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Abstract

Digitization of natural history collections is a major challenge in archiving biodiversity. In recent years,
several approaches have emerged, allowing either automated digitization, extended depth of field (EDOF)
or multi-view imaging of insects. Here, we present DISC3D: a new digitization device for pinned insects
and other small objects that combines all these aspects. A PC and a microcontroller board control the
device. It features a sample holder on a motorized two-axis gimbal, allowing the specimens to be imaged
from virtually any view. Ambient, mostly reflection-free illumination is ascertained by two LED-stripes
circularly installed in two hemispherical white-coated domes (front-light and back-light). The device is
equipped with an industrial camera and a compact macro lens, mounted on a motorized macro rail.
EDOF images are calculated from an image stack using a novel calibrated scaling algorithm that meets the
requirements of the pinhole camera model (a unique central perspective). The images can be used to gen-
erate a calibrated and real color texturized 3Dmodel by ‘structure from motion’ with a visibility consistent
mesh generation. Such models are ideal for obtaining morphometric measurement data in 1D, 2D and
3D, thereby opening new opportunities for trait-based research in taxonomy, phylogeny, eco-physiology,
and functional ecology.
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Introduction

Digitization has become a major challenge in the curation of natural history collec-
tions (Beaman and Cellinese 2012; Berents et al. 2010; Hudson et al. 2015; Mantle et
al. 2012; Mathys et al. 2015; Mertens et al. 2017; Moore 2011; Vollmar et al. 2010).
Among zoological collections, insects are unparalleled in their number of species and
specimens. Hence, automatization of image acquisition and processing seems manda-
tory for large-scale digitization projects. Whole-drawer imaging (Mantle et al. 2012)
allows high-throughput digitization of multiple specimens in one image. The available
resolution of approximately 30 pm/pixel, however, seems insufficient for the inspec-
tion of delicate morphological details. Furthermore, only the dorsal view is imaged,
making lateral and ventral characters inaccessible from the digital data. Hence, this
system seems to be well-suited for an online inspection of available specimens in a col-
lection but does not replace physical handling of the specimens for many taxonomical
/ morphological studies. Images with higher resolution require the specimens to be
imaged individually. Due to the small size of many insects, however, images need to
be taken with an extended depth of field (EDOF) technique (Brecko et al. 2014).
A number of commercially available software solutions allow EDOF image calcula-
tion from focus stacks by post-processing (Brecko et al. 2014), and some cameras also
have suitable built-in EDOF options (Mertens et al. 2017). In the case of multi-view
EDOF imaging, however, time-consuming manual processing is necessary (Nguyen et
al. 2014) and available commercial software does not provide well-defined perspectives
due to the inability to include information on camera position into EDOF calculation.
Hence, large-scale digitization projects use multi-view imaging only when specimens
are large enough to keep them in focus as a whole, and use only one or two viewing
directions if EDOF images should be needed (Mathys et al. 2015). Sets of images from
multiple views do not only provide digital access to more morphological characters,
they can also be used to generate colored and textured 3D models of the specimens
(Mathys et al. 2013; Mathys et al. 2015; Nguyen et al. 2014; Strébel et al. 2017).
Measurements taken on the virtual 3D models instead of the physical samples pro-
tect the delicate specimens and can be easily repeated at any time. Due to the above-
mentioned restrictions in combining EDOF and multi-view imaging, however, 3D
modelling of higher numbers of small insects seemed impractical (Nguyen et al. 2014).

Traditionally, species descriptions and other scientific or popular documentations
focus on 1-D characters, e.g., body length, the length of single body parts or relative
length ratios between body parts. However, since organisms have 3D shapes, 2D or
3D traits are meaningful complementary information to characterize body shape and
variation more completely (Tatsuta et al. 2017). Hence, phylogenetic analyses should
consider morphometrics of shapes and relative landmark positions (Tobias et al. 2010;
Wiens 2000). Moreover, many relevant functional morphological traits are in fact 2D
or 3D. A ‘functional trait’ represents any kind of phenotypic (morphological, physi-
ological or life-history) characteristic of an organism assumed to influence its perfor-
mance (McGill et al. 2006). Biodiversity research increasingly focuses on the composi-
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tion of species’ traits rather than considering only species identities and numbers alone
(Loreau et al. 2001; Mouillot et al. 2013; Petchey and Gaston 2002). In the concept
of ‘environmental filters’, changes in the environment cause a shift in the distribution
of functional traits in species communities (Diaz et al. 1998; Gdmez-Virués et al.
2015; Mouillot et al. 2013). Reported changes in morphological trait compositions of
insect communities include an increasing relative abundance of species with larger eyes
(relative to head width) with increasing land-use intensity (Simons et al. 2016), or de-
creased forewing length with higher habitat fragmentation (Gdmez-Virués et al. 2015).
More subtle variation in size and shape across individuals within a species can provide
additional insights into environmental responses or resource limitation (Emlen 1997;
Peat et al. 2005). Finally, developmental stress in a growing organism may cause asym-
metries, e.g., differences between left and right legs, wings, or horns of insects, poten-
tially associated with lower reproductive success or other fitness deficits (Hendrickx et
al. 2003; Moller and Thornhill 1998). Hence, many of these functional traits relate
to 3D structures, but have been characterized only in 1D or 2D, largely constrained
by the availability of methods. In particular, surfaces and volumes are important char-
acteristics that are relevant in a functional eco-physiological context but can only be
measured in 3D (Briickner et al. 2017; Kiihsel et al. 2017). Therefore, besides archiv-
ing and digitizing museum collections, trait-based research areas in functional ecology,
eco-physiology, and evolutionary biology would greatly benefit from easily available
3D scanning techniques.

Established tomographic 3D techniques have some shortcomings when it comes
to pinned insects. Although delivering landmark data with a high precision (e.g.,
Betz et al. 2007; Heethoff and Norton 2009; Schmelzle et al. 2009), X-ray micro-
tomography requires costly equipment or access to very limited beamtime at suitable
synchrotron facilities. Furthermore, high X-ray attenuation of the needle compared
to the insect body results in distracting artifacts. Finally, as pinned insects are dried
without preserving their inner organization, tomography seems of limited value, also
since it does not recover color/texture of the specimen. Hence, the use of visible light
in combination with real color imaging seems the most adequate technique for digitiz-
ing insect collections.

Visible light is to some extent reflected or remitted at or near the surface of the in-
sect. Light returning from the specimen bears information about position, reflectivity,
and color, and forms the basis for optical 3D surface scanning. Triangulation techniques
determine the spatial position of surface points by the intersection of light rays. In
the case of passive triangulation, ambient illumination is applied, and all rays used for
measuring are viewing rays of different cameras or of a camera in different positions.
Two such techniques, ‘Structure from Motion’ (SfM) and ‘Shape from Silhouette’ (S£S),
are suitable for 3D insect scanning (Mathys et al. 2013; Nguyen et al. 2014).

SfS (Cheung et al. 2005; Furukawa and Ponce 2009; Gallo et al. 2014) is based
on viewing rays tangential to the object (see Suppl. material 1: Fig. S1). These en-
close visual cones with respect to the projection centers of the cameras. The object
surface is approximated by the ‘visual hull’, the common intersection of all visual
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cones. Resulting 3D models need to be calibrated by scaled markers included in the
images. Moreover, since there are no silhouette rays from concave parts of an object,
it is not possible to reconstruct indentations on insect bodies. Until now, the only
published device for capturing natural-color 3D models of pinned insects is based
on SfS (Nguyen et al. 2014). Estimated as a ‘proof of concept’ by the authors, this
pioneering system used a DSLR camera and a two-axis rotating table. The camera
calibration was carried out with the aid of a mat with printed markers, imaged to-
gether with the insect pinned on this marker mat. In consequence, only a part of
the sensor area was available for the specimen. Moreover, the arrangement of speci-
men and mat precludes imaging the underside of the insects. The authors propose
to either mount the specimens with an auxiliary second pin or to re-pin the insects.
This is a major shortcoming of the SfS setup since re-pinning bears an ultimate risk
of damaging the specimen, and probably no museum would agree to re-pin any type
specimens from their collection.

SIM (Seitz et al. 2006; Szeliski 2011; Ullmann 1979; Westoby et al. 2012) is a
photogrammetric technique that uses images from different viewing directions (i.e.,
different camera positions with respect to the specimen or different specimen poses
with respect to the camera) and identifies corresponding feature points on these images
(see Suppl. material 1: Fig. S1). Unlike traditional photogrammetry, SEM does not need
a previous calibration of camera positions and orientations, since these are determined
together with the object structure (simultaneous calibration). This becomes possible
by the high number of corresponding feature points that can be detected in overlap-
ping images of well-textured objects such as insect specimens - an approach that has
been boosted by the emergence of efficient new algorithms for feature detection and
matching (e.g., SIFT, Lowe 2004), powerful graphics processor units, and user-friendly
software (Agisoft PhotoScan), including generation of 3D-models with visibility-con-
sistent meshing (VCM) techniques (see also: Aroudj et al. 2017; Vu et al. 2012).

Here, a new imaging device (the Darmstadt Insect SCanner: DISC3D) is pre-
sented that overcomes the restrictions of the above-mentioned EDOF multi-view
imaging, and provides data suitable for both, digitally archiving insects (and other
small objects) and generating 3D models. We developed DISC3D with the aim of
affordability, clonability, and minimization of manual processing steps. DISC3D
allows specific configurations for different requirements (e.g., high resolution for
archiving, high number of views for 3D modelling of complex structures, or fast
imaging for mass digitalization).

Materials and methods

DISC3D is published under the Creative Commons license CC BY-SA (https://
creativecommons.org). The total costs of the device range between 4,000€ and
8,000€ (depending on the camera and availability of computers and educational
software licenses). In the following an overview is given of the components of
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Figure . Schematic setup (A) and image (B) of the Darmstadt Insect Scanner DISC3D.

DISC3D (Fig. 1) and the measuring process. Detailed technical information and
calculations can be found in the supplement. Visit also www.econetlab.net/disc3d

for current developments.
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Animals used in the study

For demonstration of DISC3D, a set of pinned insects and snail shells from our collec-
tion with a representative shape range and sizes between 1.5-30 mm were chosen. The
following species were included:

Coleoptera:
Prosopocoilus savagei Hope (23 mm)
Anoplotrupes stercorosus Scriba (21 mm)
Stenocorus meridianus L. (19 mm)
Typhaeus typhoeus L. (18 mm)
Rutpela maculata Poda (17 mm)
Valgus hemipterus L. (8 mm)
Cryprocephalus sericeus L. (7 mm)
Pogonocherus hispidus L. (6 mm)
Phyllobius pyri L. (6 mm)
Tytthaspis sedecimpunctata L. (3 mm)

Lepidoptera:
Zygaena filipendulae L. (15 mm body size, 30 mm wingspan)

Hymenoptera:
Paraponera clavata Fabricus (20 mm)
Osmia adunca Panzer (12 mm)

Sphecodes ephippius L. (8 mm)

Diptera:
Thricops sp. Réndani (8 mm)
Culex pipiens L. (5 mm)
Oscinella frir L. (1.5 mm)

Gastropoda:
Helicodonta obvoluta O.F. Miiller (9 mm)
Aegopinella nitens Michaud (8 mm)
Discus rotundatus O.F. Miiller (5 mm)

Specimen mounting and orientation

A black foam plastic adapter is used to connect the insect pin to a ca. 100 mm long and
1 mm thick supporting steel pin. The mounting is adjusted to the center of rotation of
a two-axis motorized gimbal and allows a free view on the specimen from virtually all
sides. During an insect scan, the specimen undergoes a preassigned ‘pose program’ with
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an approximately constant angular distance between neighboring poses. Pose programs
can be adjusted for specific needs (e.g., shape and complexity of the object). In this
study, we mostly used a standard pose program with a mean angular distance of 10° of
two neighboring poses, and a total number of 412 poses, 14 of which are not accessible
due to geometric and optical constraints of the sample holder (see Suppl. material 1:
Fig. §2). For repeatability of the poses, the stepper motors of the gimbal are reinitial-
ized before every insect scan.

Illumination

Many insect surfaces are glossy and show bright reflections (‘hotspots’) when illumi-
nated directly by a point-shaped light source. For that reason, we use two separately
addressable hemispherical illumination domes: a ‘front-light dome’ that is adjacent
to the camera but averted, and a ‘back-light dome’ on the far side facing the camera
(Fig. 2). Each dome is equipped with a dimmable white LED strip attached to its inner
circumference and a light shade extending into the dome that prevents direct illumina-
tion of the samples. Through backscattering by the white coated inner surface of the
dome, illumination of the samples is indirect and nearly homogeneous. Both the front-
light and the back-light dome feature a slot to accommodate the supporting pin when
tilted by the gimbal. The front-light dome additionally features an opening with an
exchangeable aperture for the camera, whereas the back-light dome can be completely
removed to easily switch samples between scans.

Figure 2. Illumination by two hemispherical white-coated domes (A=C). The back-light-dome can be

removed for specimen mounting (D, E). No direct light from the LED-stripes hits the specimens (C, E).
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The indirect front-light illumination of the sample is optimal for curved or bumpy
glossy insect surfaces. The back-light dome produces an even background illumina-
tion, and with the front-light switched off, a silhouette image of the insect can be cap-
tured. This silhouette image can be used to mask the background in the images taken
with front-light illumination.

