera were recorded from the Southern Region [6,7,12].

Genus Asclepios Distant, 1915

Members of this genus are small (3.0-4.0 mm body size) and yellowish brown with
dark patterns on the head, thorax, and abdomen [7]. Asclepios species are commonly
found in coastal areas associated with mangroves [5,7]. This genus is in the subfamily
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Halobatinae and distributed in East and Southeast Asia [7]. Three species of Asclepios have
been described, nevertheless only two of them have been reported from mangroves in
Southeast Asia [7]. Specifically, Asclepios apicalis (Esaki, 1924) has been found in Vietnam [7].
In Thailand, Asclepios annandalei Distant, 1915 has been previously collected from Phuket
Island [5].

Asclepios annandalei Distant, 1915: 505-506 (Figure 4A) [19].

Diagnosis: This species can be distinguished from Halobates dianae Zettel, 2001 by the
smaller body (3.0-4.0 mm) and yellowish brown pronotum and thoracic pleura, whereas
the latter species is larger (3.2-6.5 mm body size) with mainly dark pronotum and thoracic
pleura. Furthermore, this species can be distinguished from Rheumatometroides insularis
insularis (J. Polhemus & Cheng, 1982) by the middle femur distinctively longer than the
middle tibia, whereas the latter species has the middle femora clearly shorter than the
middle tibia [20].

Discussion: Asclepios annandalei was the most common gerrid in the study. This species
was collected from mangroves in the Central (i.e., Phetchaburi, Samut Prakan, Samut
Songkhram provinces) and Eastern (i.e., Chantaburi, Chon Buri, Rayong, Trat provinces)
regions. This species was collected with Halobates dianae at Laem Ward, Chantaburi Province.
Furthermore, this species occurred with Rheumatometroides insularis insularis in mangroves
of the Eastern Region (Figure 1).

Material collected: Bangkok: collecting site 18; Chantaburi Province: collecting sites 8, 9;
Phetchaburi Province: collecting sites 21, 22, 23; Prachaup Khiri Khan Province: collecting
site 25; Rayong Province: collecting sites 10, 11, 12; Samut Prakarn Province: collecting sites
15, 17; Samut Sakhon Province: collecting site 19; Samut Songkram Province: collecting site
20; Trat Province: collecting sites 1, 3, 4, 6.

Genus Halobates Eschscholtz, 1822

Members of this genus are approximately 3.2-6.6 mm in length and dark in color with
some small brown markings [7]. This genus is in the subfamily Halobatinae and mainly
distributed in the Indo-Pacific Ocean [7], with the exceptional case of Halobates micans
Eschscholtz, 1822, which is a cosmopolitan species [7]. There are 46 species of this genus
throughout the world [7]. In Southeast Asia, eleven species were reported, whereas only
five species were recorded from Thailand, from the southern region [7,12].

Halobates dianae Zettel, 2001: 1097-1102 (Figure 4B) [21].

Diagnosis: This species can be distinguished from Asclepios annandalei and Rheumatometroides
insularis insularis by a larger body (2.7-6.5 mm) with mainly dark pronotum and thoracic
pleura, whereas the latter species are smaller (3.0-4.0 mm body size) with yellowish brown
pronotum and thoracic pleura.

Discussion: Specimens of Halobates dianae were collected in Chantaburi Province of the
Eastern region (Figure 1). The species was collected from open sections of estuaries as-
sociated with large intact mangrove forests. Previously, it has been known only from
the Philippines [18] and represents a new country record for Thailand. Within this study,
Halobates dianae was collected syntopically with Asclepios annandalei and Xenobates species.
Material collected: Chantaburi Province: collecting sites 8, 9.

Genus Rheumatometroides Hungerford & Matsuda, 1958

Members of this genus are small (2.7-4.0 mm body size) and dark with dorsal yellowish
markings on head, thorax, and abdomen [6]. This genus is in the subfamily Trepobatinae
and distributed from Malaysia to Australia [4]. This marine genus consists of seven
described species that mostly occur in shallow sections of mangroves [4,6]. In Southeast
Asia, Rheumatometroides insularis insularis has been reported from mangroves in Malaysia
and Singapore [6,20].

Rheumatometroides insularis insularis (J. Polhemus & Cheng, 1982): 225-227 (Figure 4C) [22].
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Diagnosis: This species can be distinguished from Asclepios annandalei by the middle
femora clearly shorter than the middle tibia, whereas the latter species has middle femora
distinctively longer than the middle tibia [20]. Furthermore, this species can be distin-
guished from Halobates dianae by the smaller body (2.7-4.0 mm) and yellowish brown
pronotum and thoracic pleura, whereas the latter species is larger (3.2-6.5 mm body size)
with a dark pronotum and thoracic pleura.

Discussion: This species was collected from mangroves in Trat Province, the Eastern Region
(Figure 1). Based on our field observations, it commonly occurred in large numbers in open
areas of channels in mangrove forests. In addition, this species occurred syntopically with
several species of Xenobates in the Eastern Region.

Material collected: Trat Province: collecting sites 3, 5, 6.

FAMILY MESOVELIIDAE
This small family consists of 46 species representing 12 genera and 2 subfamilies [1,23].
Interestingly, these semiaquatic bugs have been collected from a wide range of habitats,
including the forest floor in tropical forests, margins of freshwater habitats, and coastal
shores [23,24]. Darwinivelia, Mesovelia, Nereivelia, and Speovelia are the only genera that
contain marine species [13]. In Southeast Asia, one widely distributed genus, Mesovelia,
has been recorded [24]. Additionally, two other endemic genera, Nereivelia and Cryptovelia,

are known from Indonesia, Malaysia, and Thailand [8,24].

Genus Mesovelia Mulsant & Rey, 1852

Members of this genus are elongated (2.0-3.5 mm body size) and yellowish with brown
markings [8]. Generally, they live on aquatic vegetation and are able to walk on the water
surface [1]. This genus belongs to subfamily Mesoveliinae, which contains approximately
28 species [1,8,25,26]. Furthermore, this genus is widely distributed throughout the world,
including Africa, Asia, Australia, and Europe [16,27]. In Southeast Asia, Mesovelia horvathi
Lundblad, 1933 and Mesovelia vittigera Horvath, 1895 are two common species recorded
from various aquatic habitats [8,15,16,27]. They were collected from streams, ponds, rice
paddies, peatswamps, and blacklight traps in Thailand [12,15]. To distinguish the species
of Thai Mesovelia, male specimens are needed for diagnostic genitalic features [25].

Mesovelia vittigera Horvéth, 1895: 160 (Figure 4D) [28].

Diagnosis: This species can be distinguished from Nereivelia murphyi J. Polhemus & D.
Polhemus, 1989 by a larger and more slender body (2.0-3.5 mm), whereas the latter has a
smaller and stouter body (1.7-2.2 mm) [8,13].

Discussion: In this study, this species was collected from a small fragmented mangrove
in Samut Prakarn Province in the Central Region, and in the large intact mangroves in
Chantaburi and Trat provinces in the Eastern Region. This species has been reported
from Africa, Asia, Australia, and Europe [27]. Although this species commonly inhabits
freshwater habitats, it was also collected from brackish waters in Southeast Asia [8,12]
Material collected: Chantaburi Province: collecting site 9; Samut Prakarn Province: collect-
ing site 16; Trat Province: collecting site 3.

Genus Nereivelia J. Polhemus & D. Polhemus, 1989

This genus is robust (1.7-2.2 mm body size) and yellowish brown without brown
patterns [13]. Two species of this genus are reported from Southeast Asia [8]. Decayed logs
in the intertidal zone of mangroves represent their preferred microhabitat [8].

Nereivelia murphyi J. Polhemus & D. Polhemus, 1989: 75-77 (Figure 4E) [13].

Diagnosis: This species can be distinguished from Mesovelia vittigera by a smaller and
stouter body (1.7-2.2 mm body size), whereas the latter has a larger and slender body
(2.0-3.5 mm) [8,13].

Discussion: A single male of Nereivelia murphyi was collected in this study. This rare species
has only been reported from Singapore and Thailand [8,13]. The holotype was collected in
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a log in a river associated with mangroves on the Andaman Seaside in Ranong Province,
Southern Thailand [8].
Material collected: Prachaup Khiri Khan Province: collecting site 25.

FAMILY VELIIDAE

This family is the most diverse family of Gerromorpha with 57 genera distributed
throughout the world [1,16]. Most veliids inhabit the margins of fresh water habitats (i.e.,
ponds, streams) and are associated with vegetation [29]. Five genera extend their habitats
to marine systems: Trochopus, Husseyella, Xenobates, Halovelia, and Haloveloides [3]. Three of
these genera (i.e., Xenobates, Halovelia, and Haloveloides) have been reported from Southeast
Asia [4]. In Thailand, species of Halovelia and Haloveloides were reported only from intertidal
zones, whereas species of Xenobates are only known from mangroves [12,30,31].

Genus Xenobates Esaki, 1927

Members of this genus are very small (1.45-1.80 mm body size) and dark with some
brown markings [14]. This genus belongs to the subfamily Haloveliinae and contains
twenty-one species distributed from the Oriental to the Australian regions [14]. They
are commonly found at tidal channels of mangrove forests [14]. In Southeast Asia, six
species were reported from Singapore, Malaysia, and Thailand [14]. In Thailand, Xenobates
argentatus Andersen, 2000 is the only species recorded from the Southern Region [12,14].

Xenobates argentatus Andersen, 2000: 280281 [14].

Diagnosis: This species can be distinguished from other species of Thai congeners by the
middle femora with short hairs, whereas the other Thai congeners have the middle femora
with a row of long hairs.

Discussion: This species has previously been collected from mangroves in Southern Thai-
land [12,14]. In this study, it is the most wide-spread species of Xenobates, which were
collected from Chon Buri, Prachuap Khiri Khan, Phetchaburi, Samut Prakan, Samut Sakhon,
and Samut Songkhram provinces (Figure 1). This species co-occurred with Xenobates mur-
phyi Andersen, 2000 and Xenobates singaporensis Andersen, 2000 at different collecting sites
in Central and Eastern regions.

Material collected: Chon Buri Province: collecting site 14; Prachuap Khiri Khan Province:
collecting site 25; Phetchaburi Province: collecting site 23; Samut Prakan Province: col-
lecting sites 15, 17; Samut Sakhon Province: collecting site 19; Samut Songkram Province:
collecting site 20.

Xenobates mandai Andersen, 2000: 278-280 (Figure 4F) [14].

Diagnosis: This species can be distinguished from Xenobates argentatus by the middle
femora with a row of long hairs, whereas the latter species has the middle femora with
short hairs. It can also be distinguished from Xenobates singaporensis by males with an
unmodified sternum VII, whereas males of the latter species have a deep depression
on sternum VII. This species can be distinguished from Xenobates murphyi by antennal
segments II and III with long hairs anteriorly, whereas the latter species has antennal
segments II and III with short hairs anteriorly.

Discussion: This species has been previously recorded from Singapore [14]. Our results
represent a new country record for Thailand. In this study, this species was collected from
Bangkok, Phetchaburi, and Trat provinces (Figure 1). Specifically, it was the most common
species on Kho Chang Island, Trat Province. This species was collected with Xenobates
singaporensis at several mangrove sites.

Material collected: Bangkok: collecting site 18; Phetchaburi Province: collecting sites 21,
22,23; Trat Province: collecting sites 1, 2, 3, 5.

Xenobates murphyi Andersen, 2000: 277-278 [14].