Optics and focus stacking

DISC3D is equipped with an industrial camera and a compact macro lens (Fig. 3).
The main advantages of this configuration over a DSLR camera system are the excel-
lent angular accessibility to the specimen, the absence of a mechanic shutter, and full
computer control of both image acquisition and processing. The detailed criteria for
the choice of the optics and further technical data can be found in the Suppl. mate-
rial 1. To extend the shallow depth-of-field of the insect images, a video stream of im-
ages is captured under front-light condition as the camera moves forward (towards the
specimen), with the focal plane crossing the whole insect body. The result is a stack of
images which are later merged for a front-light EDOF-image, a technique known as
‘focus stacking’ or ‘z-stacking’ (see Suppl. material 2). As the camera moves back to the
starting point, another video stream is taken under back-light condition,. The resulting
back-light EDOF image serves for the segmentation of the background. The motion of
the camera along its axis is accomplished by a motorized macro rail system (Cognisys
StackShot™, Cognisys Inc., Traverse City, USA; see Suppl. material 1: S3).

Image acquisition and processing

The complete process of image acquisition and processing is controlled with MAT-
LAB (Mathworks, Natick, USA). Camera configuration and start, as well as the read-
out of the images are accomplished via the USB3 Vision interface standard. An Ar-
duino Mega 2560 microcontroller board, connected to the PC via a serial interface
controls the motion of the gimbal motors, switches the LEDs, and triggers the video
stream of the camera. To synchronize the macro rail controller with the video stream,
the StackShot motion is triggered by the ‘exposure active’ camera output signal of the
first video frame.

For the calculation of the EDOF image from the focus stack, several proven soft-
ware products are available (Brecko et al. 2014). Nevertheless, we decided to develop
our own MATLAB code for the following reasons: (i) the incurring raw images can be
processed in parallel to the scan, avoiding the transfer of a large amount of data to a
different software; (i) the high repeatability of the macro rail motion allows calibrating
the focus stack acquisition, an option which considerably accelerates the later EDOF
image calculations but is not supported by standard focus stacking software; (iii) to
ensure that EDOF images can be used for photogrammetry, they must comply with
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Figure 3. The camera is mounted on a macro-rail (A). The camera position and orientation can be fine-

tuned in all directions (B=D). The camera lens is covered by a pinhole-cap (B).

the pinhole camera model, i.e., all parts of the images must be consistent with a unique
perspective (Luhmann et al. 2013). The EDOF images produced by standard focus
stacking software usually do not meet this condition. The process of EDOF image
calculation on the base of the calibration of the focus stack acquisition is illustrated in
Fig. 4 and fully described in the Suppl. material 1: S4, see also Suppl. material 2: SV1.

After focus stack processing of the front-light and back-light images, a binary mask
for the segmentation of the background is calculated and saved in the alpha-channel
of the front-light image (Fig. 5; see also Suppl. material 1: S5). Up to half a terabyte
of raw image data are acquired during an insect scan with 10° mean angular distance
between the poses. Processing results in storage of 398 masked images in the lossless
PNG file format with a total of 300-600 MB. Depending on the size of the insects, the
total scanning time including stack processing ranges from two to five hours. Because
only about 40-100 min are needed for the actual measurement (image acquisition),
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Figure 4. Workflow of EDOF-calculation. For a detailed description, see Suppl. material 1: S2.

faster image processing could considerably accelerate the scans. Other options to re-
duce the scan time are discussed in the Suppl. material 1: S6.

The MATLAB code is menu-based and includes (i) several calibration functions,
(ii) the control of insect positioning, front- and backlight illumination, camera expo-
sure and gain parameters, (iii) the interactive adjustment of several EDOF calculation
and masking parameters on the base of the quality of obtained images, and (iv) the start
of the scan with the chosen pose program and evaluation range of the image stacks. The
interactive adjustment allows customizing all parameters to the specific characteristics
of the particular specimen. Alternatively, proven parameter sets from earlier scans of
the same or similar specimens can be used. The scan itself is completely automatic.

3D modelling

After the scan, the masked EDOF images of all poses are transferred to the SfM soft-
ware PhotoScan Pro 1.4 (Agisoft LLC, St. Petersburg, Russia). Depending on shape
and surface texture of the insects, images of some poses may not contain a sufficient
number of matching feature points to allow the simultaneous calibration of the respec-
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Figure 5. Workflow of image masking using front- and back-light information.

tive camera positions. Such weak poses are discarded by PhotoScan Pro, which impairs
the quality of the resulting model. To cope with this problem, and to accelerate the
SfM calculation, a special 3D target with a high number of features (textured sphere,
see Fig. 6) is used for a “pose calibration”. Thanks to the high repeatability of the
motorized gimbal, the camera data (internal parameters, positions, and orientations)
found with this sphere target can be used as an approximation in later insect scans with
the same pose program. Additionally, the known diameter of the sphere can be com-
pared to the resulting 3D model to verify the correct scaling of the model (see Suppl.
material 1: §7). PhotoScan Pro allows further optimization of these camera data, thus
considerably improving the quality of the resulting 3D point cloud. Our standard
workflow with PhotoScan Pro is: (i) add images; (ii) import masks; (iii) import cam-
era positions from the pose calibration and calculate point cloud (sparse cloud); (iv)
optimize camera positions; (v) build (and refine) mesh; (vi) build texture; (vii) export



12 Bernhard Strobel et al. | ZooKeys 759: 1-27 (2018)

Figure 6. Calibration sphere (A) and camera positions estimated in PhotoScan Pro (B).

3D-model in desired format. Further automatization could be achieved by a python
script including most if not all steps.

For animation (see Suppl. material 3: SV2), 3D-models (meshes) and textures
of scanned specimens were exported in the Wavefront OBJ format, imported into
Blender (www.blender.org) and rendered with a lighting model suitable to mimic a
semi-natural appearance of surface structure and reflections. Resulting animated vid-
eos were edited with the free software Shotcut (Meltytech, LLC.). PhotoScan Pro can
also export 3D-models directly into 3D-PDFs and several other 3D formats.

Morphometry

Some of our 3D models were used to demonstrate the ease of obtaining 3D morpho-
metric data of the scanned specimens in PhotoScan Pro. Surface area and volume were
measured and plotted against each other.

Additionally, the reliability of measurements taken on 3D models was tested by
comparing morphometric data obtained from the model and on the specimen itself us-
ing the statistical analysis software PAST (Hammer et al. 2001). The width of the scutel-
lum (s¢) and the length of the tibia (#) of the left hind leg were measured on a specimen
of the dung beetle Anoplotrupes stercorosus, using both, a Keyence VHX-5000 digital
microscope equipped with a Z20 lens, and on a 3D-model of the same specimen taken
with DISC3D, using the measuring tools in PhotoScan Pro.
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Results and discussion

The quality of the images and the 3D models of DISC3D is demonstrated here by
some illustrative examples of insects and snail shells. We present some models as ani-
mated videos and some as textured or non-textured polygon-models, implemented as
interactive 3D content.

Archiving multi-angle EDOF images

DISC3D allows automatic acquisition of multi-view EDOF images for digitization
and digital archiving of pinned insects. There is a trade-off between the digital resolu-
tion (size of the pixels on the side of the insects), and the number of views on the one
hand, and the scanning time on the other hand. The quality and digital resolution of
the EDOF images created by our stacking algorithm is well suitable for the inspec-
tion of many relevant morphological features and avoids artifacts of other approaches
(Nguyen et al. 2017). Industrial cameras with higher resolution could also be used
(e.g., Basler acA4600-10uc with 14 MP), but would lead to larger file sizes, longer
image processing times (see Suppl. material 1: S2), and longer times for 3D reconstruc-
tion. Hence, we think that the 4 MP camera we used is a good compromise of image
quality, resolution, and processing time for many needs in insect imaging (see Figs 7,
8). The absence of spot-like specular reflections (‘highlights’, cf. Fig. 8C, D) is unu-
sual in macro photography and gives our EDOF images a somehow ‘flat” appearance.
However, this effect results from the ambient dome illumination and prevents lighting
artifacts from being misinterpreted as insect features.

SfM workflow

All 3D models shown here have been generated with Agisoft PhotoScan Pro with visi-
bility-consistent mesh generation enabled. We show the results of the main steps, exem-
plified by a scan of a 6 mm long specimen of the Lesser Thorn-tipped Longhorn Beetle
Pogonocherus hispidus (Fig. 8). Image data were taken with a magnification of 1.26 (re-
sulting in a digital resolution of 4.37 pm). After importing the 398 EDOF images, the
masks from the alpha channel, and the external camera parameters from the pose cali-
bration with the textured sphere, the sparse cloud was generated with highest accuracy
settings, and finally the camera externals were optimized with respect to the actual data
(Fig. 9B). The optimized alignment can either be used for the generation of a dense cloud
to be meshed into a closed surface model (Fig. 9C) or for VCM generation (Fig. 9D).
VCM is a new (and experimental) feature of PhotoScan Pro 1.4. However, since the time
needed to generate a meshed model was considerably shorter (0.5-2 h for VCM vs 4-8
h for dense cloud calculation), and delicate structures (e.g., setae, wings) turned out to be
modelled much better (Figs 9, 10), we exclusively used this option. Finally, meshes were
smoothed, reduced to 75.000 faces (polygons) and textured, using the ‘mosaic’ option
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Figure 7. Osmia adunca, two exemplary raw images of the front-light stack, with the focal plane going
through the proximal (A) and the distal part (B) of the sample, the EDOF image (C), and a detail of the

latter (D) demonstrate the resolution. Scale bars: 1 mm.

and a 2500*2500 pixel texture atlas. Most models initially had several hundred thousand
(up to a few million) faces, with a higher spatial resolution of the models, but also larger
files. The reduction to 75.000 faces causes an acceptable loss of detail in most cases while
keeping the file size of the model small. The difference is illustrated for the shell structure
of the snail Discus rotundarus O.E Miiller (5 mm shell diameter, Fig. 11).

Illustrative examples

A set of insect and snail specimens were chosen with a representative shape and size
range of 1.5-30 mm for visualization (Fig. 12 and Suppl. material 3: SV2).
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Figure 8. Comparison of images taken with a Keyence VHX 5000 digital microscope (lens: Z20, A-C)
and DISC3D (D). The whole specimen of Pogonocherus hispidus can be imaged at once with the VHX
5000 with a X30-magnification (A). To compare the digital resolution, we focus on the pronotum of the
beetle (B: VHX 5000, x30; C: VHX 5000, x100, D: DISC3D, x1.26). Scale bars: 1 mm.

With 1.5 mm, Oscinella frit is probably the smallest object that has ever been 3D
modeled by SfM techniques (Fig. 13). A thin insect pin of size 000 with a diameter
of 0.25 mm has been used for preparation, and it becomes obvious that smaller in-
sects could hardly be pinned, even with the thinnest pins with a diameter of 0.1 mm,
without strongly distorting the shape of the specimen. This could to some extend be
circumvented by carefully gluing samples onto the needles, as demonstrated here for
the snail shells. Since our sample holder is designed for pinned samples, the device
seems well suitable for even the smallest specimens that can be prepared by pinning.
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Figure 9. Workflow of model generation of Pogonocherus hispidus with PhotoScan Pro. In total, 398
EDOF-images are taken with DISC3D (one example is shown in A). Using the image data, masks and
camera positions estimated with the calibration sphere (see Fig. 6), a sparse cloud with optimized camera
positions is generated (B). Two options for model generation are available: direct mesh calculation based
on a dense point cloud (C) or meshing with visual consistency (D). Resulting meshes can be textured (E,

F). Scale bar: Imm.

We further provide interactive 3D-models of a mid-sized (Pogonocherus hispidus,
6 mm, Fig. 14) and a large beetle specimen (Prosopocoilus savagei, 23 mm, Fig. 15).
The interactive 3D figures allow measuring certain morphometric parameters with the
measuring toolbox.

The models generated with EDOF images obtained by DISC3D have several ad-
vantages when compared to the models published by (Nguyen et al. 2014): (i) speci-
mens can be scanned without being re-pinned; (ii) the synchronous process of image
acquisition and EDOF calculation allows full automatization; (iii) SfM enables model-
ling of even deep indentations, which could be demonstrated with the umbilici and
apertures of the snail shells (Fig. 16; see Suppl. material 3: SV2).
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Figure 10. Comparison of dense-cloud-based mesh generation and visual consistency meshing of
Thricops sp. (A EDOF image). Thin and delicate structure like wings and setae are not well modelled
from the dense cloud (B) but well preserved by visual consistency meshing (C).
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Figure 11. Comparison of mesh quality and number of polygons, exemplified by a model of the shell
of Discus rotundatus. The model with 1 million faces (A) has a file size (3D-PDF) of 35 MB and shows
more detail, but the reduced model with 75.000 faces (B) still well resembles the structure with a file size
(3D-PDF) of only 3 MB.
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Figure 12. Overview and size comparison of the specimens used in this study. Coleoptera: a Proso-
pocoilus savagei b Anoplotrupes stercorosus, *: specimen was broken during comparative measurements
¢ Stenocorus meridianus d Typhaeus typhoeus € Rutpela maculata £ Valgus hemipterus g Cryptocephalus
sericeus W Pogonocherus hispidus i Phyllobius pyri § Tytthaspis sedecimpunctata; Lepidoptera: k Zygae-
na filipendulae; Hymenoptera: | Paraponera clavata v Osmia adunca n Sphecodes ephippius; Diptera:
o Thricops sp., p Culex pipiens q Oscinella frit; Gastropoda: v Helicodonta obvoluta s Aegopinella nitens
t Discus rotundatus.; Scale bar: 1 cm (keep in mind that not all specimens are equidistant to the lens;
i.e., at the same height of the needle).

Figure 13. Interactive 3D-model of Oscinella frit (1.5 mm body size).
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Figure 14. Interactive 3D-model of Pogonocherus hispidus (6 mm body size).

Figure 15. Interactive 3D-model of Prosopocoilus savagei (23 mm body size).
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Figure 16. Interactive 3D-model of Helicodonta obvoluta (9 mm shell diameter).

Morphometry using 3D models

Surface area and volume of the 3D models were measured in PhotoScan Pro and plot-
ted against each other (Fig. 17). The surface areas and volumes range from 0.072 cm?
and 0.00031 cm? (Oscinella friz) to 9.99 cm? and 1.0986 cm? (Anoplotrupes stercoro-
sus), respectively. Some specimens had unfolded wings, generally leading to higher
surface areas. The biological consequences of SA/V ratios will not be discussed here (we
just aimed at demonstrating the ease of measuring), but they affect physiological pro-
cesses and can influence performance and distribution of species (Kiihsel et al. 2017).
3D models are not only helpful to obtain data which are impossible to be measured on
the specimen itself (like surface area), they may also help to obtain more reliable data even of
1D measurements by avoiding parallax errors. We asked 22 people (laypersons, students and
skilled entomologists) to measure two simple distances between easily observable landmarks
that differed in their susceptibility to parallax errors (width of scutellum (sc) and length of
the tibia (#) of the left hind leg) on a specimen of the dung beetle Anoplotrupes stercorosus,
using both, a Keyence VHX-5000 digital microscope (=2D), and a 3D-model (=3D) of
the same specimen (Fig. 18). Even with the ‘easy’ measurement of s¢, we found remarkable
differences in the measurements (in mm: 2D: mean 2.63, SD: 0.21, range: 2.32-3.11; 3D:
mean 2.72, SD: 0.07, range: 2.58-2.87) which were even greater regarding # (in mm: 2D:
mean 6.11, SD: 0.51, range: 5.24-6.88; 3D: mean 6.61, SD: 0.07, range: 6.45-6.73).

There was a strong person-effect for measurements taken with the microscope (Friedmann-
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Diptera
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Figure 17. Relation of surface area and volume for all insect species presented here. While the dipteran,
hymenopteran and lepidopteran species had their wings unfolded, all beetles had the wings folded under-
neath their elytra. Models are not to scale.

test; 2D: y* =75, p < 0.001, df = 21), but not for measuring on the 3D model (Friedmann-
test; 3D: y? =27, p = 0.14, df = 21), indicating that less training and care are necessary when
measuring on the 3D model. Moreover, morphometric data measured on the 3D model
were more reliable: the coefficient of variance (CV) of individual 2D microscopic measure-
ments was more than three times higher for s, and more than seven times higher for # , as
compared to 3D model measurements (sc: CV(2D) = 8.0%, CV(3D) = 2.5%, F-test: F =
9.87, p < 0.0001; #: CV(2D) = 8.3%, CV(3D) = 1.1%, F = 49.69, p < 0.0001).

Due to observer errors, morphometric data can vary by more than 14% of the
mean measured value (Viscardi et al. 2010), leading to the introduction of noise and
potential bias when compiling composite datasets. We also observed a maximum
deviation of 14% from the mean value of both, sc and # when using the micro-
scope. This error was strongly reduced to 5.5% (sc) and 2.4% (#) when using the
3D model. Hence, morphometric measurements taken on 3D models do not only
allow access to ‘new’ data (e.g., surface areas), they also provide more reliable and
less error-prone data.

Conclusions

To the best of our knowledge, DISC3D is the first and only system for automated
multi-view EDOF imaging. The system allows the digitization of natural history col-
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Figure 18. Interactive, textured 3D-model of Anoplotrupes stercorosus (21 mm body size).

lections and effective exchange of information about a specimen, avoiding physical
handling or transfer of the specimen itself. The 3D-models facilitate accurate reproduc-
ible 1D, 2D, and 3D measurements to characterize the specimen, including function-
ally relevant traits such as surfaces or volumes, a promising perspective for functional
ecology, comparative zoology, and physiology. For large scale digitization projects, sev-
eral scanners could be used simultaneously. Due to the high degree of automatization,
one person should be able to operate up to five devices in parallel for scanning and 3D-
modelling. We encourage the community to copy our device and to join us in further
developing DISC3D for archiving and 3D-modelling purposes. We will be happy to

provide relevant information and share our experience.

Acknowledgements

We would like to thank Ken Justice and Stephan Neser (HDA) for providing ideas and
technical support. The workshop team (Faculty of Biology, TUDA) is acknowledged
for technical support. Numerous students from both institutions (HDA and TUDA)
assisted in developing DISC3D.



24 Bernhard Strobel et al. | ZooKeys 759: 1-27 (2018)

References

Aroudj S, Seemann P, Langguth E Guthe S, Goesele M (2017) Visibility-consistent thin sur-
face reconstruction using multi-scale kernels. ACM Transactions on Graphics 36: 187.
hteps://doi.org/10.1145/3130800.3130851

Beaman RS, Cellinese N (2012) Mass digitization of scientific collections: New opportunities to
transform the use of biological specimens and underwrite biodiversity science. ZooKeys 209:
7—17. https://doi.org/10.3897/z00keys.209.3313

Berents P, Hamer M, Chavan V (2010) Towards demand-driven publishing: Approaches to
the priotization of digitization of natural hstory collection data. Biodiversity Informatics
7:113-119.

Betz O, Wegst U, Weide D, Heethoff M, Helfen L, Lee W-K, Cloetens P (2007) Imaging ap-
plications of synchrotron X-ray phase-contrast microtomography in biological morphol-
ogy and biomaterials science. I. General aspects of the technique and its advantages in
the analysis of millimetre-sized arthropod structure. Journal of Microscopy 227: 51-71.
https://doi.org/10.1111/j.1365-2818.2007.01785.x

Brecko ], Mathys A, Dekoninck W, Leponce M, VandenSpiegel D, Semal P (2014) Focus
stacking: Comparing commercial top-end set-ups with a semi-automatic low budget ap-
proach. A possible solution for mass digitization of type specimens. ZooKeys 464: 1-23.
https://doi.org/10.3897/z00keys.464.8615

Briickner A, Heethoff M, Bliithgen N (2017) The relationship between epicuticular long-
chained hydrocarbons and surface area - volume ratios in insects (Diptera, Hymenoptera,
Lepidoptera). PLoS one 12: €0175001. https://doi.org/10.1371/journal.pone.0175001

Cheung KM, Baker S, Kanade T (2005) Shape-from-silhouette across time part I: Theory and al-
gorithms. International Journal of Computer Vision 62: 221-247. https://doi.org/10.1007/
$11263-005-4881-5

Diaz S, Cabido M, Casanoves F (1998) Plant functional traits and environmental filters at a re-
gional scale. Journal of Vegetation Science 9: 113—122. https://doi.org/10.2307/3237229

Emlen DJ (1997) Diet alters male horn allometry in the beetle Onthophagus acuminatus (Co-
leoptera: Scarabaeidae). Proceedings of the Royal Society of London B: Biological Sciences
264: 567-574. https://doi.org/10.1098/rspb.1997.0081

Furukawa Y, Ponce ] (2009) Carved Visual Hulls for Image-Based Modeling. International
Journal of Computer Vision 81: 53—67. https://doi.org/10.1007/s11263-008-0134-8

Gallo A, Muzzupappa M, Bruno F (2014) 3D reconstruction of small sized objects from a sequence
of multi-focused images. Journal of Cultural Heritage 15: 173—182. https://doi.org/10.1016/j.
culher.2013.04.009

Gdmez-Virués S, Perovi¢ D], Gossner MM, Bérschig C, Bliithgen N, de Jong H, Simons NK,
Klein AM, Krauss J, Maier G, Scherber C, Steckel J, Rothenwéhrer C, Steffan-Dewenter I,
Weiner CN, Weisser W, Werner M, Tscharntke T, Westphal C (2015) Landscape simplifica-
tion filters species traits and drives biotic homogenization. Nature Communications 6: 8568.
https://doi.org/10.1038/ncomms9568

Hammer @, Harper DAT, Ryan PD (2001) PAST: Paleontological statistics software package
for education and data analysis. Palacontologia Electronica 4: art. 4.



An automated device for the digitization and 3D modelling of insects... 25

Heethoff M, Norton RA (2009) A new use for synchrotron X-ray microtomography: three-dimen-
sional biomechanical modeling of chelicerate mouthparts and calculation of theoretical bite
forces. Invertebrate Biology 128: 332-339. https://doi.org/10.1111/j.1744-7410.2009.00183.x

Hendrickx F, Maelfait JP, Lens L (2003) Relationship between fluctuating asymmetry and fitness
within and between stressed and unstressed populations of the wolf spider Pirata piraticus. Journal
of Evolutionary Biology 16: 1270-1279. https://doi.org/10.1046/j.1420-9101.2003.00633.x

Hudson LN, Blagoderov V, Heaton A, Holtzhausen P, Livermore L, Price BW, van der Walt
S, Smith VS (2015) Inselect: Automating the Digitization of Natural History Collections.
PLoS one 10: e0143402. https://doi.org/10.1371/journal.pone.0143402

Kiihsel S, Briickner A, Schmelzle S, Heethoff M, Bliithgen N (2017) Surface area-volume ratios
in insects. Insect Science 24: 829-841. https://doi.org/10.1111/1744-7917.12362

Loreau M, Naeem S, Inchausti B, Bengtsson ], Grime JB, Hector A, Hooper DU, Huston MA,
Raffaelli D, Schmid B, Tilman D, Wardle DA (2001) Biodiversity and ecosystem func-
tioning: current knowledge and future challenges. Science 294: 804-808. https://doi.
org/10.1126/science.1064088

Lowe DG (2004) Distinctive image features from scale-invariant keypoints. International Journal
of Computer Vision 60: 91-110. hteps://doi.org/10.1023/B:Visi.0000029664.99615.94

Luhmann T, Robson S, Kyle S, Boechm ] (2013) Close Range Photogrammetry and 3D Imaging,
Walter de Gruyter, Berlin, 702 pp. https://doi.org/10.1515/9783110302783

Mantle BL, Salle JL, Fisher N (2012) Whole-drawer imaging for digital management and cura-
tion of a large entomological collection. ZooKeys 209: 147-163. https://doi.org/10.3897/
zookeys.209.3169

Mathys A, Brecko J, Semal P (2013) Comparing 3D digitizing technologies: What are the differ-
ences? Digital Heritage International Congress. Marseille, 201-204. https://doi.org/10.1109/
DigitalHeritage.2013.6743733

Mathys A, Brecko ], Vandenspiegel D, Cammaert L, Semal P (2015) Bringing collections to
the digital era. Digital Heritage 2015. Granada, 155-158. https://doi.org/10.1109/Digi-
talHeritage.2015.7413858

McGill B], Enquist B], Weiher E, Westoby M (2006) Rebuilding community ecology from functional
traits. Trends in Ecology & Evolution 21: 178-185. https://doi.org/10.1016/j.tree.2006.02.002

Mertens JEJ, Roie MV, Merckx J, Dekoninck W (2017) The use of low cost compact cameras with
focus stacking functionality in entomological digitization projects. ZooKeys 712: 141-154.
hetps://doi.org/10.3897/z00keys.712.20505

Moller AP, Thornhill R (1998) Bilateral symmetry and sexual selection: a meta-analysis. The
American Naturalist 151: 174-192. https://doi.org/10.1086/286110

Moore W (2011) Biology needs cyber infrastructure to facilitate specimen-level data acquisition
for insects and other hyperdiverse groups. ZooKeys 147: 479-486. https://doi.org/10.3897/
zookeys.147.1944

Mouillot D, Graham NA, Villéger S, Mason NW, Bellwood DR (2013) A functional approach
reveals community responses to disturbances. Trends in Ecology & Evolution 28: 167-177.
hteps://doi.org/10.1016/j.tree.2012.10.004

Nguyen C, Adock M, Anderson S, Lovell DR, Fisher N, La Salle ] (2017) Towards high-through-
put 3D insect capture for species discovery and diagnostics. arXiv:1709.02033v02031.
https://doi.org/10.1109/eScience.2017.90



26 Bernhard Strobel et al. | ZooKeys 759: 1-27 (2018)

Nguyen CV, Lovell DR, Adcock M, La Salle ] (2014) Capturing Natural-Colour 3D Models of In-
sects for Species Discovery and Diagnostics. PLoS ONE 9: €94346. https://doi.org/10.1371/
journal.pone.0094346

Peat ], Darvill B, Ellis ], Goulson D (2005) Effects of climate on intra-and interspecific size
.variation in bumble-bees. Functional Ecology 19: 145-151. https://doi.org/10.1111/
j-0269-8463.2005.00946.x

Petchey OL, Gaston K] (2002) Functional diversity (FD), species richness and community com-
position. Ecology Letters 5: 402—411. https://doi.org/10.1046/j.1461-0248.2002.00339.x

Schmelzle S, Helfen L, Norton RA, Heethoff M (2009) The ptychoid defensive mechanism in Eu-
phthiracaroidea (Acari: Oribatida): A comparison of muscular elements with functional con-
siderations. Arthropod Structure & Development 38: 461-472. https://doi.org/10.1016/j.
asd.2009.07.001

Seitz SM, Curless B, Diebel J, Scharstein D, Szeliski R (2006) A comparison and evaluation of
multi-view stereo reconstruction algorithms. Proceedings of the IEEE Computer Society
Conference on Computer Vision and Pattern Recognition. IEEE Computer Society, New
York, 519-526. https://doi.org/10.1109/CVPR.2006.19

Simons NK, Weisser WW, Gossner MM (2016) Multi-taxa approach shows consistent shifts in
arthropod functional traits along grassland land-use intensity gradient. Ecology 97: 754-764.