Diagnosis: This species can be distinguished from Xenobates argentatus by the middle
femora with a row of long hairs, whereas the latter species has the middle femora with short
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mangroves

hairs. It can be distinguished from Xenobates singaporensis by males with an unmodified
sternum VII, whereas males of the latter species have a deep depression on sternum VIIL.
This species can be distinguished from Xenobates mandai by antennal segments II and III
with short hairs anteriorly, whereas the latter species has antennal segment II and III with
long hairs anteriorly.

Discussion: This species has been previously recorded from Indonesia, Malaysia, Philip-
pines and Singapore [14]. Our findings represent a new country record of this species in
Thailand. In this study, it was widely distributed throughout the study area (Figure 1). It
occurred syntopically with Xenobates argentatus at several mangrove forests.

Material collected: Chantaburi Province: collecting site 7; Prachuap Khiri Khan Province:
collecting sites 24, 25; Rayong Province: collecting site 11; Samut Prakan Province: collecting
site 17; Samut Songkram Province: collecting site 20; Trat Province: collecting sites 4, 6.

Xenobates singaporensis Andersen, 2000: 275-277 [14].

Diagnosis: This species can be distinguished from Xenobates argentatus by the middle
femora with a row of long hairs, whereas the latter species has the middle femora with
short hairs. This species can be distinguished from Xenobates mandai and Xenobates murphyi
by males with a deep depression on sternum VII, whereas males of the latter species have
an unmodified sternum VII.

Discussion: Xenobates singaporensis has been previously recorded from Singapore [14],
while our findings represent a new country record of this species in Thailand. In this study,
it was widely distributed in investigated mangroves (Figure 1). This species occurred
syntopically with Xenobates argentatus and Xenobates murphyi.

Material collected: Chantaburi Province: collecting sites 7, 8, 9; Chon Buri Province: col-
lecting site 14; Phetchaburi Province: collecting sites 21, 22, 23; Rayong Province: collecting
sites 10, 11, 12, 13; Samut Songkram Province: collecting site 20; Trat Province: collecting
sites 2, 3.
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Figure 3. Preferred mesohabitats of marine Gerromorpha in mangroves of central and eastern regions.
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Figure 4. Habitus of a male of each genus collected for the 25 mangroves in Thailand: (A) Ascle-
pios annandalei, (B) Halobates dianae, (C) Rheumatometroides insularis insularis, (D) Mesovelia vittigera,
(E) Nereivelia murphyi, and (F) Xenobates mandai.

Principle Component Analysis (PCA) showed little distinct grouping consistent with
geographic expectations based on the presence/absence data of species richness of Ger-
romorpha from 25 mangroves in the eastern and central regions (Figure 5). Most of the
collecting sites of both regions were aligned together in the middle of axes 1 and 2. Nev-
ertheless, two collecting sites from Chantaburi Province (e.g., collecting sites 8, 9) and
three collecting sites from Trat Province (e.g., collecting sites 3, 5, 6) were arranged in
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the parameter of the eastern region group. Meanwhile, collecting site 20 in Phetchaburi
Province and a collecting site 25 in Prachaup Khiri Khan Province were separated from

other collecting sites in the central region group.

Table 2. Checklist of Gerromorpha taxa found in this study.

Family

Species

Central Region

Eastern Region

Gerridae

Asclepios annandalei Distant, 1915
Halobates dianae Zettel, 2001 *
Rheumatometroides insularis insularis (J.
Polhemus & Cheng, 1982)

X

X
X

X

Mesoveliidae

Mesovelia vittigera Horvath, 1895
Nereivelia murphyi J. Polhemus & D.
Polhemus, 1989

X

Veliidae

Xenobates argentatus Andersen, 2000
Xenobates mandai Andersen, 2000 *
Xenobates murphyi Andersen, 2000 *
Xenobates singaporensis Andersen, 2000 *

XX XX

XX XX

* = new country record.

Group
A Eastern region

@ Central region

20

Xenobates argentatus 19

@ Nereivelia mll

Axis 2

Xenobates singaporensi

Asclepios annA alei

enobates murphyi

Figure 5. Principle component analysis (PCA) on species richness of Gerromorpha of each collecting
site. The first and second PC axes explain 24.370% (eigenvalue: 2.193) and 16.909% (eigenvalue: 1.522)

Axis 1

Xenobates man

Rheumatometroides i. insularis

of the variation in the data set, respectively. Numbers refer to collecting sites (see Table 1).
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4. Discussion

Species of Asclepios are commonly found in coastal areas associated with mangroves [7].
In Malaysia and Singapore, Asclepios annandalei is relatively rare and only collected in
mangroves [20]. In this study, this species was common and distributed throughout the
study area. Based on field observations, members of this species are normally found in a
pair, where a male is riding a female without genital contact (a mate guarding behavior) in
shaded areas. A large number of individuals was found skating against currents in tidal
streams of mangroves and an irrigation canal associated with a mangrove plantation at
high tide in several collecting sites located in the Central Region. A large population of
this species was observed in a small fragmented mangrove at Bangtaboon, Phetchaburi
Province. Thorough examination of specimens revealed the two morphological forms of
this species. The first form represents majority of specimens collected and perfectly matches
the description of Asclepios annandalei. The second form was found only at three collecting
sites in the Central Region. These two forms can be distinguished in the following manner.
The first form has a solid large dark pattern on the meso- and metathorax, whereas the
second form has a thin dark stripe on the meso- and metathorax. Additionally, males of
the first form have a distinct large tooth in the middle of the profemur, whereas males of
the second form have a small tooth in the middle of the profemur. Male genital structures
of the two forms are similar to each other. This phenomenon was observed in a previous
project in populations in the mangroves in the Andaman Sea [12]. Representatives of both
forms will be sent for identification confirmation by the experts. Additionally, specimens
of these two forms were kept frozen for further molecular analyses.

Members of Halobates were commonly found near shores of marine habitats, neverthe-
less some species of this genus occur in the open oceans [7]. In this study, Halobates dianae
was collected from the open water of estuaries associated with large intact mangrove forests
in the eastern region (Figure 3). This species was previously collected from the open water
of a sea and a river associated with mangroves in the Philippines [21]. A large population of
adults and nymphs was observed swiftly moving in a zigzag pattern on the water surface
of the open section of a mangrove lined river in this study. Species of Rheumatometroides
mostly occur in shallow sections of mangroves [4,6] (Figure 3). In this study, individuals
commonly occurred in large numbers in shaded areas of channels in mangrove forests,
similar to the mesohabitat used by Asclepios. Specimens of Mesovelia vittigera have been
commonly collected from streams, ponds, rice paddies, peat swamps, and blacklight traps
in Thailand [12,15]. Although this species commonly inhabits freshwater habitats, it has
also been collected from brackish waters in Southeast Asia [8,12,32]. In this study, the
species was collected from water margins of mangroves. Species of Nereivelia generally hide
in crevices of logs filled with air bubbles at the margin of mangrove streams during high
tide and come out searching for food during low tide [8,13]. Due to the cryptic behavior and
preferred habitat, Nereivelia murphyi is rarely collected in Thailand [8,13]. In this study, a
single male was captured on a mud flat next to a river in mangrove in Khlong Khao Daeng,
Prachaup Khiri Khan Province, Central Region (Figure 3). This species was previously
collected at Ranong Province on the Andaman Sea [13]. Therefore, this cryptic species
predictably occurs in mangroves of both sides of the peninsula of Thailand. Members of
Xenobates are commonly found at tidal channels of mangrove forests [14]. In this study,
adults and nymphs were commonly found around mangrove trees and boardwalk poles in
mangrove forest during high tide and in mud puddles during low tide (Figure 3). Xenobates
argentatus was distributed throughout the study area, while the other congeners were
restricted to a certain region or even a single province.

Although gerromorphans are adapted to live on water surfaces or at margins of aquatic
systems, they display a wide variety of habitat preferences [3]. In general, members of ma-
rine Gerridae and Veliidae occur on the water surface [3], whereas marine Hydrometridae
are found at the banks of mangrove rivers [33]. In this study, each group of Gerromorpha
clearly showed the mesohabitat preference pattern throughout the study area (Figure 3).
Members of Halobates (Gerridae) occurred in the open water of mangrove streams or the
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shorelines where strong waves and turbulence are present, whereas members of Asclepios
(Gerridae) and Rheumatometroides (Gerridae) were found only in shaded areas on the side
of mangrove streams characterized by presence of low wave and turbulence (Figure 3).
Species of Xenobates (Veliidae) were found near mangrove trees or boardwalk poles away
from the shorelines, where they are protected from water movement (Figure 3). Members
of Mesoveliidae were collected only from the marginal sections of mangroves (Figure 3).
Although there is no clear explanation for the habitat preference of aquatic insects in
mangroves, salinity, waves, temperature, predation capability and food availability were
suggested as key factors that influence the distribution of semiaquatic gerromorphans in
mangroves [34]. The effect of anthropogenic disturbance on insect diversity has received
significant attention during the past decade [35-37]. For example, mangroves associated
with a higher level of human activities, such as agriculture, urbanization, and tourism, have
lower Gerromorpha species richness (e.g., collecting sites 12, 13, 16, 24) in this study. On the
other hand, the remote mangroves, with low accessibility were characterized by a higher
species richness among the studied insects (e.g., collecting sites 3, 9, 23, 25) (Figure 2A-D).

The biogeographic patterns of Gerromorpha from mangroves in the Central and
Eastern regions were not clearly displayed based on the PCA results. This could have
been influenced by the distribution patterns of gerromorphans recorded in this study.
Most of Gerromorpha species are widely distributed in the study area, such as members
of Xenobates, the most speciose genus in this study [14], whereas Nereivelia murphyi and
Halobates dianae are two endemic species that have been reported from specific areas [8,21].
The restricted distribution of Nereivelia murphyi and Halobates dianae could have resulted
in clear separation of collecting sites 8, 9, and 25 from other collecting sites of the same
region (Figure 5). More specifically, Nereivelia murphyi was collected only from collecting
site 25 in Prachaup Khiri Khan Province, Central Region, whereas Halobates dianae was
found at collecting sites 8 and 9 in Chantaburi Province, Eastern Region. Therefore, the
clear biogeographic patterns in mangroves may not be displayed based on Gerromorpha in
this study due to their wide distribution.

Although the Thai government has been strongly protecting the mangrove areas from
deforestation and habitat degradation, the rate of habitat destruction still occurs to an
excessive degree [10]. Furthermore, land alteration for agricultural purposes in mangrove
areas in Thailand is still taking place at a rapid speed [38]. Human disturbances (e.g.,
oil spills, sewage, garbage dumps, and pesticide drainage) have been reported to reduce
the diversity of animals in Thai mangroves [39]. Thailand is located in Southeast Asia,
where the fauna of marine insects is highly diverse [14,33]. Nevertheless, the taxonomic
knowledge on aquatic and semiaquatic insects in mangroves of Thailand is still in its
beginnings. The results of this study provide fundamental knowledge of the Thai mangrove
ecosystem, which is currently undergoing extensive anthropogenic disturbance. Species in
this fragile environment may be at risk of exaptation or extinction, and studies such as this
are needed to record and monitor species presence and composition for the future.

5. Conclusions

The species of Gerromorpha in mangroves in the central and eastern regions of Thai-
land were documented for the first time. Although this study focused on mangrove aquatic
insects in the small study area in Thailand, nine species of gerromorphans were discovered
with four new country records. However, the larger part of remaining Thai mangrove
fauna is still unexplored. We suggest including physiochemical water properties and
anthropogenic pressures in future research, which might provide a better understanding of
the relationship between aquatic insects and land use adjacent to mangroves.
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Abstract: Subtropical rivers in developing countries often lack adequate monitoring, which makes
it difficult to comprehensively determine their water quality when faced with different anthropic
impacts. There are no proper protocols in the regulations to incorporate indicators and adapt them
to different biogeographic regions, limiting the potential success of conservation and restoration of
river ecosystems. This study proposes implementing macroinvertebrates as bioindicators of water
quality in river ecosystems, and modifying the calibration of the widely used Biomonitoring Working
Party (BMWP) index for its adaptation in a subtropical river. The Duero River, Mexico, was used as
an example in this study. Data were explored with multivariate statistics, and the water quality and
habitat values were averaged to obtain the families” bioindication values and the index categories.
The BMWP adequately described a deterioration gradient from the origin to the river mouth (from
fair to extremely polluted), with some intermediate recovery points related to the presence of springs.
Its performance was compared with other biological indices and exhibited a positive relationship
with all of them. In addition, how BMWP changed over time was analyzed by examining previous
samples, and highlighted increased river deterioration over time. A calibrated BMWP will allow for
long-term monitoring at a low cost.

Keywords: developing country; multivariate statistics; bioindication value; index scores; WQI;
HQL EPT

1. Introduction

One of the most commonly used biological indices to monitor the quality of lotic
aquatic ecosystems is the biological monitoring working party (BMWP) [1-5]. The BMWP
is a biotic approach because it includes taxonomic groups, considering their sensitivity
or tolerance to pollution, and both aspects are incorporated into an index [3]. The index
describes and analyzes the macroinvertebrate community at the taxonomic family level [6].
The characteristics that make macroinvertebrates good bioindicators are their wide distri-
bution, limited mobility, numerical abundance, sensitivity and response to distinct types of
environmental conditions and stressors, and ease of finding, quantifying and standardizing
them [7]. The application of the BMWP and other indices that use bioindicator organisms
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provides complementary information on biotic and abiotic conditions of lotic ecosystems
in addition to traditional monitoring techniques (physical, chemical, and bacteriological
variables). The development of such indices, arises from the need to systematically reflect
changes in riparian and fluvial ecosystems and to express the environmental and habitat
factors in an integral way, with the expectation of long-term management [8].

The BMWP assigns a bioindication value for each family and is the minimum per-
ceived value of the tolerance of macroinvertebrates to organic contamination. It ranges
from 1 (very tolerant) to 10 (very sensitive). Consequently, the total index score for a sample
is defined as the sum of the minimum perceived value of the tolerance of all the families
present [9]. In general, if the sum is approximate or greater than 100, the rivers and streams
are deemed healthy, but if the sum is less than 10 they are considered highly polluted [6].
The BMWP has been used in various regions worldwide, and has been adapted, mainly
due to the absence of some taxa used in the original version and the presence of others not
initially included [10,11]. In addition, the modifications include the combination of families
due to taxonomic difficulties and changes in some families” values, which is sometimes
related to their frequency of occurrence and the degree of saprobity [1,12]. A more recent
calibration and validation of the index has been proposed to relate it more closely to a
river’s specific environmental characteristics [13].

Despite these advantages, there are also some disadvantages. The extrapolation
of the BMWP in large regions or countries results in poor generalizations because the
sensitivity of some organisms changes over space and time [14]. There is subjectivity in
the allocating tolerance intervals because fine taxonomic levels can bias the index, since
the macroinvertebrate genera and species within the families have different sensitivi-
ties to distinct types of environmental degradation [9]. Therefore, a calibration process
has been implemented, which was also suggested in the original proposal to establish
suitable bioindication values [4,15]. Accordingly, once an adequate monitoring scheme
is established and the protocol for obtaining and reviewing samples in the whole sys-
tem is developed (e.g., Cornejo et al. [16]), with an adequately adapted index proposal
(e.g., Ruiz-Picos et al. [17]), then the results will better reflect water quality condition of
the aquatic ecosystem. Particularly, it is important to implement frequent monitoring and
measure the BMWP regularly to satisfactorily describe the ecosystem conditions.

In this context, different countries, mainly in North America, Europe, Asia, and
Australasia, have adopted the use of macroinvertebrates in their environmental regula-
tions and have long-term monitoring programs [18-21]. More recently, some developing
countries have also assumed this approach [16,22,23], but several nations still lack official
biomonitoring programs. This deficiency is not necessarily related to the absence of biolog-
ical community studies, but to the inadequate standardization and sporadic monitoring
depending on the river typology, habitat type, and time of year [24].

Although a protocol has been developed to sample macroinvertebrates in Mexico and
includes the application of the BMWP to be adopted in the official normative about ecolog-
ical flow (NMX-AA-159-SCFI-2012, [25]), it concludes that the bioindication values and the
water quality ranges should be adapted according to the sampled system. This adaptation
should consider the different biogeographic, physiographic, environmental, and climatic
characteristics as well as the anthropogenic impacts that affect aquatic ecosystems in the
country. Some isolated studies in tropical systems of Mexico have already implemented
the BMWP using the values and ranges from other places [26,27] or implemented the
calibration and validation process according to environmental characteristics [17].

We focused on the subtropical Duero River because it is located within a different
climate region than the previous studies and belongs to the so-called Mexican Transition
Zone, which joins the biogeographical Nearctic and Neotropical regions [28]. This biotic
crossroad is characterized by the presence of several hydric resources with high biodi-
versity and endemicity and is also related to ancient prehispanic human intervention.
Additionally, previous studies on the Duero River have analyzed water quality and ento-
mofauna during different time periods since the 1980s [29-31]. In this river, environmental
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conditions have shown contrasting results, with some upstream localities and sites related
to springs showing good water quality (e.g., control sites); in contrast, other localities
experience different impacts with high levels of organic and bacteriological contamination,
and are associated with urban development and agricultural and livestock production [32].
Moreover, another study included the addition of other bioindicators, such as fish, to
describe the system’s biotic integrity in specific decades [33]. In this context, the current
study’s main aim was to develop a calibrated BMWP according to the river environmental
conditions and compare the results in different periods and with other biological indices.
We hypothesized that (1) the ecosystem presents a general spatial gradient from least
polluted at the origin to severely polluted at the mouth, related to human impacts, and
contains intermediate recoveries by occasional tributaries from the springs, (2) the category
of the BMWP scores does not necessarily coincide with the category of the index of water
quality and the index of habitat quality because some habitat modifications (not included
in the index of water quality) and pollution (not included in the index of habitat quality)
affect the macroinvertebrates distribution and abundance directly, and (3) the river has
experienced a degradation in water quality over time.

2. Materials and Methods
2.1. Study Area

The Duero River is located on the Central Plateau of Mexico and it is an affluent
of the Lerma River, which finally enters Chapala Lake, the largest natural lake in the
country. The river has a catchment area of 2531 km?, a length of 85 km, and a total annual
flow of 457.8 hm® [34]. The source of the river is at 1860 m.a.s.l. and has an altitude
change of 340 m [35]. The catchment of the Duero River is divided into four sub basins
(Figure 1). The upper sub basin (Cafiada) consists of volcanic rocks (andesites, basalts),
and it is the primary recharge zone, while in the middle and lower zones there are three
sub basins containing valleys (Guadalupe, Zamora, and Ciénega) and where vertisol
soils predominate, supporting agricultural land use (143,333 ha) [31]. Although there are
52 springs, and theoretically there is enough water available to meet the needs of different
users, this is not the case due to inadequate management and distribution; consequently,
the Duero River has a deficit of 44.7 hm® s~ 1 [34].

2.2. Sampling and Data Analysis

We selected 14 sites, some of which have good water and habitat conditions, whereas
others were affected by anthropogenic impacts associated with principal human activities
and urban development (Figure 1). Most of the sites are located in the main river course,
but three sites are near springs in tributaries, La Toma (site 3), the national park Camécuaro
Lake (site 6), and Verduzco (site 9). Water and macroinvertebrates were sampled under
different flow conditions: low velocity in the dry season (May), high in rainy season, and
intermediate in transition season (November) in 2019.

In the three seasons, we analyzed water parameters at each site related to the or-
ganic load (dissolved oxygen, five-day biochemical oxygen demand [BODs], and chemical
oxygen demand [COD]), nutrients (nitrate [NO3], ammonium-nitrogen [NHy]), ionic com-
position (salinity, conductivity, total dissolved solids, pH, and chloride), physical aspects
(temperature, turbidity, river discharge, depth, and transparency), and bacterial load (to-
tal and fecal coliforms, and Escherichia coli). The parameters were analyzed according
to the methods of the American Public Health Association [36] and the Mexican Norms
(NMX-AA-042-SCFI-2015; NMX-AA-113-SCFI-2012).

We used the multihabitat protocol proposed by Cornejo et al. [16] to sample macroin-
vertebrates. In a 100 m stretch of the river or tributary, we sampled the main aquatic
habitats (e.g., bed substrate, aquatic and riparian vegetation, areas of different water char-
acteristics). The number of samples per habitat depended on the percentage coverture.
Samples covered an area of approximately 1 m?, and the organisms were captured with
two nets; in fast-flowing riffles and pools, we used a kick net and for floating, submerged,
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and riverine vegetation a type-D net (both with a mesh size of 500 um). We preserved the
macroinvertebrates collected with 70% alcohol. Organisms were identified to the family
level according to different taxonomical keys [37-39].
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Figure 1. Duero River watershed with the location of the sub basins and sampling sites: (1) Kunio, (2) Tacuro, (3) La Toma,
(4) El Rastro (5) Etucuaro, (6) Camécuaro, (7) Antes Central de Abastos, (8) Después Central de Abastos, (9) Verduzco,
(10) Estanzuela, (11) San Cristobal, (12) Capulin, (13) Cumuato, and (14) Ibarra.

Some of the water parameters were used to determine the water quality index de-
veloped by the National Sanitation Foundation (NSFWQI) [40]. The habitat quality index
(HQI) related to the physical structure of the river and its surroundings was to describe
each sampling event following the criteria proposed by Barbour et al. [41]. The biolog-
ical quality of the river was evaluated with the use of macroinvertebrates according to
three indices: the percentage of Ephemeroptera (minus the Baetidae family), Plecoptera,
Trichoptera individuals index (EPT-B) [42], the Hill’s numbers that describe biological
diversity [43], and the BMWP adapted to Mexican rivers [13]. The EPT index was modified
because Masese and Raburu [42] proposed the subtraction of the Baetidae, Caenidae, and
Hydropsychidae families; however, we only subtracted Baetidae because this family was
the only one that showed low bioindication values in different tropical areas [1,12,16,17].
Hill numbers describe the effective number of species based on a sampling framework
with rarefaction and extrapolation methods and derives species richness (q = 0), Shan-
non’s entropy index exponential (q = 1), and the inverse of Simpson’s concentration index
(q=2) [43].
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2.3. Index Calibration and Comparison

Although the BMWP has been used in different rivers in Mexico, Ruiz-Picos et al. [13]
emphasize the necessity to adapt the index, not only to the macroinvertebrate families
present in the region, but also to the specific environmental characteristics of the ecosystem
studied. They propose a complete protocol to calibrate the BMWP, which includes four
main steps. First, the physicochemical quality index (Pcq) is calculated. From the average
physicochemical data set (seasons), the variables that better describe the sites are chosen
using statistical methods and according to the parameter’s range and the way it describes
impacts. The water parameters selected are standardized and combined on a scale of
0 to 10, from poor to better water quality, and sites are arranged within this scale. Second,
the bioindication value is obtained. The macroinvertebrate abundance is structured into
five classes from zero (no individuals) to 5 (>100 individuals). Every family abundance
class is assigned to the different Pcq intervals according to their presence or absence in the
sites. The bioindication value of every family is then derived from the 5th percentile of
each abundance class. Third, these bioindication values are replaced at every site and in
every study period for each family found, and they are summed to evaluate the BMWP
index. Fourth, the general scale of the index in the whole system is established from the
median and tenth percentile values of the sites with better water quality. Above the median
is excellent quality, in the tenth percentile is good quality, and below this value, the amount
is divided by four to get the rest of the categories: regular, polluted, very polluted, and
extremely polluted (Figure 2).