Strobel B, Justice K, Heethoff M (2017) Mikrophotogrammetrie priparierter Insekten. In:
Luhmann T, Schumacher C (Eds) Photogrammetrie, Laserscanning, Optische 3D-Mes-
sung Beitrige der Oldenburger 3D-Tage 2017. Wichmann Verlag, Berlin, 344-356.

Szeliski R (2011) Computer Vision: Algorithms and Applications. Springer, London, 812 pp.
hteps://doi.org/10.1007/978-1-84882-935-0

Tatsuta H, Takahashi KH, Sakamaki Y (2017) Geometric morphometrics in entomology: Basics
and applications. Entomological Science 21: 164-184. https://doi.org/10.1111/ens.12293

Tobias JA, Seddon N, Spottiswoode CN, Pilgrim JD, Fishpool LD, Collar NJ (2010) Quan-
titative criteria for species delimitation. Ibis 152: 724-746. https://doi.org/10.1111/
j-1474-919X.2010.01051.x

Ullmann S (1979) The interpretation of Structure from Motion. Proceedings of the Royal Society B
203: 405-426. https://doi.org/10.1098/rspb.1979.0006

Viscardi B, Sakamoto M, Sigwart JD (2010) How long is a piece of Strix? Methods in measur-
ing and measuring the measurers. Zoomorphology 129: 185-194. https://doi.org/10.1007/
s00435-010-0111-y

Vollmar A, Macklin JA, Ford LS (2010) Natural history specimen digitization: Challenges and
concerns. Biodiversity Informatics 7: 93—113. https://doi.org/10.17161/bi.v7i2.3992

Vu H-H, Labatut B, Pons J-B Keriven R (2012) High accuracy and visibility-consistent dense mul-
tiview stereo. IEEE Transactions on Pattern Analysis and Machine Intelligence 34: 889-901.
https://doi.org/10.1109/TPAMI.2011.172

Westoby M]J, Brasington ], Glasser NE Hambrey MJ, Reynolds JM (2012) ‘Structure-from-
Motion’ photogrammetry: A low-cost, effective tool for geoscience applications. Geomor-
phology 179: 300-314. https://doi.org/10.1016/j.geomorph.2012.08.021

Wiens JJ (2000) Phylogenetic analysis of morphological data. Smithsonian Institution Press, 232 pp.



An automated device for the digitization and 3D modelling of insects... 27

Supplementary material |

Technical information

Authors: Strobel B, Schmelzle S, Bliithgen N, Heethoff M

Data type: text, figures and tables

Explanation note: Detailed technical information and additional theoretical back-
ground.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/z00keys.759.24584.suppl1

Supplementary material 2

SV1: EDOF imaging

Authors: Strobel B, Schmelzle S, Bliithgen N, Heethoff M

Data type: video

Explanation note: This video demonstrates the effect of the registered EDOF-calculation.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/z00keys.759.24584.suppl2

Supplementary material 3

SV2: Illustrative examples

Authors: Strobel B, Schmelzle S, Bliithgen N, Heethoff M

Data type: video

Explanation note: Illustrative examples of insects and snail shell models generated with
DISC3D.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/z00keys.759.24584.suppl3






A peer-reviewed open-access journal

ZooKeys 759:29-56 (2018)

IS +Z00Keys

o
http://zookeys.pensoft.net Launched to accelerate biodiversity research

Three new species of Thelepus Leuckart, 1849 from

Europe and a re-description of T. cincinnatus
(Fabricius, 1780) (Annelida, Terebellidae)

Igor Jirkov'

| Department of Hydrobiology, Biological Faculty, Moscow Lomonosov State University, Moscow, Russia

Corresponding author: Igor Jirkov (ampharete@yandex.ru)

Academic editor: C. Glasby | Received 13 December 2017 | Accepted 4 April 2018 | Published 17 May 2018

http://zoobank.org/A7645CBD-F29D-4F99-A2C5-709197B95F28

Citation: Jirkov I (2018) Three new species of Thelepus Leuckart, 1849 from Europe and a re-description of 7. cincinnatus
(Fabricius, 1780) (Annelida, Terebellidae). ZooKeys 759: 29-56. https://doi.org/10.3897/z00keys.759.22981

Abstract

The review of a large amount of material previously identified as the terebellid annelid, Zhelepus cincin-
natus (Fabricius, 1780) shows that, within European waters from the Mediterranean to the North Pole,
this species should be split into four species, three of which (7" davehalli sp. n., T. marthae sp. n., and T
parapari sp. n.) are newly described here and 7. cincinnatus s. str. is re-described. These four species each
show distinct distribution ranges. Thelepus cincinnatus has notopodia on almost all segments and numer-
ous eyespots; it inhabits the high boreal and arctic shelf and the North Atlantic slope, and probably also
occurs on the North Pacific shelf and slope. Thelepus marthae sp. n. has no eyespots and inhabits deep
waters of the high Arctic. Thelepus davehalli sp. n. has no eyespots and has notopodia on 1/2 to 2/3 of
the anterior of the body; it inhabits boreal shelf waters (from Iceland to the Mediterranean) below the
tidal front. Thelepus parapari sp. n. differs from the previous three species in that the uncini of the first
uncinigerous segment has two teeth above the main fang; it inhabits shallow, coastal waters of the Medi-
terranean, inshore from the tidal front.

Keywords
cosmopolitan species, generic characteristic, identification key, morphological characters, Polychaeta,
taxonomic revision, taxonomy
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Introduction

Thirty years ago, Hutchings and Glasby stated “Many species of 7helepus have been de-
scribed, but many inadequately, and type material in most cases needs to be re-examined”
(Hutchings and Glasby 1987: 226). Unfortunately, this situation has persisted and led
to the appearance of another “cosmopolitan species”, which is, in reality, a complex of
pseudocryptic species. The type species of Thelepus, 1. cincinnatus, was reported as cos-
mopolitan by Hartmann-Schroder (1996). Despite being absent from the tropics (thus
not truly cosmopolitan), its reported range is very wide: from the eastern North Atlantic,
from Cape Verde in the south, through the Mediterranean to the western North Atlantic
and the Caribbean, the North Polar Basin and the North Pacific: Japan and Washing-
ton (Uschakov 1955; Imajima and Hartman 1964; Hobson and Banse 1981; Holthe
1986; Jirkov 2001). Hartman (1966) also reported 7. cincinnatus amongst Antarctic
polychaetes. Existing records indicate a vertical distribution from the eulittoral zone to a
depth of ca. 4000 m (Holthe 1986). However, recent investigations indicate the species’
true range is not as extensive, with the Caribbean for example already excluded from its
range (Londono-Mesa 2009). The extensive range and habitat preferences of 7. cincinna-
tus were investigated during the examination of European material for the Fauna Ibérica
Project. As a result, instead of the single species 7. cincinnatus, these records indicate four
species: 1. cincinnatus s. str. and three new species described here. The previously reported
range of 1. cincinnatus within the Arctic and North Adantic is thus divided between
these four species. It should be noted that 7 cincinnatus also has a long list of subjective
synonyms: 12 according to Bellan (2008); Fauvel (1927) also accepted 7. nucleolata (valid
according to Hsueh and Li 2016) as a synonym of 7. cincinnatus. Unfortunately, all these
synonymized taxa were described at least a century ago, and have poor original descrip-
tions and an absence of type material; it is not possible to confirm their taxonomic status.

Materials and methods

The higher taxonomy used in this paper follows Read and Fauchald (2018). Morpho-
logical terms used in this paper follow Nogueira et al. (2010) and are explained in
Fig. 1A. Taxonomic abbreviations used are as follows:

BS branchiferous seg- C  chaetiger; T  thoracic
ment; S segment; U unciniger.

The number following the abbreviation refers to the number of the segment (e.g.
BS1 means branchiferous segment 1). Institutional abbreviations used are as follows:

APEM APEM Ld., UK;
Aveiro  Biology Department of the Universidade de Aveiro, Portugal;
KGB Department of Hydrobiology Moscow Lomonosov State University, Russia;
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Figure . Uncinial parts and uncini of 7. triserialis and 1. setosus. A uncinial parts according to Nogueira et al.
(2010) B uncini U1 7 setosus APEM 413169 € uncini U1 7 #iserialis MNCN 2508. Scale bars: 20 pm.

MNCN Museo Nacional de Ciencias Naturales, Madrid, Spain;
ZIN Zoological Institute of Russian Academy of Science, St. Petersburg, Russia.

This study was based almost exclusively on collections from the KGB. Mediter-
ranean specimens were examined from the collection at the MNCN; specimens from
UK waters were examined from the APEM collection. All material, if not stated other-
wise, is deposited at KGB. Sampling data are given in Table 1.

Photographs were produced at the PP Shirshov Institute of Oceanology, at the
Russian Academy of Science, Moscow using a Leica DFC490 camera mounted on
either a Leica M165C stereomicroscope or a Leica DMI 4000B compound micro-
scope; at the Department of Invertebrate Zoology, Biological Faculty, Moscow State
University using a Leica DFC425C camera mounted on a Leica DMI 5000B com-
pound microscope; and at the MNCN by a Leica DFC550 camera mounted on a
Leica MZ16A stereomicroscope. In order to increase contrast, specimens were stained
with methylene blue (water solution).

Some external morphological characters are not always and/or easily visible. Eye-
spots are located on back of upper lip, which is usually curved backward, so it is
necessary to unbend the lip forwards to observe this feature (Fig. 2C-F). Addition-
ally, sometimes eyespots do not form an entire band; instead, a dorsally interrupted
band is present, so careful examination is required. Nephridial papillae are often
poorly visible, so it is necessary to investigate several specimens, preferably well pre-
served and mature to get a clear picture. Counting the number of branchial filaments
requires careful examination as it will appear that more rows are present due to the
presence of numerous obscuring filaments. Some characters develop ontogenetically.
Unfortunately usually specimens are incomplete, so it is not possible to assess age of
specimen using its length. Further, length greatly depends on the degree of retraction
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of the worm during fixation. I recommend using relative size (assessed by eye), as
length depends on muscle retraction during fixation and furthermore worms often
are incomplete posteriorly. Maximum size of the largest specimen was estimated for
each sample or set of nearby samples as maximum size varies between distant sam-
ples, over a species range.

Systematics

Terebellidae Johnston, 1846

Read and Fauchald (2018) is followed in using the family rank Terebellidae rather than
Thelepodidae.

Thelepodinae Hessle, 1917
Thelepus Leuckart, 1849

Type species. Amphitrite cincinnata Fabricius, 1780.

Diagnosis. Branchiae formed of numerous simple filaments arranged in more or
less distinct parallel transverse rows arising from $2-S4; notochaetae from S3 (= BS2),
uncini from C3 (= S5); lateral lobes absent.

Remarks. The genus includes 48 species (Hsueh and Li 2016), distributed from
the Arctic to the Antarctic and from the littoral to abyssal zones. The most important
taxonomic characters used for species separation based on Day (1955), Hutchings and
Glasby (1987), and this study are:

The number of branchial segments. The number of BS varies from zero to three;
most species have three BS. Only six species currently accepted as valid have two BS.
Very little variation in the number of BS was observed; only one specimen amongst
more than a thousand of all four species had a third branchia, on one side only. Of
course, juveniles may have fewer BS, and some of the very small worms in the exam-
ined material had only one BS, or branchiae were absent. The final number of BS
seems to appear when the size of the worm is approximately 1% of maximum.

The branchial fields from which the filaments arise. A distinct median gap and
lateral extension of the filaments appears to be constant within a species, but in species
with numerous filaments both tend to change with size: as the gap becomes narrower,
the extension goes further laterally.

The number of branchial filaments. Some species have very few filaments in total,
while others have many (10-40 or more). The number of filaments tends to increase
with increasing size of the animal. Once adulthood is achieved, there is little variation
in the number of filaments, independent of the size of the worms. According to our
data, the maximum size of worms varies between localities for the same species, but
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the maximum number of filaments is relatively constant within a species. Hutchings
and Glasby (1987) suggested that the relative number of branchial filaments between
BS2, BS3, and BS4 is more important than the actual number of filaments. However,
if there are only a few filaments, variation in their number leads to significant changes
in the relative number of branchial filaments and this feature becomes unreliable.

The number of segments with notopodia and notochaetae. There are two
groups of species within 7helepus: (1) notochaetae present only on the anterior half of
the body; there are numerous fully-developed segments without notopodia that dif-
fer from notopodial segments only by the absence of notopodia, and (2) species with
notochaetae present for most of the body, absent only in the segments clustered near
the pygidium. This difference seems to be diagnostic.

The number of rows of uncini. Uncini can be in a single row or form a loop; all of
the species investigated have a single row, but 7. nucleolata Claparéde, 1870, described
from the Mediterranean (Gulf of Naples) has uncini forming a loop after S14. The
species is poorly known and has not been recorded since the original description. The
presence or absence of the loop seems to have high taxonomic value.