STEP 1 STEP 2

Physicochemical quality index (Pcq) Bioindication value of
calculation Macroinvertebrates families

+ Data screaning and variables selection - Abundance standardization in classes from 0 to
(correlation, PCA). 5 (abundance intervals)

« Variables standardization from 0 to 1 - Grouping of abundance classes in each Pcq
(maximum and minimum, federal regulations) interval (intervals defined every unit)

* Variables scaling from 0 to 10 - Bioindication value from the 5th percentile of

- Variables averaging per site each abundance classes

+ Average of Pcq and Habitat Quality Index

BMWP value per site BMWP general scale for the river
» Substitution of abundance values by « Spatial and temporal analysis of the sampling
bioindication values in every site events (PERMANOVA, NMDS)

» Sum of bicindication values to get the BMWP « Selection of season and site as reference

points
« Median and 10th percentile calculation on

reference points to define water quality
intervals

Figure 2. BMWP calibration protocol adapted from Ruiz-Picos et al. [13]. In red and italics, the
modification implemented in the present study.

We followed this protocol to obtain BMWP-calibrated values for the Duero River, but
we also implemented two modifications. In the first step, we average the Pcq calculated
with the HQI values to combine the information from both indices. The HQI was rescaled
from 0 to 10 to have compatible values with the Pcq because the original scale was from
0 to 200 [41]. We assumed this initiative because the physical and chemical parameters
of the water do not always entirely reflect the characteristics of the sites (i.e., good water
quality but bad habitat conditions). Consequently, this index reflected not only the organic
pollution but also the habitat quality in every site. In the fourth step, from the multivariate
analysis of the differences and trends in the environmental and community variables, the
season and sites were selected to establish the general BMWP scale for the river. We used
the results from the calibration to compare different sites at distinct time periods (1984
and 1986 [29]; and 2013 [30]). Moreover, we related the BMWP with the physical and
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chemical parameters to identify which of them better explain the index variations, and
with other biotic indices, such as the EPT-B, and Hill’s numbers [43], to identify the similar
or dissimilar response to pollution [6,44].

2.4. Statistical Analyses

From the total samples (N = 42), two methods were used to select the environmental
variables that best described the sites and to obtain the Pcq index. First, Spearman’s rho
correlation was used to identify redundancy and collinearity among the variables (>0.9 and
p < 0.0001) [45]. The selection of one of the variables with similar contributions was made,
on the one hand, according to their magnitudes and, on the other, to reduce the influence
of specific water characteristics in the subsequent analyses (several variables measuring
similar aspects, like ion composition). Second, we performed a principal component
analysis (PCA) to reduce the number of variables and to identify those variables that have
a higher contribution to the variance in the dataset (a threshold to the chosen principal
components > 75% and a variable loading > 0.7). From 15 variables, 5 were excluded:
salinity, total dissolved solids, chloride, depth, and percentage saturation of DO.

We used a distance-based permutational multivariate analysis of variance (PER-
MANOVA) [46] in a two-way factorial design to test differences among sub basins and
seasons. The information was log-transformed to reduce the effect of distinct units and
magnitudes, and then we used the Euclidian dissimilarity coefficient in the environmental
matrix; in the community dataset we used the Bray—Curtis dissimilarity due to the high
frequency of zeros [47]. Prior to the PERMANOVA and because the data had an unbal-
anced design (different number of sampled sites per sub basin), we ran a method to test the
homogeneity of multivariate dispersions (PERMDISP), since heterogeneity could heavily
influence the PERMANOVA results [48]. In both datasets, the PERMDISP showed no
significant difference: environment (sub basins F = 1.11 and p = 0.35; Seasons F = 1.57 and
p = 0.21) and community (sub basins F = 2.58 and p = 0.07; Seasons F = 0.02 and p = 0.99).

To find the predominant trends in the dataset and to identify the spatial ordination
of the sites in different seasons in relation to the macroinvertebrate families, we used
nonparametric multidimensional scaling (NMDS) ordination with Bray-Curtis dissimilarity.
We calculated three-dimensional solutions from 250 random starts of real data, with up
to 1000 iterations, to evaluate stability, and obtained a final stress of 0.14. In the plot,
we incorporated the environmental variables; although they were not part of the NMDS
analysis, they were integrated as vectors, scaled by their correlation with the axes, and
their significance was assessed using permutations [49].

The BMWPD, the physicochemical parameters, and the biological indices (EPT-B, Hill’s
numbers) were correlated using Spearman’s test (p < 0.05). The Kruskal-Wallis test was
used to compare historical BMWP values. The Spearman correlations were computed
using the “‘Hmisc” package (v. 4.5-0, [50]); PCA, PERMANOVA, PERMDISP, and NMDS
were computed using the vegan package (v. 2.5-7, [49]), and the Kruskal-Wallis test was
performed with the function ‘kruskal.test’, all in the R language [51].

3. Results

We found 62 families at the different sites and in different seasons (Table A1). The most
frequent families were Baetidae, Chironomidae, Gammaridae, and Lumbriculidae. The most
abundant families were Baetidae, Chironomidae, Gammaridae, and Lymocytheridae.
The PERMANOVA test for the physicochemical variables showed differences in the sub
basins (F = 5.24, p = 0.0005) and seasons (F = 6.46, p = 0.0006), but not the interaction of both
factors (F = 1.92, p = 0.065). The Ciénega sub basin in the lower portion of the basin differed
spatially from all the others (with Cafiada: F = 15.84, p = 0.006; with Guadalupe: F = 8.19,
p = 0.006; and with Zamora: F = 7.05, p = 0.012). Only September and November showed a
temporally significant difference (F = 8.49, p = 0.003). In the case of the macroinvertebrate
families” abundances, we found differences among the sub basins (F = 2.56, p = 0.00001)
but not among the seasons (F = 1.25, p = 0.18) or the interaction of both (F = 0.86, p = 0.8).

204



Diversity 2021, 13, 606

Zamora differed from the other zones but Cafiada, which is located in the upper portion
of the basin (with Guadalupe: F = 3.49, p = 0.006; with Ciénega: F = 3.75, p = 0.006) and
Cafiada only with Ciénega (F = 2.5, p = 0.018; Figure 1).

The NMDS ordination showed an indirect gradient, and the first axis separated in the
left to right direction, with sites reflecting better (higher oxygen and transparency, and the
presence of more sensitive families) to worse conditions (higher Turbidity, BODs, nitrogen
nutrients, and mostly tolerant families; Figure 3). In this context, according to the amount
of information, we duplicated the plot in the same figure, emphasizing this distinction.
To the left, we mainly found that most sites in the different seasons related to the origin of
the river in the Cafiada sub basin (Kunio, Tacuro, La Toma, but El Rastro and Eticuaro)
or to the presence of springs (Verduzco and Camécuaro). On the right side of the plot,
the sites were mainly located near the river mouth in the Ciénega sub basin (Estanzuela,
Capulin, San Cristébal, Cumuato, but Ibarra). The environmental variables which most
correlated to the axes and that showed significance using permutations were temperature
(”? =0.17, p = 0.04), conductivity (2 = 0.19, p = 0.001), dissolved oxygen (> = 0.34, p = 0.001),
ammonium (2 = 0.34, p = 0.001), nitrate (? =0.14, p =0.001), turbidity (2 =047, p =0.001),
and BODs (12 = 0.18, p = 0.02).
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Figure 3. NMDS ordination axes 1 and 2 of the Duero River, including sampling sites within sub-
basins, macroinvertebrates families, and environmental variables (stress = 0.14). The same plot is
divided into two parts to describe a trend from good (left) to poor (right) conditions. After the
site’s name, the capital letter represents the season (M = May, S = September, and N = November).
AntesC = Antes Central de Abastos and DespuésC = Después Central de Abastos. DO = Dissolved
Oxygen, FecCol = Fecal Coliforms. Family names in red have high bioindication values (6 to 9), and
those in gray have low values (3 to 5).

The water parameters showed a general increasing trend in turbidity, BODs nitrogen
nutrients, conductivity, and temperature, but dissolved oxygen and transparency, which
were also related to the indirect gradient in the first axis. In addition, fluctuations in the
physicochemical parameters along the river are common because of the presence of springs
in the different sub basins, aspect that is evident by low values of turbidity, BODs, and
nitrogen nutrients (Table 1). Of particular note are the high values of fecal coliform bacteria
present at most sites (average 9488-7,334,062 MPN /100 mL), which indicates the discharge
of wastewater without treatment, and even very high values were found in one of the
springs (Camécuaro from 19,000 to 5,333,333 MPN /100 mL).
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Table 1. Three-month average of chemical and bacteriological parameters recorded in the fourteen sites of the Duero river.
The Grey line indicates sites related to springs. ColFec = fecal coliforms bacteria, MPN = most probable number, and AntesC
= Antes Central de Abastos and DespuésC = Después Central de Abastos.

- Dissolved
. Temperature Conducti\lrlty Oxygen NH*4-N NOs3;-N Turbidity Transparency BODfl Discharge ColFec
Sites °C uS em pH mgL-1 mgL-1 mgL-1 UTM Proportion mg L ms-1 MPN
20°C Y 8 8 P 0, 100 mL—1
Kuinio 16.8 180.4 6.6 9.3 12 14 0.2 1 0.4 5.4 277,817.0
Tacuro 17.3 184.6 7.3 9.4 1.0 2.0 5.9 1 1.6 5.8 700,851.1
Toma 17.7 163.9 6.7 9.0 22 1.0 215 1 0.6 1.1 11,122.6
Rastro 184 197.9 6.9 8.4 3.1 58 23.0 1 25.6 33 57,037.2
Ettcuaro 19.0 199.4 6.9 8.3 1.8 1.9 19.8 1 154 4.2 80,601.1
Camécuaro 20.8 196.0 7 8.0 1.6 0.8 5.0 1 12 9.9 2,061,888.9
AntesC 20.6 149.9 74 8.3 1.8 12 29.2 0.9 172 23 9488.9
DespuesC 20.5 250.7 7.5 89 2.4 2.4 68.3 0.7 27.1 2.3 220,144.4
Verduzco 21.4 175.9 7.7 9.7 14 12 147 1 14 6.6 57,466.7
Estanzuela 21.9 330.5 6.8 1.3 6.1 1.6 63.2 0.2 20.8 22.1 7,334,062.2
San 230 353.7 69 27 7.3 18 1033.9 02 18.1 294 264,494.4
Cristobal
Capulin 23.5 371.1 6.9 12 13.0 13 2003.7 0.3 20.2 0 17,533.3
Cumuato 25.6 376.5 74 25 4.4 0.8 44.4 0.3 22,6 0 107,555.6
Ibarra 26.5 599.5 7.8 4.7 10.0 15 55.2 0.1 27.5 0 100,866.7

To calibrate the BMWP for the Duero River, each family’s bioindication scores were
obtained, representing the minimum tolerance value to organic pollution (Table 2) [17].
Despite the scale ranging from 1 to 10, no families were classified as a ‘1’ because no site
was highly polluted with few macroinvertebrate families, or as a ‘10’ due to a lack of sites
without apparent alteration. Additionally, the general quality categories for the index
were defined. Temporally, we decided to establish this general BMWP scale of the river
according to the measurements from the dry season (May) because it does not differ from
the other seasons in the physicochemical and macroinvertebrate variables according to
the PERMANOVA results, and it had a continuous moderate flow and stable conditions,
unlike the rainy or intermediate seasons. Spatially, we selected four sites with better water
quality, from which the median and tenth percentile were obtained. These sites were
located at different parts of the river: two represent small creeks from springs (La Toma
and Verduzco), and the other two were located in the main river with little contamination
(Kunio and Antes Central de Abastos). Above the median, the water quality was deemed
excellent, and between the tenth percentile and the median, the water quality was deemed
good. Then, the tenth percentile is divided by four to obtain the rest of the water quality
categories: regular, polluted, very polluted, and extremely polluted (Table 3) [52].