The shape of the uncinus. The most important features seem to be the shape of
the prow, the position of the attachment button, and the arrangement of teeth above
the main fang-forming crest. The last character is better seen in SEM photographs,
whilst the first two are better observed using a compound microscope. Three of the
four investigated species with two BS have very similar U1 uncini, but other species
inhabiting European waters, 7. setosus (Quatrefages, 1866) and 7 triserialis (Grube,
1855), have very different uncini (Fig. 1B, C). The shape of the uncini may vary along
the body; they usually decrease in size but, in 7. parapari sp. n., the shape also changes.
Therefore it is best to examine and compare uncini from a specified unciniger, such as
U1; comparison of previously described uncini without detail of the segment of origin
has limited value.

Presence/absence of eyespots. Hutchings and Glasby (1987) reported that, in
some specimens of 77 plagiostoma Schmarda, 1861 and 7. robustus (Grube, 1878),
eyespots may be absent. The species examined for this paper either have eyespots or
not. Eyespots are sub-epithelial and disappear if the epithelium is macerated due to
poor fixation.

Comparative size of notopodia. In some species, the first notopodia are distinctly
underdeveloped (for example Fig. 4D), whilst other species have all anterior notopodia
of almost equal size. However, this difference may only be apparent in large worms.

Notochaetae. The notochaetae of the four investigated species look very similar.
The shape of the notochaetae is of limited taxonomic value, at least for the species
examined here.

Tubes. The tubes of all the investigated species are constructed using local material
(shell fragments, small stones, spicules etc.) without specificity. Tubes are also attached
to larger substrata, usually stones, if possible. Some tubes have a branched crown very
similar to that reported for Axionice conchilega (Pallas, 1766) by Holthe (1986); this was

observed in material examined in this study from the Norwegian Sea.
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Key to European Thelepus

1 TWO BS oo 2
- Three BS ... 6
2 Uncini in a single row throughout ..........cccccccoivivniiiiiniiiciice, 3
- Uncini after S14 form loop .......ccccovueuneee T. nucleolata (Claparede, 1870)
3 Notopodial segments present on 50-66% of body length..... T. daveballi sp. n.
- Notopodial segments present on at least 90% of body length ..................... 4
4 Uncini of TU1 with one tooth above main fang ..........ccccoeeeiininnncnane. 5
- Uncini of TU1 with two teeth above main fang............... T. parapari sp. n.
5 Eyespots numerous (may disappear if epithelium is macerated due to poor

FIXATION) cuvveieieeeee et T. cincinnatus (Fabricius, 1780)
- Eyespots absent.....c..cueevueuiniriiinieininicnc e T. marthae sp. n.
6 Prow of uncinus well developed with a button above (Fig. 1B). Few branchial

FLAIMNENTS +veeee e e e T. triserialis (Grube, 1855)

- Prow of uncinus poorly developed (Fig. 1C). Numerous branchial filaments....
........................................................................ T setosus (Quatrefages, 1860)

Taxonomic remarks on European species

Species identification is straightforward when examining a series of well preserved,
complete specimens. However, single and incomplete specimens (posterior absent) are
often encountered. For such specimens, the researcher should initially examine the
presence/absence of eyespots and then the sample locality/habitat. This information
is usually sufficient for precise identification for comparatively well preserved (fresh)
material. A synopsis for all known species of 7helepus with two branchiferous segments
is given in Table 2.

Thelepus cincinnatus (Fabricius, 1780), s. str.
Figs 2, 3, 11, 12

Thelepus cincinnatus: type locality Greenland (probably Frederikshab), type material
probably never designated (Holthe 1986): ? Fauvel 1927: 271-272, fig. 95 i-m;
Pettibone 1954: 327-328, fig. 37e, f; Zatsepin 1948: 154, table XXXVIII, 7 (par-
tim); ?Hartmann-Schréder 1996: 528-530, Abb. 258; Holthe 1986: 140-142,
fig. 63, map 62 (partim); Jirkov 2001: 526527 (partim).

Material (Table 1): 413 specimens from 33 stations collected at 8-1350 m, bottom
temperature -1.53-7.37 °C. Ten specimens from Alaid station 6 deposited at MNCN:
16.01/17777.

Additional material. 7helepus antarcticus ZIN 1V.1.2 (5 specimens)
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Table 2. Synoptic character data for all known species of the genus 7helepus with two branchiferous seg-
ments. Abbreviations: n.d. — absence of data.

Filaments number of % body
. eyes- ] length .
Species pots | BS1 | BS2  segments| PirS (:1f with loop| type locality source
notopodial 1, ,¢0podia
) Benham
I- antarcticus yes | 15 | 12 | ca.100 ca.100 ca.100% | no Antarctica (1921);

Kinberg, 1866 present study

1. cincinnatus West Green- Pettibone
. yes | <30| <22 | ca.100 | 70-106 | ca.100% | no 1954;
(Fabricius, 1780) land
present study
Treadwell
T. crassibranchiatus . (1901);
Treadwell, 1901 | Y8 4 | 2 n.d. >38 n.d. n.d. | Puerto Rico Londofo-
Mesa (2009)
T’ daveballi sp. n. | no |<20|<10| ca. 100 | 30-40 1/2-2/3 | no N—Esﬁ;{?mic present study
hjjlf:::flilgo 5 yes | 5 5 60 32 50% ? | Pacific Alaska | Hilbig (2000)
T marthae sp. n. no |<10| <5 | ca.100 <65 90% no deep Arctic resent stud
P ocean P Y
T, nucleolata Gulf of Na- | Claparede
(Claparede, 1870) yes | 6 4 n.d. n.d. n.d. yes ples, Traly (1870)
Fauchald
T pascua B Atlantic (1977);
(Fauchald, 1977) no | 1 ! n.d. >=32 n.d. no Panama Londono-
Mesa (2009)
T parapari sp. n. es |<11| <8 | ca.70 <56 95% no |Mediterranean | present stud
parapart Sp b4 p y

Description. Largest specimen 140 mm in length and 5 mm in width, although
some fragments distinctly larger (up to 7 mm width); maximum size estimated at over
200 mm; larger specimens had been collected at shallow depths, less than 100 m.
Number of segments increased with body size; number in investigated specimens: 113.

Buccal tentacles numerous, equal to body length, grooved. Eyespots rounded sub-
epithelial spots, black or dark brown, numerous, usually in several transverse rows
on back of upper lip (Fig. 2A, B). Even smallest specimens (<0.5 mm width R/V
Sevastopol st. 1769) with numerous eyespots. Specimens from deepest sample (R/V
Sevastopol, st. 1580, 1350 m) also with numerous eyespots.

Branchial filaments numerous, long and tangled (Fig. 2A, C-G). Due to tangling
it was impossible to count number of branchial filaments in large worms (>5-6 mm
width) without removing them one by one. Maximum number of BS1 filaments ca.
20-30, extending laterally to a point level with midpoint or lower edge of row of Ul
uncini; outermost filaments usually 2—3 times shorter than those most developed. BS2
with a maximum of 15-20 filaments. One specimen (from Alaid 30.13) had four fila-
ments on BS3 on right hand side of body; length of these was equal to notopodia of
same segment. Filaments attached to a transverse elevated stump in 1-2 irregular rows
depending on number of filaments. Number of filaments increases with body size;
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Figure 2. Thelepus cincinnatus external morphology. A, C-l lateral view of anterior end B detail, show-
ing eyespots G dorsal view of anterior end H ventral view of anterior end I lateral view of posterior end
(arrow indicates last segment with notochaetae). A, B, F, I Alaid st. 30.13 C Alaid st. 8 D, E, H, G Alaid
st. 6. All worms except A, B, F stained with methylene blue D, F arrow indicates nephridial papillae. Scale
bars: 2 mm except B 0.5 mm.
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30.13 A=C uncini from U1 D uncini from posterior body E Thelepus antarcticus ZIN 1V.1.2, arrow indi-

cating hump, which is different from that in 7. cincinnatus. Each block from one specimen, all uncini from

TUL. Third block of A and second block of B shows stage of development of uncini. Scale bars: 20 pm.

small worms (1-2 mm width) have fewer than 10 filaments on BS1. Smallest specimen
(Sevastopol 1769, width <0.5 mm) with no filaments. Extension of filaments laterally
depends upon worm size, with filaments extending only to level of upper margin of
uncinal row in small worms. Wide medial gap separating left and right groups of fila-
ments. Lateral lobes absent. Dorsum with warts or subepithelial honeycomb, forming
more or less regular rows (Fig. 2C, F); number of rows increases with size of segments
and worm. Segmentation distinct. Ventrum glandular, more so with increased “wrin-
kling” (Fig. 2H). Poorly visible, small nephridial papillaec on S4-S7 above neuropodia;
those on S5-S7 largest and usually only ones visible (Fig. 2D, F, arrowed).

Notopodia commence from BS2, with anterior notopodia large and transverse.
Notopodia raised on body surface or flattened, depending on whether fixation occurs
whilst within or outside of tube. Notopodia of BS2 equal to or only slightly smaller
than those most developed. Notopodia numerous and present on almost all segments
except 10-20 posteriormost developing segments; in investigated material present on
up to 106 segments. Last notopodia poorly developed, several times shorter than those
most developed and almost without rami, with only a few notochaetae; last neuro-
podia also reduced (Fig. 2I). Part of worm without notopodia not exceeding 10% of
whole body length. Notochaetae in few (ca.10) anterior segments in two transverse
rows: posterior row with long chaetae, distal half (winged part) becomes stained with
methylene blue, anterior row with short chaetae; other notopodia with a single row of
notochaetae. Notochaetae with narrow brims (Fig. 11B).
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Neuropodia from C3, tori increasing in size to U10, then becoming progres-
sively shorter. Uncini in a single row with well-developed prow and crest and one
tooth in profile (Fig. 3); within a neuropodium main fang develops first, crest devel-
ops later (Fig. 3D).

Pygidium with crenulated margin, without cirri or papillae.

Differential diagnosis. Morphologically, 7. cincinnatus is closest to 1. antarcticus
Kinberg, 1866. The original description of 7. antarcticus is very brief. The most com-
plete re-description is by Benham (1921). It looks very similar to 7. cincinnatus; how-
ever, I do not believe that it is the same species, since direct comparison of material from
the northern and southern hemispheres is necessary to find differences. For the present
time it can be stated that, although both species are of equal size (up to 200 mm length
and 7 mm in diameter), 7. cincinnatus has at least twice as many branchial filaments as
1" antarcticus. The five specimens investigated (length up to 5 cm) have no more than
15 branchial filaments on BS1, distinctly fewer eyespots and slightly different uncini,
with a hump (Fig. 3E).

Thelepus cincinnatus differs from other new species described herein as indicated:
from 7. davehalli sp. n. by the presence of eyespots and the absence of numerous com-
pletely developed posterior segments without notopodia; from 7 marthae sp. n. by the
absence of eyespots and by the higher number of branchial filaments and segments
with notopodia; and 7 parapari sp. n. has a crest of uncini on TU1 with two rows in
profile, while 7. cincinnatus has only one. Other species of Zhelepus with two pairs of
branchiae and eyespots have at least three times fewer branchial filaments and all but 77
parapari sp. n. have half the number of segments with notopodia (Table 2).

Remarks. The investigated material included almost 2000 specimens (from more
than 100 stations) from the high Arctic to the Mediterranean, from depths between 2
m and almost 2 km. The type locality of 7. cincinnatus is outside the ranges of all inves-
tigated species, but 7. cincinnatus s. str. investigated specimens perfectly agree with the
description of topotypes (Pettibone 1954). It is supposed that Pettibone’s description
is that of the true 7. cincinnatus.

In some samples, specimens lacked eyespots; however, this is likely to be due to
fading because specimens in same samples (with several specimens present) have eye-
spots, but they are paler, smaller and less numerous than is typical. This fading seems
to depend on preservation method: all material with faded eyespots had been stored in
formalin for over ten years. The age of samples does not influence fading significantly;
although all specimens without eyespots were collected over 50 years ago, other speci-
mens collected a century ago and kept in alcohol had retained eyespots. So absence of
eyespots should not be considered to be a characteristic of this species.

Three subspecies (varieties according to original descriptions) of 7. cincinnatus
have been described (Bellan 2008) and, based on the discussion below, none are con-
sidered valid.

Thelepus cincinnatus var. andreanae Mclntosh, 1922. McIntosh wrote “dorsal ce-
phalic collar with eye-specks”; as all other 7helepus with two pairs of branchiae from
the area near the type locality also lack eyespots, this name should be accepted as a
junior synonym of 7. cincinnatus s. str. as believed by Bellan (2008).
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Thelepus cincinnatus var. canadensis Mclntosh, 1885; has eyespots according to the
original description. Type locality: 43°04'N, 64°05"W/, 51 fms. Specimens collected
near the type locality of this subspecies (R/V “Persey-3” see Table 1) did not show dif-
ferences from other specimens, confirming Hartman’s (1959) acceptance of 7. cincin-
natus var. canadensis as a junior synonym of the stem subspecies.

Thelepus cincinnatus var. profundus Roule, 1896. The description is too short to be
informative: ‘Un seul individu, différant du type par sa taille e plus petite, par son tube
plus mince et couvert extérieurement d’un enduit peu épais formé de vase grise, et par
la forme de ses plaques onciales; ces dernieres sont plus étroites, et leurs trois dents plus
espacées’. No figures are given so it is impossible to determine which species he was
describing and as no type material was deposited in Paris (Solis-Weiss et al. 2004) this
subspecies should be treated as a nomen dubium.

Other literature reports of Zhelepus cincinnatus include:

Fauvel (1927) reported for 7 cincinnatus; “nombreux points oculiformes”; how-
ever, most or all the area covered by the “Faune de France” seems to lie outside the
range of 1. cincinnatus, but includes the range of 77 parapari sp. n. with eyespots, so he
probably observed 7. parapari sp. n.

Zatsepin (1948) and Holthe (1986); despite their descriptions agreeing well with 7
cincinnatus s. str., they probably observed the other species described here, because these
species’ ranges fall within those covered by their papers. The same is true for our papers
(Jitkov 2001; Jirkov and Leontovich 2013), where we overlooked 7. marthae sp. n.,
1" davehalli sp. n., and 1. parapari sp. n. but, in this case, it is supported by re-
investigation of the material.

Hartmann-Schréder (1996) reported eyespots for 7. cincinnatus (Abb. 258), but
her figures showed too few branchial filaments and no visible eyespots (they cannot be
confirmed or observed in the figure shown). Either the specimen in the figure is too
young (there is no scale) or she was studying a different species.

Thelepus davehalli sp. n.
http://zoobank.org/7F969CCC-1770-4B35-9373-2271D9876ACC
Figs 4, 11

Material (Table 1): 444 specimens from 27 stations, collected at depths from 94-495
m, 1.73 °C-11.3 °C. Holotype st. Sevastopol 2587. Material is deposited at the KGB,
three paratypes from Sevastopol st.1453 are deposited at the MNCN 16.01/17772.
Material from Aveiro (DBUA0000389.01) and Naples (MNCN 16.01/488) is not
included in the type series as it was collected too far away from the type locality, despite
seeming to be morphologically identical.

Description (based on holotype and paratypes). Holotype with 97 segments, 32
segments with notopodia, 95 mm length. Paratypes up to 100 mm long and 5 mm
wide; number of segments increased with body size, up to 91.

Several tens of grooved buccal tentacles as long as half body length. Eyespots ab-
sent. Branchial filaments numerous, long and tangled (Fig. 4A, C). Due to tangling,
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Figure 4. Thelepus davehalli sp. n. A—C anterior end: A dorsal view B ventral view C lateral view (arrowed

nephridial papilla) D U48-U52 lateral view E — total view, rectangle shows position of D (arrow indicates
last segment with notochaetae) F-H uncini: F, G Ul H U48, A-F, H Sevastopol st. 2587: A-E holotype
F, H paratype G APEM 232335. All worms but E stained with methylene blue. Scale bars: 2 mm (A-E);
20 pm (F=H).

it was impossible to count number of branchial filaments in large worms (>5-6 mm
width) without removing them one by one. Maximum number of BS1 filaments ca. 20
(13 in holotype), extending laterally to a point level with upper edge of row of U1 un-
cini. BS2 with ca. ten filaments (nine in holotype). Filaments attached to a transverse
elevated stump in 1-2 irregular rows but, due to numerous filaments, there appear to
be more rows. Number of filaments increases with body size; small worms (1-2 mm
width) with ca. 5 filaments on BS1. Lateral extension of filaments depends upon worm
size: in small worms, filaments extend only to a point level with notopodia. Lateral
lobes absent. Dorsum with warts or subepithelial honeycomb, forming more or less
regular rows (Fig. 4A, C); number of rows increases with size of segments and worms.
Segmentation distinct. Nephridial papillae on S5-§7 above neuropodia (Fig. 4C, ar-
rowed), usually poorly visible or not visible; papillac on S4 apparently absent. Ventrum
glandular, with “wrinkling” (Fig. 4B) increasing with worm size.

Notopodia from BS2. In small worms, more or less similar, almost cylindrical; in
large worms, anterior notopodia transversely flattened, those in first few anterior seg-
ments several times smaller than those that are most developed (Fig. 4). Largest speci-
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mens in each sample with about 30-40 segments with notopodia, the smallest with
fewer, but even specimens ten or more times smaller than largest (by size) with over
30; the next 40—60 segments without notopodia, i.e. about 1/3-1/2 of body length
without notopodial segments. Notochaetae with narrow brims (Fig. 11A).

Neuropodia from C3; tori increasing in size to U10, then becoming progressively
smaller. Uncini in a single row, uncini of U1 with well-developed prow and crest with
one tooth in profile (Fig. 4F G); posterior uncini (U48) very similar (Fig. 4H).

Pygidium with crenulated margin, without cirri or papillae.

Differential diagnosis. Only one previously known species, 7. pascua (Fauchald,
1977) from the Atlantic coast of Panama, has two pairs of branchiae and no eyespots. It
differs from 77 davehalli sp. n. in its lower number of branchial filaments: single filament
in BS1 and BS2 in 7. pascua; up to 20 filaments in BS1 and up to 10 filaments in 7
daveballi. Only one previously known species, 7. hamatus Moore, 1905 from Pacific
Alaska, has two pairs of branchiae and segments of the posterior half of the body without
notopodia. It differs from 77 daveballi in the presence of eyespots and a lower number of
branchial filaments: five in BS1 and BS2 in 7" hamatus; up to 20 filaments in BS1 and up
to 10 filaments in 7" davehalli. Thelepus davehalli differs from the other species described
in this paper and other known species with two pairs of branchiae in the presence of fully
developed segments without notopodia in the posterior 1/3—1/2 of the body.

The last biramous parapodia of 7helepus davehalli is well developed (not reduced),
following uniramous parapodia with well-developed neuropodia, contrary to other
species described in this study (Fig. 4D, E). Anterior segments lack well-developed
notopodia, contrary to those in 7. cincinnatus and T. marthae.

Remark. Thelepus cincinnatus var. andreanae Mclntosh, 1922 was described from
within the range of 7" daveballi. However, Mclntosh clearly stated “Dorsal cephalic
collar with eye-specks” while this new species has no eyespots.

Etymology. The species is named after my friend Mr. David Hall, Head of Marine
and Freshwater Laboratories, Associate Director APEM Ltd., UK (Fig. 5).

Thelepus marthae sp. n.
http://zoobank.org/10A8FCD4-3C8D-4B71-B5C6-341403C7F10E
Figs 6, 7, 11C

Thelepus cincinnatus: Zatsepin 1948: 154, table XXXVIII, 7 (partim); Jirkov 2001:
526-527 (partim) — non Fabricius 1780.

Material (Table 1): 921 specimens from 38 stations collected from depths between
95-1,510 m, bottom temperature -1.84-2.8 °C. Holotype: R/V Tunetz cruise 105
station 6. Material is deposited at the KGB, fifteen paratypes from Alaid st. 6 are de-
posited at MNCN 16.01/17773, seven paratypes are deposited at ZIN 1/33266.
Description (based on holotype and paratypes). Holotype with 81 segments, 55
segments with notopodia, 55 mm length. Paratypes up to 80 mm in length, 67 mm in
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Figure 5. David Hall. The photograph was taken by his eldest daughter, Tara Hall.

width, 100 segments, last segments still in formation and clustered, not fully developed,
with poorly-developed neuropodia, so not possible to count total number of segments.

Several tens of buccal tentacles, their length in fixed specimens equal to half of
body length. Eyespots absent (Fig. 6A—C). BS1 with up to ten filaments (seven in
holotype); BS2 with up to five (four in holotype) (Fig. 6E H). Number of filaments
increases with worm size; smallest worms, width <1 mm, with either no branchiae or
with 1-2 filaments on BS1 and none on BS2. However, maximum number of fila-
ments constant in different samples (containing sufficient worms) despite a range of
maximum worm sizes across the samples. For example, largest worms from sample
SP-22 st. 60 are at least three times larger than those from sample Alaid st. 3, but
maximum number of filaments observed is same. Branchial filaments of BS1 extend
laterally from level of notopodia of C1, to a maximum level with upper margin of
uncinal row of Ul. Filaments attached in a single row on an elevated stump. A wide
medial gap separates left and right groups of filaments. Lateral lobes absent. Barely
visible nephridial papillae on $4-S7 above neuropodia (Fig. 6A, B arrowed), in most
specimens, few papillae visible, usually none. Ventrum glandular, with “wrinkling”
(Fig. 4B) increasing with worm size (Fig. 6G).

Notopodia from S3, anterior notopodia almost cylindrical. Notopodia on C1, of-
ten C2, and sometimes C3 two to three times smaller than most developed notopodia
(app. C10), sometimes one notopodium on C1 absent (Sevastopol 1358). Most de-
veloped notopodia transversally flattened, then reduced in size and become cylindrical
again. In the most posterior segments notopodia very small; notochaetae present but
several times shorter than most developed ones with no more than 10 per ramus; neu-
ropodia also reduced to small pinnuli with few uncini. Notochaetae absent in 2040
developing segments near pygidium (Fig. 6E); exact number difficult to determine
as both annulation and neuropodia poorly developed. Some specimens also without
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Figure 6. Thelepus marthae sp. n. external morphology. A—C lateral view of anterior end (arrowed ne-
phridial papillae) D detail of anterior end, showing pigmented eyespots E lateral view of posterior end
(arrowed last segment with notochaetae) F, H dorsal view of anterior end G ventral view of anterior end.
A SP-22 5t.60 B, F, G holotype C, H Alaid 30.3 D, E SP-22 st. 72. Scale bars: 1 mm. All worms but
D stained with methylene blue.

notopodia on the 10-20 preceding reasonably well-developed segments. Number of
segments with notopodia around 60 (in few complete worms available for this species),
with several posterior segments lacking notopodia. However, segments without noto-
podia form only ca. 10% of the total worm length. Notochaetae of anterior segments
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Figure 7. Thelepus marthae sp. n. uncini. A, B —Tunetz 105.6 C, D Alaid 30.3 E SP-22 60. A, C-E un-
cini of U1 B uncini of U20 from the pygidium. Each block from one specimen. Scale bars: 20 pm.

two to three times longer than notochaetae of posterior segments. Notochaetae in two
transverse rows: anterior row with short chaetae, distal half (winged part) becomes
stained with methylene blue, posterior row with long chaetae. Notochaetae with nar-
row brims (Fig. 11C).

Neuropodia from C3; tori increasing in size to U10, then becoming progressively
slightly shorter. Uncini in single row. Uncini of U1 with well-developed prow and crest
with one tooth in profile (Fig. 7A, C-E), posterior uncini (U20 from pygidium) very
similar (Fig. 7B).

Pygidium with crenulated margin without cirri or papillae (Fig. 6E).

Differential diagnosis. Only one previously known species, 7 pascua (Fauchald,
1977) from the Caribbean coast of Panama, has two pairs of branchiae and no eye-
spots. It differs from 7. marthae in the lower number of branchial filaments: single
filament in BS1 and BS2 in 7 pascua; up to 20 filaments in BS1 and up to 10 fila-
ments in 7. marthae. Thelepus marthae differs from 1. daveballi (described above) in the
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typically observed absence of fully developed segments without notopodia; if present,
they form no more than 10% of the body length. 7helepus marthae differs from 1. cras-
sibranchiatus Treadwell, 1901, 7 hamatus Moore, 1905 and 7. pascua (Fauchald, 1977)
(which have eyespots) in the higher number of branchial filaments and segments with
notopodia. Thelepus marthae difters from 7. cincinnatus and T antarcticus in the lower
number of branchial filaments and segments with notopodia. 7helepus marthae difters
from 7. parapari in the shape of its uncini.

Remark. One specimen (SP-22 st. 72) has numerous spots (Fig. 6D); together
forming a transverse row, as with typical eyespots but, in this case, each individual spot
is longitudinal instead of rounded as in 77 cincinnatus (Fig. 2B) and other Terebellidae.
These spots are in the same place as eyespots, but their very unusual shape makes their
interpretation as eyespots doubtful; other interpretations are possible.

Etymology. Species is named after my friend Dr. Martha K. Leontovich (Fig. 8);
she has described several new terebellid species.

Thelepus parapari sp. n.
http://zoobank.org/8B263E58-716A-4994-B773-E360665853B8
Figs 9, 11D

Material (Table 1): 177 specimens from 11 stations collected 26.03.1986 between
rhizomes of Posidonia, coralligenous formations, calcareous concretions and under
stones, 2—-15 m, Andalusia, Spain. Holotype MNCN 16.01/17774 (previously part of
MNCN 16.01/5706), 5 paratypes previously deposited in MNCN 16.01/5706 now
deposited in KGB.

Description (based on holotype and paratypes). Holotype with 58 segments, 50
of them with notopodia, 50 mm length. Paratypes up to 60 mm in length, 2 mm
in width, 60-70 segments, posterior segments clustered and developing with poorly-
developed neuropodia, so not possible to count total number of segments.

Several tens of buccal tentacles, their length in fixed specimens equal to half of
body. Eyespots absent in most specimens (Fig. 9A), only some with reddish eyespots
forming a band without dorsal gap (Fig. 9B). Eyespots probably fade during preserva-
tion or variation in this character. Preserved body uniformly beige to yellowish, with-
out distinct patterns of pigmentation; one specimen with eyespots with reddish spots
around branchiae. BS1 with up to 12 filaments (11 in holotype); BS2 with slightly
fewer filaments (eight in holotype; generally, >70% number on BS1). Filaments thin
and very long, reaching more than half of corresponding segment’s width (Fig. 9A, C).
Number of filaments increases as worm grows; smallest observed worms (width <0.5
mm) with 1-2 filaments on BS1 and one on BS2. Branchial filaments of BS1 attach in
an irregular row on a slightly elevated stump and extend laterally to a point level with
notopodia of C1 or sometimes level with upper margin of uncinal row of C3. Fila-
ments of BS2 do not reach notopodia and usually form two rows. A wide medial gap
separates left and right groups of filaments. Lateral lobes absent.
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Figure 8. Dr. Martha K. Leontovich. The photograph was taken by the author.