Table 2. Bioindication values were modified and adapted to the different families found in the Duero river as part of the

BMWP calibration.
Families Score
Calamoceratidae, Corydalidae, Leptoceridae, Naucoridae, Nepidae, and Petaluridae 9
Anthomyiidae, Leptophlebidae, Perlidae, Polycentropodidae, Rhyacophilidae, and Sciomyzidae 8
Aeschnidae, Caenidae, Gerridae, Glossosomatidae, Lepidostomatidae, Mesoveliidae, and Syrphidae 7
Ancylidae, Athericidae, Calopterygidae, Corixidae, Helicopsychidae, Muscidae, and Tipulidae 6
Hydropsychidae, Tabanidae, and Tricorythidae 5
Agriidae, Baetidae, Cordulegastridae, Culicidae, ElImidae, Empididae, Glossiphoniidae, Pyralidae, Simuliidae, 4

and Stratiomyidae

Asellidae, Belostomidae, Cambaridae, Ceratopogonidae, Chironomidae, Coenagrionidae, Dryopidae,

Dytiscidae, Erpobdellidae, Gammaridae, Gomphidae, Gyrinidae, Heleidae, Heptageniidae, Herpobdellidae,
Hygrobatidae, Hydrophilidae, Hydroptilidae, Isotomidae, Lestidae, Libellulidae, Limnephilidae, 3
Limnocytheridae, Lumbriculidae, Macroveliidae, Margaritiferidae, Nematodos, Notonectidae, Physidae,

Planariidae, Planorbidae, Pseudothelphusidae, Psychodidae, Sphaeriidae, Tubificidae, and Veliidae
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Table 3. Water quality categories of the Duero river from the BMWP.

Statistic Range Quality
Median >126 Excellent
10th Percentile 97-125 Good
3/4 10th Percentile 73-96 Regular
1/2 10th Percentile 49-72 Polluted
1/4 10th Percentile 24-48 Very polluted
<24 Extremely polluted

The water, habitat, and biological quality described by the different indices during the
dry season are presented in Table 4. No sites showed good conditions, and most were regu-
lar, but two were extremely polluted. Regarding the water quality variables, the BMWP had
a positive correlation with dissolved oxygen (Spearman = 0.87, p = 0.00001) and a negative
correlation with temperature (Spearman = —0.6, p = 0.02), conductivity (Spearman = —0.57,
p = 0.03), and ammonium (Spearman = —0.64, p = 0.01). In the correlation of the BMWP
with the biological indices, we found positive correlation with the EPT (Spearman = 0.67,
p = 0.008) and the Hill numbers of Shannon’s entropy index (Spearman = 0.88, p = 0.00001)
and the inverse of Simpson’s index (Spearman = 0.88, p = 0.00001). When we compared
the historical BMWP values to try to identify changes over time, the analysis did not show
a statistically significant difference among the years (x? = 7.54, p = 0.11). However, when
plotting the values at the different sites, sites at the origin of the river tended to decrease
their water quality in recent years (Figure 4).

I Excellent
Good
[ Regular
Polluted
[ Very polluted
N Extremely polluted

=i-1984
—@—1986
=f§=2013
-@-2019

Sites

Figure 4. Comparison of the BMWP in different years in the Duero river. Sites are presented in order from upstream to
downstream. AntesC = Antes Central de Abastos and DespuésC = Después Central de Abastos. BMWP scores shown

in color.

Table 4. Average values of the Habitat Quality Index (HQI), the Water Quality Index (NSFWQI), the Ephemeroptera,
Plecoptera, Trichoptera index minus Baetidae (EPT-B), and the BMWP, including their interpretation. AntesC = Antes
Central de Abastos y DespuésC = Después Central de Abastos. The Grey line indicates sites with contrasting interpretation

of the indices.

Sites HQI Significance NSFWOQI Significance EPT-B BMWP Significance
Kuinio 16 Optimal 84 Good 7 91 Regular
Tacuro 15 Suboptimal 77 Good 3 76 Regular
La Toma 17 Optimal 82 Good 4 68 Polluted
El Rastro 11 Suboptimal 63 Medium 0.1 63 Polluted
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Table 4. Cont.

Sites HQI Significance NSFWQI Significance EPT-B BMWP Significance
Ettcuaro 8 Marginal 64 Medium 2 33 Very polluted
Cameécuaro 17 Optimal 73 Good 1 37 Very polluted
AntesC 12 Suboptimal 68 Medium 14 73 Regular
DespuésC 12 Suboptimal 62 Medium 2 93 Regular
Verduzco 16 Optimal 74 Good 35 74 Regular
Estanzuela 7 Marginal 44 Bad 0.1 19 Extremely
polluted
San Cristobal 6 Marginal 49 Bad 0.2 31 Very polluted
. Extremely
Capulin 5 Poor 41 Bad 1 18 polluted
Cumuato 5 Poor 43 Bad 1 41 Very polluted
Ibarra 4 Poor 48 Bad 6 58 Polluted

4. Discussion

The calibrated BMWP was defined according to the community structure (abundance
intervals of macroinvertebrates) associated with the river’s environmental conditions.
We characterized the general physicochemistry and nutrient contents related to organic
loads as defined in other studies and protocols [53,54]. However, the Pcq index showed
higher values at sites with an evidently transformed habitat (e.g., river rectification, human-
made ponds, and small dams in the riverbed), such as Etticuaro and Antes de la Central
(sites 5 and 7, respectively), which placed them in a higher quality interval than expected.
In contrast, we obtained small values of Pcq at sites with good habitat quality, such as the
national park Camécuaro (site 6). Consequently, the combined Pcq and HQI value, better
reflected the condition of the river at the different sites.

Adapting the biological index from the original version is a regular procedure because
it establishes a better description of the conditions found in the ecosystem analyzed [55,56].
However, the way through which BMWP is calibrated is an important process, reducing
subjectivity and taking into account the way in which macroinvertebrate families respond
to environmental conditions in every system [17]. In this context, we used and modified the
calibration procedure by Ruiz-Picos et al. [13] to propose a quantitative protocol. We based
the analysis spatially on a low but representative number of sites, describing each sub
basin’s hydrology, water quality, habitat structure, and human impacts. In each site, we
implemented a rigorous multi-habitat sampling to characterize all habitats in different
stretches of the river. Temporally, the study covered the most contrasting climatological
conditions present in the Duero river to describe better the water and habitat quality and
the macroinvertebrates community. In addition, this represents the adapted BMWP in an
important biogeographical zone (transition zone) within a highly productive and crowded
basin in the central part of Mexico (Lerma River basin).

As expected from our first hypothesis, the ecosystem showed a general decrease
down the stream in the water quality gradient, with some intermediate recoveries in the
environmental variables and the macroinvertebrate community (Figure 3). The BMWP
clearly revealed this pattern, since in more transparent, oxygen-rich, and fast current
sites, we found higher scores and index categories (regular; Table 4). In these sites we
found macroinvertebrate families with higher bioindication values such as Ephemeroptera
(Leptophlebiidae, Tricorythidae), Plecoptera (Perlidae), and Trichoptera (Glossosomatidae,
Lepidostomatidae). These families are considered the most sensitive to pollution, and
most have also been described in other subtropical and tropical rivers with equivalent
bioindication values [13,16,57]. In contrast, the water quality decreased mainly in the final
section of the river, where we found sites with high turbidity, pollution (high nutrients,
DBOs, and fecal coliforms), low flow, and with some of the lowest BMWP categories (very
polluted and extremely polluted; Table 4). In this area, although some of the macroinverte-
brates found were present in all sites along the river, their dominance was higher in this
section of the river, showing low bioindication values in the Duero River and other rivers,
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such as in the case for Diptera (Chironomidae), Oligochaeta (Lumbriculidae), and Isopoda
(Asellidae) [54,58]. Other organisms also had low bioindication values at the river mouth,
but they are from families with low frequency and abundance values, such as Hirudinea
(Erpobdellidae, Glossiphonidae) and Diptera (Culicidae).

Two aspects are important to mention. First, some macroinvertebrates showed a
different bioindication value compared with other studies [13,16,57]. For instance, the
Ephemeroptera families, Heptageniidae and Leptophlebiidae, had lower and higher values
in the Duero River (three and eight, respectively). However, the latter family value was
similar to another study where they calculated the bioindication score according to the
degrees of saprobity [12]. These results are part of the adaptation process of the BMWP
and because of the calibration. For instance, Heptageniidae, which had low frequency and
abundance was absent in most sites with better water quality but site 8 (Después de la
Central). However, it had higher abundances at site 14 (Ibarra), the site with the lowest Pcq-
HQI combined index. Second, regarding the intermediate recoveries, the springs improved
the water quality at adjacent sites. For instance, the national park Camécuaro (site 6) has
the highest discharge value in the watershed (Q = 1.75 m?3 571, [34]), and it is related to the
better water quality in Antes and Después Central de Abastos (sites 7 and 8, respectively).

For our second hypothesis, the results showed mixed trends among indices. For in-
stance, Camécuaro showed contrasting results between the water and habitat quality
indices (high values) and the EPT and BMWP (low value; Table 4). Low values could be
related to habitat modifications for recreational use, such as the removal of submerged
macrophytes to promote swimming and the introduction of non-native fish species to
promote sport fishing; these aspects are also linked to the disappearance of other organisms
at the site, such as the native fish Skiffia multipunctata [59]. Additionally, natural aspects
in different zones, such as the higher water flow and the presence of roots and shade by
ahuehuetes (cypress), restricts the growth of submerged vegetation and diminishes habitat
diversity. Another site with different values was Ibarra (site 14) at the mouth of the river.
This area of the river has been modified to be a small reservoir and the flow is controlled
by a gate adjacent to the union with the Lerma River. The higher BMWP value at this site,
in contrast to the other indices, could be related to continuous flow (the gates were open in
all seasons) and the presence of water hyacinths that contribute to overall biotic diversity
because they offer different habitats for macroinvertebrates [60].

In the third hypothesis, the lack of statistically significant seasonal or annual differ-
ences in water quality may result from a temporally stable gradient of water quality from
mild pollution in the upper basin to severe pollution in the river mouth. However, on
one hand, historically the Duero River had a macroinvertebrate composition of 72 families
and only 62 are found currently. On the other hand, when comparing each site, there was
a marked difference in the first sub basin related to habitat modification. Some springs
were channelized to provide more water to nearby towns, or isolated with infrastructure
to avoid degradation because several of these places are used as recreation areas, or are
used to provide water for agriculture. According to the BMWP categories obtained in the
present study, the main difference is that Kuinio, Tacuro, and La Toma (sites 1 to 3) showed
that the average water quality was excellent and good in 1984 and 1986, respectively, and
only regular in 2019. The higher values in the middle of the river, related to Antes and
Después de la Central (sites 7 and 8), could be affected more by the sampling plan than by
the conspicuous restoration of the habitat.