Notopodia commence from S3, almost cylindrical anteriorly; those from C1 on-
wards of equal size. Posterior notopodia poorly developed (almost no rami), with few
notochaetae that are several times shorter than most developed notochaetae; neuropo-
dia also reduced. Notochaetae absent only in developing segments near pygidium, ap-
proximately ten such segments, exact number difficult to determine as both annulation
and neuropodia poorly developed (Fig. 9D). Characteristic number of segments with
notopodia less than 60 (based on few available complete worms). Segments without
notopodia from only ca. 5% of total worm length. Relatively distinct (in comparison
with species described above), small nephridial papillac on S4-S7, above neuropodia
(Fig. 9A). Ventrum glandular, without distinct pads (Fig. 9A, E).

Notochaetae sometimes form two distinct transverse rows: anterior row with short
chaetae, posterior row with longer chaetae, distal half (winged part) becomes stained
with methylene blue, but usually in one row with mixed short and long chaetae; flang-
es appear to be wider than in species described above (Fig. 11D).

Neuropodia from C3, tori. Uncini in a single row. Uncini of U1 with two teeth
in profile above main fang, unlike three species described above (Fig. 9F). However,
posteriorly, uncini have only one tooth in profile, in common with species described
above (Fig. 9G).

Pygidium with crenulated margin, without cirri or papillae.

Differential diagnosis. Only one previously known species, 7 pascua (Fauchald,
1977), from the Caribbean coast of Panama has two pairs of branchiae and no eye-
spots. It differs from 7. parapari in the lower number of branchial filaments: single
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Figure 9. Thelepus parapari sp. n. A lateral view of anterior end (numbers of S are shown, nephridial papillae

arrowed) B detail of anterior end, showing pigmented spots € dorsal view D view of posterior end (arrowed
last segment with notochaetae) E ventral view F U1 uncini G U25 uncini. A, C-E holotype B MNCN 5700
F-H MNCN 5706. All worms stained with methylene blue. Scale bars: 1 mm (A=E); 20 um (F, G).

filament in BS1 and BS2 in 7. pascua; up to 11 filaments in BS1 and up to 8 filaments
in 7" parapari. Thelepus parapari differs from 17 davehalli (described above) in the ab-
sence of fully-developed segments without notopodia. Zhelepus parapari differs from
1. crassibranchiatus Treadwell, 1901, 7" hamatus Moore, 1905 and 7. pascua (Fauchald,
1977) (all of which have eyespots) in the higher number of branchial filaments and
segments with notopodia. Zhelepus parapari differs from 7. cincinnatus and 1. antarcti-
cus in the lower number of branchial filaments and segments with notopodia. 7helepus
parapari differs from 17 cincinnatus and 1. marthae (described above) in the shape of
the uncini of U1. Thelepus nucleolata (Claparéde, 1870), as Heterophenacia nucleolata,
was described from nearby (Gulf of Naples), but 7” parapari has uncini in a single row,
whilst in 7 nucleolata they form two rows.

Etymology. Species is named after my friend Dr. Julio Parapar, Universidade da
Coruna, Spain (Fig. 10).
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Figure 1 1. Notochaetae of Thelepus. A T. davehalli B T. cincinnatus C T. marthae D T. parapari. Scale
bars: 0.25 mm. A Sevastopol 15.2587 C7 B Alaid 30.6 C4 € Tunetz 105.6 C9 D MNCN 5706 C10.

Discussion of species ranges

Species range is a good character to assist with identification. Taxonomically similar
species may have different, usually complimentary, ranges and, in this instance, the
number of differing ranges is few. Usually, a species’ range lies within a limited suite
of ecological characters; for example, it is unlikely that the same species inhabits both
intertidal and abyssal zones. On first impression, it seems that the ranges of the four
species described here overlap (Fig. 12); however, in reality they are complimentary.
Obviously 7. cincinnatus s. str. is not a cosmopolitan species and it is even less widely
distributed than previously supposed. Its range is limited to northern boreal and Arctic
regions at least to the Chukchi Sea. In the Norwegian and Barents Seas and near New-
foundland, it was found at shelf depths from 8 to 200-400 m; in the North Atlantic
south of Iceland, it occurs deeper at least up to 1300 m, so it can be expected south
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N,

T. cincinnatus /\ type locality
T. davehalli
T. marthae
e T parapari

{
Figure 12. Map showing records of 7helepus. 500-m isobath is shown.

of Newfoundland at similar depths, in the high Arctic it is limited to shelf. I have
not yet studied material from the Pacific Ocean, but as it was found in the Chukchi
Sea, T cincinnatus s. str. would be expected to occur in the North Pacific and it was
reported by Uschakov (1955), Imajima and Hartman (1964) and Hobson and Banse
(1981). Such a range (pers. obs.) is very usual in polychaetes and other benthic taxa.
According to this study, at shelf depths to the south, 7. cincinnatus is replaced by 1
daveballi and, to the north, by 7" marthae. Thelepus marthae also inhabits the Arctic
slope from the Norwegian Sea to the slope of the Chukchi Sea but depth itself is not
the limiting factor for the range: 7. marthae can be found as shallow as 95 m in parts of
the shelf nearby the slope. So ranges of 7 cincinnatus and 1. marthae are overlapping
by depth limits, but not overlapping spatially. The fourth species previously identified
as 1. cincinnatus, 1. parapari, inhabits upper sublittoral habitats in the Mediterranean
(between the tidal front and the shore); in deeper water, below the tidal front, it is
replaced by 7 davehalli.

Of the other 7helepus species with two pairs of branchiae, 7. antarcticus is limited
to the Southern Ocean, 7. crassibranchiatus and 1. pascua are tropical west Atlantic
species; the ranges of these species are significantly geographically removed from those
of the species described here. 7helepus nucleolata (Claparede, 1870) is described from
the shallow Mediterranean and thus is sympatric with 7. parapari. Thelepus hamatus is
reported from Alaska to California (Moore 1906; Hartman 1969; Hilbig 2000) and is
sympatric with 7 cincinnatus at least in British Columbia: 7. cincinnatus was reported
from this province by Berkeley (1968) and it is the type locality of 7. hamatus, despite
not having been listed by Berkeley (1968).
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Abstract

The genus Amara Bonelli, 1810 is a very speciose and taxonomically difficult genus of the Carabidae. The
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Introduction

With the rise of modern sequencing technologies in the early 1990s, DNA sequences
have been increasingly used as supplementary markers for species description, identi-
fication, and classification (Raupach et al. 2016). In this context, DNA barcoding has
become the most popular approach for the assignment of specimens throughout all life
stages to described and classified species following the Linnean guidelines (Hebert et al.
2003a, 2003b). In the case of animals, an app. 660 base pair (bp) fragment of the mito-
chondrial cytochrome ¢ oxidase subunit I (COI) gene has been chosen as standardized
barcode marker (Hebert et al. 2003a, 2003b). The concept of DNA barcoding is based
on a simple assumption: every species will most likely have unique DNA barcodes with
low intraspecific variation and interspecific variation that exceeds the variability within
species, generating a so-called DNA barcoding gap that highly depends on the studied
taxonomic groups (Hebert et al. 2003a, 2003b, Candek and Kuntner 2015, Koroiva
and Kvist 2017). In spite of the fact that various effects can limit the usefulness of
DNA barcodes and mitochondrial DNA in general, e.g., the presence of pseudogenes or
numts (e.g., Bensasson et al. 2001, Leite 2012, Jordal and Kambestad 2014, Haran et al.
2015), heteroplasmy (e.g., Magnacca and Brown 2010, Robinson et al. 2015), effects of
Wolbachia infections within terrestrial arthropods (e.g., Hurst and Jiggins 2005, Werren
etal. 2008, Smith et al. 2012), or general critics on the concept (e.g., Will and Rubinoff
2004, Collins and Cruickshank 2013), numerous studies have demonstrated that DNA
barcoding yields excellent results across a broad range of various animal taxa (e.g., Costa
etal. 2007, Aliabadian et al. 2013, Knebelsberger et al. 2014, Lobo et al. 2015, Raupach
etal. 2015, Barco et al. 2016). Today, barcode data can be easily managed and analysed
using the public Barcode of Life data base (BOLD; www.boldsystems.org; Ratnasing-
ham and Hebert 2007). This core data retrieval interface offers various analytical tools,
including the Barcode Index Number (BIN) system (Ratnasingham and Hebert 2013).

In term of arthropods, most DNA barcoding studies focus on insects (Raupach
and Radulovici 2015), e.g., the Ephemeroptera, Plecoptera and/or Trichoptera (Zhou
et al. 2009, Zhou et al. 2011, Ruiter et al. 2013, Moriniére et al. 2017), Heteroptera
(Jung et al. 2011, Park et al. 2011, Raupach et al. 2014), Hymenoptera (Smith and
Fisher 2009, Smith et al. 2013, Schmidt et al. 2015), Lepidoptera (e.g., Hajibabaei et
al. 2006, Hausmann et al. 2011, Hausmann et al. 2013, Kekkonen et al. 2015), and
others (e.g., Glover et al. 2010, Moriniere et al. 2014, Hawlitschek et al. 2017). In
comparison to the high number of described species, however, the number of studies
analysing the Coleoptera (e.g., Greenstone et al. 2011, Woodcock et al. 2013, Pentin-
saari et al. 2014, Hendrich et al. 2015, Oba et al. 2015, Rougerie et al. 2015, Han et
al. 2016), and in particular the Carabidae or ground beetles (Greenstone et al. 2005,
Raupach et al. 2010, 2011, 2016b), is still low.

Ground beetles represent highly valuable and frequently used bioindicators for the
characterization of disturbances in various habitats such as forests, meadows, fens, or
river banks (e.g., Lovei and Sunderland 1996, Rainio and Niemeld 2003, Koivula 2011,
Kotze et al. 2011). Within the Carabidae, Amara Bonelli, 1810 is a large genus in the
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tribe Zabrini Bonelli, 1810. Many species are Holarctic, but a few are Neotropical or
occur in Eastern Asia. About 150 European species are known (Luff 2007), with 52 re-
corded for Germany (Trautner et al. 2014). Beetles of this genus are typically character-
ized by their rather oval and parallel-sided form, with females that are often somewhat
duller than the males and may even differ in body shape (Luff 2007) (Fig. 1). While
ground beetles are mostly carnivorous, numerous Amara species feed on plant seeds
as both larvae and adults (e.g., Hurka 1996, Jorgensen and Toft 1997, Holland 2002,
Klimes and Saska 2010), although some species consume seeds only as a supplement to
their predominantly predatory diet (e.g., Goldschmid and Toft 1997, Holland 2002,
Koprdova et al. 2008). They typically require dry habitats, uncultivated areas and open
vegetation on light soils, such as sand, gravel, or chalk (e.g., Kromp 1989, Thomas et
al. 2001). As a consequence of their more or less homogenous habitus and very subtle
morphological differences between species (e.g., the shape of the pronotum or colora-
tion of antennomeres), Amara is known as the most challenging genus of ground beetles
in terms of species identification in Central Europe. Nevertheless, Fritz Hieke (1930—
2015) devoted his scientific career to this genus and thoroughly cleared up the difficult
taxonomic assessment of this genus at all levels (e.g., Hieke 1984, 1988, 2005). In this
context he published a list of valid names and their synonyms, with over 560 specific
and subspecific, and 47 subgeneric names (Hieke 1995, 2011).

Here we present the next step in building-up a comprehensive DNA barcode li-
brary of Central European species of ground beetles as part of the German Barcode
of Life project (GBOL), focusing on the genus Amara. The analysed barcode library
included 46 Amara species as well as one species of Zabrus Clairville, 1806 which
represents the second genus of the tribe Zabrini known from Central Europe. Four
species (Amara littorea Thomson, 1857, Amara makolskii Roubal, 1923, Amara sabu-
losa Audinet-Serville, 1821, and Amara spectabilis Schaum, 1858) were not covered
by previous studies so far. (Raupach et al. 2010, Pentinsaari et al. 2014, Hendrich et
al. 2015). In summary, 358 new barcodes were generated and a total number of 690
DNA barcodes examined.

Material and methods

Sampling of specimens

All new studied beetles were collected between 1997 and 2017 using various sampling
methods (e.g., hand collecting, pitfall traps). Beetles were stored in ethanol (96%) and
determined by two of the authors (KH, MJR), K.-H. Kielhorn (Berlin, Germany) and
E Kohler (Bonn, Germany) using the keys in Hieke (20006) or Paill (2016). In total,
358 new DNA barcodes of 37 species were generated. Furthermore, 332 DNA barcodes
of three previous studies (Raupach et al. 2010: 17 specimens, 5 species; Pentinsaari et
al. 2014: 113 specimens, 34 species; Hendrich et al. 2015: 202 specimens, 32 species)
were included, generating a data set of 690 DNA barcodes from 47 species in total. Five
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Figure . An image collection of some representative species of the analysed ground beetles. A Amara
(Amara) similata (Gyllenhal, 1810) B Amara (Amarocelia) erratica (Duftschmid, 1812) € Amara (Bradytus)
Sfulva (Miiller, 1776) D Amara (Curtonotus) convexiuscula (Marsham, 1802) E Amara (Leirides) spectabilis
Schaum, 1858 F Amara (Paracelia) quenseli (Schonherr, 1806) G Amara (Xenocelia) cursitans Zimmer-
mann, 1931 H Amara (Zezea) kulti Fassati, 1947, and I Zabrus tenebrioides Goeze, 1777. Scale bars 1 mm.