Unfortunately, this river has been used since pre-Hispanic times, and there are no
major initiatives for its restoration, so there are no very high-quality sites. However, those
that were used of better quality as controls allowed to make the calibration and the BMWP
adequately reflect the Duero River conditions. In future studies, it is important to validate
the BMWP by including additional sites and samples collected from multiple years to prove
that the model fits well in the Duero River. A critical aspect of Duero River conservation
is the maintenance of water flow to promote the river’s biotic integrity because, in some
years, different parts of the river dry up and lose continuity [33].
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Appendix A

Table Al. Taxonomic list of the macroinvertebrate found in the Duero river. Asterisks indicate the
families not found in the year 2019.

Class Order Family Genera
Turbellaria Tricladida Planariidae Dugesia
Gastropoda Basommatophora Planorbidae Helisoma
Ancylidae Ferrisia
Hebetancylus
Physidae Physa
Pelecypoda Eulamellibranchia Margaritiferidae Margaritifera
Heterodonta Sphaeriidae Eupera
Pisidium
Sphaerium
Oligochaeta Lumbriculida Lumbriculidae Lumbriculus
Haplotaxida Tubificidae Branchiura
Tubifex
Hirudinea Pharyngobdellida Erpobdellidae Moreobdella
Rhynchobdellida Glossiphoniidae Hellobdella
Crustacea Podocopa Limocytheridae Limnocythere
Isopoda Asellidae Asellus
Amphipoda Gammaridae Gammarus
Decapoda Cambaridae Cambarellus
Procambarus
Pseudothelphusidae Pseudothelphusa
Insecta Collembola Isotomidae Isotomorus
Ephemeroptera Baetidae Baetis
Baetodes
Callibaetis
Dactylobaetis
Heptageniidae Epeorus
Heptagenia
Leptophlebiidae Leptophlebia
Paraleptophlebia
Traulodes
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Table A1. Cont.

Class Order Family Genera
Tricorythidae Leptohyphes
Tricorhythodes
Caenidae * Caenis
Odonata Coenagrionidae Argia
Coenagrion
Enallagma
Lestidae * Archilestes
Agriidae Agrion
Calopterygidae Hetaerina
Petaluridae Tanypteryx
Cordulegastridae * Cordulegaster
Gomphidae Erpetogomphus
Aeschnidae Aeschna
Libellulidae * Libellula
Plecoptera Perlidae Acroneuria
Hemiptera Naucoridae * Ambrysus
Belostomatidae Belostoma
Corixidae Graptocorixa
Trichocorixa
Notonectidae Buenoa
Mesovellidae Mesovelia
Macrovellidae Macrovelia
Gerridae Gerris
Vellidae Microvelia
Rhagovelia
Nepidae * Ranatra
Megaloptera Corydalidae Corydalus
Trichoptera Polycentropodidae Polycentropus
Hydropsychidae Hydropsyche
Leptonema
Rhyacophilidae Atopsyche
Rhyacophila
Glossosomatidae Protoptila
Hydroptilidae Hydroptila
Leucotrichia
Limnephilidae Limnephilus
Lepidostomatidae Lepidostoma
Helicopsychidae Helicopsyche
Calamoceratidae * Phylloicus
Leptoceridae * Oecetis
Lepidoptera Pyralidae Paragyractis
Coleoptera Dytiscidae Dytiscus
Laccophilus
Gyrinidae Dineutus
Gyrinus
Hydroptilidae Hydrobius
Hydrophilus
Dryopidae Helichus
Elmidae Cylloepus
Heterelmis
Microcylloepus
Phanocerus
Diptera Tipulidae Tipula
Culicidae Culex
Ceratopogonidae Dasyhelea
Chironomidae Chironomus
Pentaneura
Simullidae Simulium
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Table A1. Cont.

Class Order Family Genera
Stratiomyidae Odontomyia
Tabanidae Tabanus
Rhagionidae * Atheris
Empididae Hemerodromia
Syrphidae * Eristalis
Muscidae Limnophora
Anthomyiidae
Psychodidae
Sciomyzidae

Arachnida Acarina Hydracaridae
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Abstract: The analysis of functional diversity has shown to be more sensitive to the effects of natural
and anthropogenic disturbances on the assemblages of aquatic macroinvertebrates than the classical
analyses of structural ecology. However, this ecological analysis perspective has not been fully
explored in tropical environments of America. Protected Natural Areas (PNAs) such as biosphere
reserves can be a benchmark regarding structural and functional distribution patterns worldwide, so
the characterization of the functional space of biological assemblages in these sites is necessary to
promote biodiversity conservation efforts. Our work characterized the multidimensional functional
space of the macroinvertebrate assemblages from an ecosystemic approach by main currents, involv-
ing a total of 15 study sites encompassing different impact and human influence scenarios, which
were monitored in two contrasting seasons. We calculated functional diversity indices (dispersion,
richness, divergence, evenness, specialization, and originality) from biological and ecological traits of
the macroinvertebrate assemblages and related these indices to the physicochemical characteristics of
water and four environmental indices (Water Quality Index, habitat quality, Normalized Difference
Vegetation Index, and vegetation cover and land use). Our results show that the indices of functional
richness, evenness, and functional specialization were sensitive to disturbance caused by salinization,
concentration of nutrients and organic matter, and even to the occurrence of a forest fire in the
reserve during one of the sampling seasons. These findings support the conclusion that the changes
and relationships between the functional diversity indices and the physicochemical parameters
and environmental indices considered were suitable for evaluating the ecological conditions within
the reserve.

Keywords: water quality; functional richness; functional specialization; functional evenness; impact
of mining and forest fire

1. Introduction

Freshwater ecosystems are considered the most threatened natural systems globally
since water is extracted from them to meet human needs [1]. These ecosystems have diverse
natural, economic, cultural, aesthetic, and scientific resource values, among others [2]; they
are considered biological diversity hotspots because they are home to approximately
10% of the known species worldwide [3]. However, freshwater ecosystems are affected
by water extraction, flow regulation, wastewater discharges, overfishing, invasion of
exotic species, and climate change, all of which degrade freshwater bodies and threat

Diversity 2021, 13, 546. https:/ /doi.org/10.3390/d13110546 215

https:/ /www.mdpi.com/journal/diversity



Diversity 2021, 13, 546

biodiversity [4]. In addition, biodiversity in the New World is far from being extensively
known from a taxonomical standpoint. Nowadays, biodiversity loss is on the rise due
to severe disturbances at regional and global scales [5]. This will likely lead to massive
extinction rates, particularly in Protected Natural Areas (PNAs) such as the Sierra Gorda
Reserve Biosphere (SGRB), where multiple species may disappear over a short period
of time. This may be related to the impact of tourism, local mining extraction and the
pollution associated with it, and the presence of invasive species [6].

The maintenance of aquatic ecosystems depends on physical, chemical, and biological
processes sustained by different groups of organisms [7]. Aquatic macroinvertebrates play
key functions in these ecosystems, participating in processes associated with energy flow
across food webs in their roles as herbivores, predators, and filter-feeders. In addition, they
participate in the decomposition of detritus and the mineralization of nutrients [8], and are
consumed as food by other trophic levels [9]. The loss of species and biological resources,
including macroinvertebrates, impairs the functioning and services supplied by aquatic
ecosystems [10].

The analysis of functional diversity has shown to be more sensitive to the effects
of natural and anthropogenic disturbances on aquatic macroinvertebrate assemblages
than the classical analyses of structural ecology [8]. Little is known about how the func-
tional diversity of macroinvertebrates changes with the characteristics of aquatic systems,
particularly in the intertropical regions of America [11]. In these environments, some
studies have investigated the composition and taxonomic diversity of macroinvertebrate
assemblages [12], as well as the environmental conditions, in various rivers [13]. However,
diversity measures such as the number of species do not contribute to understanding
the functional traits or functional diversity of these assemblages. In the context of func-
tional diversity, it is relevant to know how the functional traits of macroinvertebrates
depend on the characteristics of rivers, especially if the aim is to maintain the functionality
of these systems and, consequently, the ecosystem services they provide. Additionally,
macroinvertebrates have been used as bioindicators of water quality due to their diverse
responses when facing different types of impacts. It is widely recognized that the structure
of macroinvertebrate assemblages reflects their ecological condition, habitat heterogeneity,
and water quality [14-16]. Several studies have described the trophic functional groups
and their relationship with the physical and chemical characteristics of river ecosystems in
intertropical regions of America [17-19]. However, as far as we know, few studies have
addressed the effect of environmental variables on the functional traits and functional
diversity of aquatic macroinvertebrate assemblages in tropical rivers of America [20,21].

Functional traits are defined as physiological, morphological, or phenological charac-
teristics related to how organisms interact with their environment [22]. For this reason, the
study of functional traits allows understanding how biological diversity and ecosystem
functioning are governed by environmental conditions, and how functional diversity is af-
fected by human activities. Furthermore, functional diversity brings information about how
niche space is shared and partitioned by species within an assemblage [23]. Thus, functional
composition and diversity are useful approximations to exploring ecosystem imbalances.

As one of the main megadiverse countries, Mexico has developed a strategy to con-
serve its multiple natural ecosystems based on the establishment of Protected Natural
Areas (PNAs), including the Sierra Gorda Biosphere Reserve (SGBR). This PNA is located
in the Central Plateau of Mexico, an area influenced by the two biogeographical regions
converging in the Mexican territory—the Nearctic and the Neotropical regions—and is part
of the so-called Transition Zone [24]. Despite its high biological diversity, this PNA is af-
fected by anthropic activities like agriculture and mining, as well as human settlements [25].
Consequently, the SGBR comprises zones influenced by anthropogenic activities and areas
with low disturbance levels, thus being an ideal region for analyzing functional diversity.

This study involved two approaches. The first explores the functional composition of
aquatic macroinvertebrate assemblages, i.e., the assessment of river ecosystems in the SGBR
based on multifunctional features of the components of macroinvertebrate assemblages.
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The other approach includes analyses of several indices that quantify the distribution
of functional traits of macroinvertebrate assemblages. In both cases, the relationships
with environmental (physical and chemical) parameters of the river systems in the SGBR
were investigated.

2. Materials and Methods
2.1. Study Area

The SGBR stretches across 3834 km? in the Mexican Central Plateau. The Tamuin river
runs through this PNA, including the Conca, Ayutla, Santa Maria, and Jalpan main streams
(Figure 1). Moreover, a section of the Moctezuma river and the Extoraz river flow into
the southern area of the reserve; both tributaries converge downstream into the Panuco
river, which flows into the Gulf of Mexico. The altitude in the SGBR ranges between 300
and 3100 m a.s.l., hosting grasslands and mountain forests [26]. Since 1997, the Mexican
authorities have established 11 core zones aiming to maximize the conservation of the
natural conditions, which jointly represent about 7% of the total surface of the SGBR [27].
Other areas are considered buffer zones where agriculture and forestry exploitation are
substantially reduced [28]. Several towns are located within the SGBR, with a total pop-
ulation that does not exceed 95,000 inhabitants [29] dedicated primarily to mining and
agriculture. Approximately 116 mines are located in the SGBR [25].
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Figure 1. Study area in the Sierra Gorda Biosphere Reserve. Fifteen sampling sites were selected along three streams
(Extoraz, Jalpan, and Conca-Ayutla-Santa Maria rivers): four sites in core zones (BC: Bucareli, AY: Ayutla, SM: Santa Maria,
AT: Autopista 190) and 11 in buffer zones (PB: Pefia Blanca, EP: El Paraiso, RQ: Rancho Quemado, ES: Escanela, EN:
Escanelilla, AH: Ahuacatldn, PI: Pizquintla, JL: Jalpan, PA: Purisima de Arista, VC: Vegas Cuatas, CN: Concd). The Extoraz
river includes PB, EP, RQ and BC; the Jalpan river includes ES, EN, AH, PI, JL, and PA; the Concéa-Ayutla-Santa Maria river
includes VC, CN, AY, SM, and AT.
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2.2. Field Sampling and Environmental Variables

Fifteen sampling sites were selected in three main streams: Extoraz (four study sites),
Jalpan (six study sites), and Concé-Ayutla-Santa Maria (five study sites) (Figure 1). In
all the study sites, sampling and environmental monitoring were carried out in February
2017 and July 2017. In addition, the six sites along the Jalpan river, which concentrates the
largest urban localities of the SGBR, were monitored in June 2019. The months monitored
correspond to contrasting climatic seasons, i.e., cold dry (February 2017) and warm rainy
(July 2017 and June 2019) seasons (Figure 2). In each study site, physicochemical variables
were recorded in situ, such as dissolved oxygen (mg/L), oxygen saturation (%), pH,
conductivity (ms/cm), salinity (UPS), suspended solids (mg/L), and temperature (°C),
using a Quanta (Hydrolab)® (Sheffield, UK) multiparametric probe. Water samples were
collected in 500 mL flasks in duplicate, plus a 100 mL sample placed in a Whirlpack®
(Madison, USA) bag, to measure physicochemical parameters and run microbiological
testing in the laboratory. Samples were transported refrigerated and protected from direct
sunlight. In the laboratory, water samples were processed to determine total nitrogen
(TN, mg/L), nitrites (NO,, mg/L), nitrates (NO3, mg/L), ammonia nitrogen (NH3, mg/L),
sulfates (SO4, mg/L), orthophosphates (PO, mg/L), total phosphorus (PT, mg/L), color
(Pt-Co units), and total suspended solids (TSS, mg/L) using a HACH?® (Sheffield, UK)
DR3900 spectrophotometer (HACH, 2001), and hardness (CaCO3, mg/L) by titration. In
addition, alkalinity (CaCO3, mg/L), chlorides (Cl, mg/L), biochemical oxygen demand
over 5 days (BODs, mg/L), and total and fecal coliforms (MPN/100 mL) were determined
following APHA techniques [30] (Table 1).
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Figure 2. Average monthly temperature (line) and precipitation (bar) values in the Sierra Gorda Biosphere Reserve for the

period 2017-2019.
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2.3. Characterization of Sites with Environmental Indices

The protocol for characterizing habitat quality was applied in each monitoring sta-
tion [31,32]. The percentage of each land use (natural vegetation, grassland, secondary
vegetation, induced grassland, agriculture, and human settlements-urban areas) influenc-
ing each site was estimated inside a buffer area of 2 km upstream and 0.5 km to the sides
of each study site, following the criteria of [33]. Buffer sites were set using the available
information from a map of land use and vegetation at a 1:250,000 scale provided by the
National Institute of Statistics and Geography of Mexico (INEGI, 2021) [34] and using the
software QGIS version 3.20.3 (Open-Source Geospatial Foundation, Chicago, IL, USA).
Additionally, the Normalized Difference Vegetation Index (NDVI) was calculated based on
Landsat 8 OLI TIRS images from the USGS viewer [35], using the following equation [36]:

(B5 — B4)

DVI=-——*
N (B5 + B4)

where B4 and B5 correspond to the bands of the Landsat 8 OLI TIRS satellite image.
In addition, the Water Quality Index proposed by [37] was calculated with the follow-
ing equation:

n )
wQr=J]1"
i=1
where WQI = Water Quality Index (0 to 100); Ii = subindex of the iy, parameter (0 to 100);
Wi = weighting value of the iy, parameter (0 to 1); n = number of parameters.

2.4. Macroinvertebrate Monitoring

Aquatic macroinvertebrates were collected using two types of sampling gear, namely,
a scoop-type net (for riparian vegetation and ponds) and a kicking net (for riffles and zones
with laminar and turbulent flow), both with a 500 um mesh. Sampling was carried out
according to the multi-habitat monitoring proposal [31,32], considering all the potential
habitats where these organisms thrive; four replicate samples (the area in each sample was
2.5 m?) were obtained, two for each collection method, with a sampling effort of 10-20 min
per study site. The macroinvertebrates sampled were preserved in 70% ethanol, and the
identification and quantification of each taxon were carried out at family level (refer to the
Table S1 of Supplementary Material). The functional diversity analysis was performed at
family level following [38], which found that functional attributes based on biological and
ecological traits, such as type of feeding, reproductive strategy, and trophic status, were
strongly correlated with the composition of the assemblages at family level (p = 0.64-0.85).
These attributes indicate that taxonomic sufficiency was universally applicable within taxo-
nomic groups for different habitats within a biogeographical region, and that aggregation
to family or order was adequate to quantify biodiversity and environmental gradients. The
identification was based on specialized taxonomic keys [39—41] and using a Nikon® (Tokio,
Japan) SMZ 745T stereo microscope.

2.5. Characterization of the Multifunctional Space

Functional diversity was calculated from the combination of two matrices. The
first included the abundances of taxa throughout study sites, streams, and sampling
seasons; the second considered four ecological traits (food availability, cross-sectional
distribution, habitat preference, and tolerance) and six biological traits (life cycle, life
stage, respiratory mode, nutritional status, functional group, and body size) obtained from
databases and published works [42—45] (refer to the Table S2 of Supplementary Material).
Traits were coded using a ‘fuzzy” approach, in which a value given to each trait category
indicates whether the taxon has no (0), weak (1), moderate (2), or strong (3) affinity for
the trait. Affinities were determined based on observations (taxon-specific information
from the literature) [42-45]. Fuzzy coding can incorporate intra-taxon variability when
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trait profiles differ between genera within a family, early and late stages of a species, or
individuals of a species living in different environments [46]. Six functional diversity
indices were calculated from the multidimensional space of the features, considering the
relative abundance of each taxon: Functional dispersion (FDis), Functional richness (FRic),
Functional divergence (FDiv), Functional evenness (FEve), Functional specialization (FEsp),
and Functional originality (FOri). An increase in FDis, FRic, and FDiv values indicates
a greater amplitude of the niche space occupied by the taxa and a broader divergence in
the distribution of abundances across the niche space [23]. The multidimensional space of
traits was constructed, and functional diversity indices were calculated from the R script
proposed by [5,47], available at: http:/ /villeger.sebastien.free.fr/Rscripts.html (accessed
on 6 September 2021).

2.6. Statistical Analysis

The average value and standard error of each functional diversity index were calcu-
lated. First, we computed the value for each study site and season, and then the mean
values for each main stream per study season. Significant differences between average
values of the functional diversity indices calculated in each main stream and study season
were analyzed using the Kruskal-Wallis test with a significance value of p < 0.05 and the
Mann-Whitney U test for multiple comparisons. A database was created for environmen-
tal variables, with the indices of functional diversity and physicochemical parameters
as active variables (i.e., those that are subject to manipulation or experimentation) and
the environmental indices as supplementary variables, to run a Principal Component
Analysis (PCA). Groups were defined a priori, each corresponding to the sites located in
the three main streams (Extoraz, Jalpan, and Concé-Ayutla-Santa Maria) and monitoring
seasons (February 2017, June 2017, and July 2019). Those environmental variables with a
significance value greater than 0.5 in a previous Factor Analysis were maintained. All data
were previously processed from In (x + 1), and the XLStat (2020) package was used for all
statistical analyses.

3. Results

The multidimensional space of the functional traits that was characterized in the first
place corresponds to the total number of SGRB study sites (Figure 3a), considering all
sites in the three main streams and all monitoring events. This procedure allowed us to
identify the broadest spectrum of functional diversity within the reserve (multidimensional
functional space). The value of FRic was 1, which is expected since all functional traits
were present; however, FDiv and FDis were not necessarily equal to 1, although they were
greater than 0.5, which indicates the broad spectrum of the functional niche occupied by
aquatic macroinvertebrate assemblages in the entire reserve (Figure 3b—d). FEve for the
total reserve was low (Figure 3e) since some functions (body size 0.25-0.5 cm; collectors
and very tolerant taxa mainly distributed in riparian zones) were more abundant than other
macroinvertebrates, associated with high abundances of some taxa (Baetidae, Chirono-
midae, Elmidae, and Leptophlebidae), which are concentrated at the lower left quadrant
of the functional space (Figure 3a,e). Finally, FSpec and FOri were also greater than 0.5,
indicating the importance of specific functions within the assemblages (Figure 3f,g).

Average values of functional diversity indices for each main stream throughout the
monitoring seasons are shown in Figure 4. FDis (functional dispersion) is a multivariate
measure of the dispersion of assemblages” members across the trait space, estimated as
the mean distance of all species to the weighted centroid of the assemblages in the trait
space, equivalent to the multivariate dispersion. FDis values (Figure 4a) were above 0.5,
with significant differences (p < 0.05) between monitoring seasons in the Extoraz and
Concé-Ayutla-Santa Maria rivers in July 2017.
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Figure 3. Multidimensional functional space of the aquatic macroinvertebrate assemblages in the SGRB and functional
diversity indices for the entire SGRB throughout the monitoring seasons. (a) The box in the upper left corner includes
the location of taxa (families) in the functional space of the entire SGRB. The meaning of abbreviations is found in the
supplementary material. The diameter of the blue dots indicates the abundance of the respective taxon; (b) FDis; (c) FRic;
(d) FDiv; (e) FEve; (f) FSpe; and (g) FOri indices for the entire SGRB.

Main streams by monitoring season

Figure 4. Average values of functional diversity indices for the main streams and monitoring seasons studied. (a) FDis,
(b) FRic, (c) FDiv, (d) FEve, (e) FSpe and (f) FOri. Letters above the dispersion values of all indices (a—e) indicate statistically
significant differences (p < 0.05).
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FRic (functional richness) represents the range of the functional space occupied by
the assemblages, estimated as the number of combinations of functional traits in the
assemblage. FRic values (Figure 4b) in the Jalpan river ranged from 0.058 4 0.0007 in June
2019 to 0.4 + 0.0175 in July 2017, which are significantly different (p < 0.05) between each
other and also compared to the Extoraz river during February 2017 and the Conca-Ayutla-
Santa Maria river in the two seasons. FRic values (Figure 4b) lower than 0.5 indicate that
the range of functions is unique to a given stream relative to the multifunctional space
of the entire SGRB. However, the Extoraz river in July 2017 and the Jalpan river in June
2019 showed very low values that contained less than 10% of the spectrum of functions
of the entire reserve. FDiv (functional divergence) represents the proportion of the total
abundance supported by taxa with the most extreme trait values within the assemblage.
FDiv (Figure 4c) showed very high values (>0.799) in all streams and monitoring seasons.

FEve (functional evenness) represents the uniformity of the distribution and relative
abundance of taxa in the functional space of a given assemblage. Higher FEve values
indicate a more uniformly occupied niche space. FEve values (Figure 4d) fluctuated from
0.354 + 0.039 in Extoraz in July 2017 to 0.576 £ 0.030 in Jalpan in June 2019. Values close
to 0.5 indicate that the distribution of trait abundances are relatively evenly distributed
in the functional space. This indicates that, overall, there are no dominant groups of
macroinvertebrates performing similar functions or showing similar attributes. Finally,
FSpe and FOri are defined as the mean distance of a taxon and the level of isolation of a
taxon, respectively, relative to the functional space occupied by a certain assemblage. FSpe
and FOri (Figure 4e,f) showed a similar behavior because these indices indicate the level of
specialization of the functions, reaching values above 0.5 that peaked in the Jalpan river in
February 2017 (0.718 £ 0.019) and July 2017 (0.728 + 0.036).

The PCA of the variables and environmental indices that defined the ranking of
streams and seasons studied are shown in Figure 5. The first two PCA components
accounted for 57.29% of the variance and showed a main environmental gradient on the
horizontal axis that clusters the monitoring points into two large groups: the first, on the
left side of the biplot (Extoraz_Feb_2017, Jalpan_Feb_17, Conca_Ayutla_StMaria_2017, and
Jalpan_Jul_17) is characterized by high oxygen levels (percent saturation), related to the
highest FRic, FSpe, and FOri values. The monitoring points on the right side of the biplot
(Extoraz_Jul_17, Conca_Ayutla_StaMaria_Jul 17, and Jalpan_Jun_19) are characterized by
the highest values of color (9.2-40.6 Pt/Co U.), suspended solids, and turbidity, related to
the highest FDis. The main environmental gradient along the horizontal axis denotes the
physicochemical properties associated with well-oxygenated waters, in contrast with the
study sites with higher contents of solid materials and organic matter. These results are
closely related to the monitoring season because the streams positioned to the left were
monitored in February 2017 (dry season), except for the Jalpan river in July 2017, while
streams positioned to the right were monitored in July 2017 and June 2019 in the Jalpan
river (rainy season).

A second environmental gradient is represented on the vertical axis, showed on the upper
quadrants of the biplot (Jalpan_Feb_17, Jalpan_Jun_19, and Conca_Ayutla_StaMaria_Jul_17)
with the highest values of pH, NDVI, secondary vegetation, natural vegetation, water
quality, and habitat quality, related to the highest FEve values. The Extoraz_Feb_17,
Extoraz_Jul_17, Jalpan_Jul_17, and Conca_Ayutla_StMaria_Feb_17 monitoring points are
located at the lower portion of the biplot, characterized by the highest concentrations of
chlorides, conductivity, salinity, sulfates, fecal coliforms, hardness, nitrite nitrogen, nitrates,
total phosphorus, hardness, nitrite nitrogen, nitrates, total phosphorus, and nitrogen,
related to human settlements, urban areas, and agriculture. Consequently, the second
gradient refers to properties related to environmental quality, ranging from better water
quality, habitat quality, and well-preserved vegetation cover (in the upper portion of the
biplot) to higher contents of minerals, organic matter, and nutrients derived from human
activities (at the bottom of the biplot).
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Figure 5. Biplot of the PCA of study sites and seasons (observations) and environmental variables measured in situ and in
the laboratory, as well as functional diversity and environmental indices. Upper left quadrant. pH = pH values, NDVI =
Normalized Difference Vegetation Index, SV = Secondary vegetation, WQI = Water Quality Index, Hab = Habitat quality, NV
= Natural vegetation, %Sat-O, = Oxygen saturation (%); Lower left quadrant. FRic = Functional richness, FSpe = Functional
specialization, FOri = Functional originality, BOD = Biochemical oxygen demand, Alk = Alkalinity, FDiv = Functional
divergence; Upper right quadrant. FEve = Functional evenness, IG = Induced grasslands, PO, = Orthophosphates, Tur
= Turbidity, Color = Color; Lower right quadrant. SS = Suspended solids, FDis = Functional dispersion, Temp = Water
temperature, Tot-P = Total phosphorus, Tot-N = Total nitrogen, AG = Agriculture, NO,, NO3, NH3 = Nitrites, nitrates, and
ammonia nitrogen, Fecal col = Fecal coliforms, Hardness = Hardness, HS & UZ = Human Settlements and Urban Zones,
Sulf = Sulfates, Cond = Conductivity, Sal = Salinity, Cl = Chlorides.

4. Discussion

The past decade has witnessed an increase in the number of studies focused on
changes in functional diversity using aquatic macroinvertebrate assemblages [48] since
these show noticeable changes when facing impacts from human activities [49,50]. Our
study proposes the use of functional diversity indices calculated from the characterization
of the multifunctional space of macroinvertebrate assemblages in a biosphere reserve
located in a tropical latitude, and its comparison within the reserve according to the
streams and seasons studied. The perspective for the analysis of functional diversity
used in our study, based on [5,47,49], is applied for the first time in Mexico, as far as we
known [11].

The macroinvertebrate assemblages sampled in streams running across the SGRB
comprised a total of 88 families (refer to the Table S3 of Supplementary Material), ev-
idencing the high taxonomic diversity of aquatic macroinvertebrates in the SGRB. On
the other hand [51], who studied some of the streams in the SGBR, reported a similar
taxonomic richness, with 86 families identified. Based on taxonomic diversity, our work
used a database of 52 functional traits divided into four categories of ecological attributes
and six of biological attributes [41-45]. Compared to other reports [52,53], this study used
a markedly lower number of traits, which highlights the scarcity of autoecology studies
addressing macroinvertebrate groups in tropical areas of America [8,54]. Similarly to other
authors [46,55,56], we used fuzzy coding to score the affinity of a given trait to each of
our taxa; it has been shown that biological functions or attributes related to functional
processes in ecosystems are not binomial in nature, but commonly result from multiple
responses by a given assemblage [57].

In general, the reserve showed very high values for almost all the functional diversity
indices, except for FEve, which is explained by the occurrence of dominant functions
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throughout the reserve. In this case, these dominant functions were related to nutrient-
enrichment processes since collector organisms were present in all streams and monitoring
seasons. Besides, the taxa to which these functions are associated showed high overall
abundances (>50 individuals). In our study areas, as well as in other Neotropical rivers,
high nutrient levels are mainly due to the incorporation of fine particulate organic matter,
which is consistent with [58].

The functional multidimensional space of aquatic macroinvertebrate assemblages was
evaluated for each stream within the SGRB in different monitoring seasons to identify
variations in the functional diversity indices and explore how these changes are related to
the functions within the reserve and the environmental variables and indices measured in
the streams and monitoring seasons. It was observed that FDis values (Figure 4a) tend to
be higher in Conca-Ayutla-Santa Maria in both seasons, likely because this is located in
the mid-terminal portion of the stream. Here, the macroinvertebrate assemblages show
generalist trophic habits and adaptations to avoid extreme hydraulic conditions related to
their life cycle such as small body sizes that facilitate searching for shelters to avoid being
dragged by strong currents [59], (extreme conditions were detected during the rainy season,
with high values of suspended solids and turbidity, due to the incorporation of materials
from the upper tributaries of this river, in contrast with those seasonal variations in Extoraz
river where there are a lower number of tributaries; see Table 1). FRic (Figure 4b) may be
considered one of the most important functional diversity indices because it indicates the
variation of the functional space [23] in the streams and seasons monitored. This index
showed the lowest values in Extoraz in July 2017 and Jalpan in June 2019. In both cases, this
may be an effect of the rainy season as described by [60], who demonstrated that high-flow
events caused by rains significantly reduced the richness of the macroinvertebrate assem-
blages. In the Extoraz river, lower FRic values may also reflect the effect of mining pressure
(note the proximity of mining activities to the Extoraz river in Figure 1), mainly from
mercury extraction in this area [61,62]. The Extoraz river showed significant differences in
FRic values between February and July 2017; however, the low values recorded may be
related to the local climate and type of vegetation in the basin. The Extoraz river is a stream
located in an area with semi-arid climate and surrounded by xeric shrubland. According
to [63], currents flowing across semi-arid environments show spatial and temporal changes
that modify the vegetation in the riverbanks and riparian zones. Hence, these currents do
not offer enough shelter for macroinvertebrates. Given the scarce habitat availability, the
effect of the surrounding mining operations may have been intensified during February
2017, probably leading to marked reductions in the number of functions in this stream.
In addition, increased conductivity (see the lower right quadrant of the PCA in Figure 5)
affects the taxonomic and functional structure of the macroinvertebrate assemblage, as
reported by [64]. In the Jalpan river in June 2019, the forest fires that occurred in that
year [65] had a significant adverse effect (p < 0.05) when compared to this same stream in
July 2017; noteworthily, the latter date reached the highest FRic value for the rainy season.

The effects of fires on macroinvertebrate assemblages have been rarely addressed.
The reports by [66] showed that fire adversely affects FRic, as observed in the Jalpan river
in June 2019. However, FDiv values (Figure 4c) remained relatively unchanged, similar
to the findings reported by [67], i.e., this index did not decrease despite environmental
and anthropogenic stressors. Other authors suggest that FDiv shows less variations in the
presence of urban or agricultural land uses [68], as observed mainly in the Jalpan river.
Moreover, high FDiv values (>0.799) indicate that the range of functions may be unique
to each stream, with no niche overlap [23]. The highest FEve values (Figure 3d) were
recorded in the Jalpan river in June 2019, when a disturbance event caused by forest fires
occurred. According to [68], disturbance effects tend to increase functional evenness due
to the concentration of the combinations of the most similar traits that result from the
presence of tolerant and dominant species over the rest of the assemblage [69]. Functional
specialization and originality (Figure 4e,f) have been little addressed in macroinvertebrate
assemblages [8]; our results showed high values of functional specialization and originality
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along the streams. According to [70], functional specialization is an indicator that is
sensitive to environmental disturbance. The values observed in this study suggest that these
functional diversity indices are seemingly not compromised within the SGRB; the exception
is the Jalpan river in June 2019, when the lowest values for these indices were observed.

Finally, the ordination analysis (PCA) (Figure 5) showed two environmental gradients
along which the aquatic macroinvertebrate assemblages responds regarding its characteri-
zation of the multidimensional functional space and functional diversity indices. On the
one hand, the gradient marked by good oxygenation levels associated with the highest
FRic, FSpe, and FOri in the main streams is similar to the one reported by [71]. The second
gradient, represented by the best vegetation conditions in terms of NDVI, habitat quality,
and water quality, was found to be related to high functional diversity indices. In contrast,
the Extoraz stream in July 2017 showed the most severe disturbance impacts. Besides, this
stream showed high conductivity values (due to the calcareous nature of the basin), which
is consistent with [72]. Although the Jalpan river (in June 2019) was located to the upper left
quadrant of the biplot associated with the highest FEve, we propose that the lowest FRic
recorded was mainly due to the effect of fires in the reserve that year. According to [73],
the effects of urbanization on macroinvertebrate assemblages are still poorly understood.
The Jalpan river runs across the most urbanized area of the reserve, where structural and
functional diversity are subject to multiple stressors, including the adverse effects of forest
fires on the aquatic macroinvertebrate assemblages, as reported by [74].

5. Conclusions

Our results represent the first approximation to characterize the multidimensional
functional space of the aquatic macroinvertebrate assemblages in a Neotropical biosphere
reserve. In general, the functional space of this assemblages within the SGBR is charac-
terized by high values of functional diversity indices. However, some indices, such as
functional richness, evenness, and specialization, were sensitive to disturbances in the
Extoraz river in February 2017 and the Jalpan river in June 2019. Both findings add to
the few published reports about the adverse effects of salinization from mining activities
on the structure and function of the aquatic macroinvertebrate assemblages, as well as
the impact of forest fires. The approach in this study integrated the responses of func-
tional diversity indices across environmental gradients, which allowed us to identify the
major drivers of functional diversity within the SGBR. The highest values of the func-
tional richness, specialization, and originality indices were associated with the best water
quality (well-oxygenated waters and low values of POy, turbidity, suspended solids, and
color) and the best habitat quality, NDVI, and natural vegetation cover. The responses
of functional evenness and dispersion were correlated with the streams and seasons that
showed impacts from mineralization (Extoraz river in February 2017) or forest fires (Jalpan
river, June 2019). Finally, our results revealed that the relationships between the functional
diversity indices and the different physicochemical parameters and environmental indices
are suitable indicators to evaluate the conditions within the reserve.
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