All images were obtained from www.eurocarabidae.de.



A DNA barcode library for ground beetles of Germany: the genus Amara Bonelli... 61

of the studied species are not known from Germany, including Amara alpina (Paykull,
1790) (n = 3; collected in Finland, see Pentinsaari et al. 2014), Amara hyperborea De-
jean, 1831 (n = 1; collected in Finland, see Pentinsaari et al. 2014), Amara interstitialis
Dejean, 1828 (7 = 1; collected in Finland, see Pentinsaari et al. 2014), Amara spectabilis
Schaum, 1858 (7 = 3, collected in Austria), and Amara torrida Panzer, 1796 (n = 4;
collected in Finland, see Pentinsaari et al. 2014). The number of specimens per species
ranged from one (6 species) to a maximum of 55 for Amara aenea (De Geer, 1774).
Most beetles were collected in Germany (7 = 513, 74.4%), whereas various specimens
from other countries were included for comparison: Finland (99, 14.4%), Austria (41,
5.9%), Italy (12, 1.7%), Sweden (7, 1%), Estonia (4, 0.6%), France (4, 0.6%), Czech
Republic (3, 0.4%), Denmark (3, 0.4%), Belgium (2, 0.3%), and Slovenia (2, 0.3%).

DNA barcode amplification, sequencing, and data depository

All laboratory operations were carried out, following standardized protocols for COI
amplification and sequencing (Ivanova et al. 2006, deWaard et al. 2008), at the Ca-
nadian Center for DNA Barcoding (CCDB), University of Guelph, the molecular
labs of the Zoologisches Forschungsmuseum Alexander Koenig in Bonn, the German
Centre of Marine Biodiversity Research, Senckenberg am Meer, in Wilhelmshaven, or
the working group Systematics and Evolutionary Biology at the Carl von Ossietzky
University Oldenburg, all in Germany. Photos were taken from each studied beetle
before molecular work was performed. One or two legs of one body side were removed
for the subsequent DNA extraction which was performed using the QIAmp Tissue
Kit (Qiagen GmbH, Hilden, Germany) or NucleoSpin Tissue Kit (Macherey-Nagel,
Diiren, Germany), following the extraction protocol.

Detailed information about primers used, PCR amplification and sequencing proto-
cols is given in a previous publication (see Raupach et al. 2016b). All purified PCR prod-
ucts were cycle-sequenced and sequenced in both directions at contract sequencing facili-
ties (Macrogen, Seoul, Korea, or GATC, Konstanz, Germany), using the same primers as
used in PCR. Double stranded sequences were assembled and checked for mitochondrial
pseudogenes (numts) analysing the presence of stop codons, frameshifts as well as double
peaks in chromatograms with the Geneious version 7.0.4 program package (Biomatters,
Auckland, New Zealand) (Kearse et al. 2012). For verification, BLAST searches (nBLAST,
search set: others, program selection: megablast) were performed to confirm the identity
of all new sequences as ground beetle sequences based on already published sequences
(high identity values, very low E-values) (Zhang et al. 2000, Morgulis et al. 2008).

Comprehensive voucher information, taxonomic classifications, photos, DNA bar-
code sequences, primer pairs used and trace files (including their quality) are publicly
accessible through the public data set “DS-BAAMA” (Dataset ID: dx.doi.org/10.5883/
DS-BAAMA) on the Barcode of Life Data Systems (BOLD; www.boldsystems.org)
(Ratnasingham and Hebert 2007). Finally, all new barcode data were deposited in
GenBank (accession numbers: MH300683—-MH300903).
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DNA barcode analysis

The analysis tools of the BOLD workbench were employed to calculate the nucleo-
tide composition of the sequences and distributions of Kimura-2-parameter distances
(K2P; Kimura 1980) within and between species (align sequences: BOLD aligner; am-
biguous base/gap handling: pairwise deletion). All barcode sequences became subject
of the Barcode Index Number (BIN) system implemented in BOLD which clusters
DNA barcodes in order to produce operational taxonomic units that closely corre-
spond to species (Ratnasingham and Hebert 2013). A threshold of 2.2% was applied
for a rough differentiation between intraspecific and interspecific distances based on
Ratnasingham and Hebert (2013). It should be noted that the BIN assignments on
BOLD are constantly updated as new sequences are added. Therefore, individual BINs
can be split or merged in light of new data (Ratnasingham and Hebert 2013).

Furthermore, all sequences were aligned using MUSCLE (Edgar 2004) and ana-
lysed using a neighbour-joining cluster analysis (NJ; Saitou and Nei 1987) based on
K2P distances with MEGA7.0.21 (Kumar et al. 2016). Non-parametric bootstrap sup-
port values were obtained by resampling and analying 1,000 replicates (Felsenstein
1985). It should be explicitly noted that this analysis is not intended to be phyloge-
netic. Instead of this, the shown topology represents a graphical visualization of DNA
barcode divergences and putative species cluster. Finally, statistical maximum parsi-
mony networks were constructed for species pairs with interspecific distances <2.2%
with TCS 1.21 based on default settings (Clement et al. 2000) as part of the software
package of PopART v.1.7 (Leigh and Bryant 2015). Such networks allow the identi-
fication of haplotype sharing between species as a consequence of recent speciation or
on-going hybridization processes (e.g., Raupach et al. 2010).

Results

In total, 690 DNA barcode sequences of 47 carabid beetle species were examined.
A full list of the species is presented in the supporting information (Suppl. mate-
rial 1). In total, 46 species of the genus Amara were studied, with 41 (79%) of the
52 species documented for Germany. Five analysed species, Amara alpina (Paykull,
1790) (n = 3), Amara hyperborea Dejean, 1831 (n = 1), Amara interstitialis Dejean,
1828 (n = 1), Amara spectabilis Schaum, 1858 (n = 3), and Amara torrida Panzer,
1796 (n = 4), are not known from Germany. All these specimens were collected
from other countries (see above). Fragment lengths ranged from 307 bp (7 =14) to a
full length of 657 bp. Base frequencies analysis revealed low GC-contents (average:
32%) for the barcode fragment, as it is known from insects and other arthropods.
The individual mean nucleotide contents were A = 0.29, C=0.15,G=0.17,and T
= 0.39. Intraspecific K2P distances ranged from zero to 2.18% (Amara bifrons (Gyl-
lenhal, 1810)). Interspecific K2P distances had values between zero and a maximum
of 10.06%.
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The BIN analyses were performed on January 11* 2018. Unique BINs were re-
vealed for 38 species (81%). Three species pairs shared a BIN: Amara alpina Paykull,
1790 and Amara torrida (Panzer, 1796) were both included in ACF5385, Amara famil-
iaris (Duftschmid, 1812) and Amara lucida (Duftschmid, 1812) in AAC4901, and Am-
ara ovata (Fabricius, 1792) and Amara similata (Gyllenhal, 1820) in AAJ5377. Further-
more, one BIN (ACF1000) contained three species: Amara communis (Panzer, 1797),
Amara convexior Stephens, 1828, and Amara makolskii Roubal, 1923 (the so-called Am-
ara communis complex). Interspecific distances of zero were found for Amara alpina and
Amara torrida as well as for Amara communis, Amara convexior and Amara makolskii.

The NJ analyses based on K2P distances revealed non-overlapping clusters with
bootstrap support values >90% for 33 species (70% of all studied species) with more
than one studied specimen (Fig. 2). A comprehensive topology is presented in the sup-
porting information (Suppl. material 2).

Our statistical maximum parsimony analysis revealed closely related haplotypes
for Amara ovata (Fabricus, 1792) and Amara similata (Gyllenhal, 1810) (Fig. 3a). The
dominant haplotypes of both species (Amara ovata: h1, Amara similata: h2) were sepa-
rated by six mutational steps. An even lower number of mutational steps were found
between Amara familiaris (Duftschmid, 1812) and Amara lucida (Duftschmid, 1812)
(Fig. 3b): the only examined specimen of Amara lucida (h5) was separated from the
dominant haplotype of Amara familiaris (h1) by two mutational steps. Furthermore,
multiple haplotypes shared by more than one species were found in the Amara com-
munis complex (n = 49; Fig. 4) and for Amara alpina (n = 3) with Amara torrida (n = 4)
(Fig. 5). For the Amara communis complex, eight different haplotypes with two domi-
nant ones (h1, h2) were identified. Whereas haplotype h1 was shared by 18 specimens
with all three species (Amara communis: n = 6, Amara convexior: n = 2, Amara ma-
kolskii: n = 10), haplotype h2 was found exclusively in specimens of Amara convexior
(n = 17). Haplotype h3, located between hl and h2 in the network, was shared by
specimens of Amara communis (n = 8) and Amara convexior (n = 1). In addition, five
haplotypes represented by one specimen only (singletons) were located at the periphery
of the network (Amara communis: h4, hS, Amara convexior: h8, Amara makolskii: h6,
h7). In the case of Amara alpina and Amara torrida, the statistical maximum parsimony
analysis revealed four haplotypes, with one haplotype (h2) shared by specimens of both
species (Amara alpina: 2 specimens, Amara torrida: 1 specimen). This haplotype was
separated by four additional steps from haplotype h1 that was restricted to specimens
of Amara torrida. Furthermore, two singletons (h3: two additional mutational steps;
h4: one additional mutational step) were connected with haplotype h1, generating a
compact network that contained only a few mutational steps.

Discussion

Within the past few years, DNA-based approaches have become more and more popu-
lar for the assessment of biodiversity and identification of specimens, in particular where
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Figure 2. Neighbour-joining topology of the analysed ground beetle species based on Kimura 2-parameter
distances. Triangles show the relative number of individual’s sampled (height) and sequence divergence
(width). Red triangles indicate species pairs with interspecific distances <2.2%. Numbers next to nodes
represent non-parametric bootstrap values >90% (1,000 replicates). Asterisks indicate species not recorded

in Germany. All images were obtained from www.eurocarabidae.de.
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Figure 3. Maximum statistical parsimony networks of two species pairs: A Amara ovata (Fabricius,
1792) and Amara similata (Gyllenhal, 1810), and B Amara familiaris (Duftschmid, 1812) and Amara
lucida (Duftschmid, 1812). Used parameters included default settings for connection steps whereas gaps

were treated as fifth state. Each line represents a single mutational change whereas small black lines indi-

cate missing haplotypes. The numbers of analysed specimens () are listed, the diameter of the circles is

proportional to the number of haplotypes sampled (sce given open half circles with numbers). Scale bars

1 mm. Beetle images were obtained from www.eurocarabidae.de.
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[ Amara communis (Panzer, 1797) [[] Amara convexior Stephens, 1828 [ll Amara makolskii Roubal, 1923
(n=16) (n=21) (n=12)

Figure 4. Maximum statistical parsimony network of the Amara communis complex. Used parameters
included default settings for connection steps whereas gaps were treated as fifth state. Each line repre-
sents a single mutational change whereas small black lines indicate missing haplotypes. The numbers of
analysed specimens (72) are listed, the diameter of the circles is proportional to the number of haplotypes
sampled (see given open half circles with numbers). Scale bars 1 mm. Beetle images were obtained from
www.eurocarabidae.de.

the traditional morphology-based identification has proved problematic (Taberlet et al.
2012). As a consequence of this development and the rise of new concepts (Hebert et
al. 2003a, 2003b), the analysis of single specimens, bulk samples (metabarcoding) or
environmental DNA (eDNA) will be performed routinely as part of modern species
diversity assessment studies in the near future (e.g., Scheffers et al. 2012, Cristescu
2014, Kress et al. 2015). However, such studies highly rely on comprehensive on-line
sequence libraries that act as references (e.g., Brandon-Mong et al. 2015, Creer et al.
2016, Staats et al. 2016). Therefore, our DNA barcode library represents an important
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B Amara alpina (Paykull, 1790) [] Amara torrida Panzer, 1796
(n=3) (n=4)

Figure 5. Maximum statistical parsimony network of Amara alpina (Paykull, 1790) and Amara torrida
Panzer, 1796. Used parameters included default settings for connection steps whereas gaps were treated
as fifth state. Each line represents a single mutational change whereas small black lines indicate missing
haplotypes. The numbers of analysed specimens (7) are listed, the diameter of the circles is proportional
to the number of haplotypes sampled (see given open half circles with numbers). Scale bars 1 mm. Beetle

images were obtained from www.eurocarabidae.de.

step for the molecular characterization of ground beetles in Central Europe and adja-
cent regions. The current results demonstrate that DNA barcodes distinguish Central
European species of the taxonomically challenging genus Amara remarkably well. Our
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analysis revealed unique BINs for 38 (81%) of the 47 analysed species. The results co-
incide with high rates of successful species identification of previous barcoding studies
on ground beetles (Raupach et al. 2010, 2011, Pentinsaari et al. 2014, Hendrich et
al. 2015, Raupach et al. 2016b). In contrast to other carabid genera, e.g., Bembidion
Latreille, 1802 (Raupach et al. 2016b) or Calathus Bonelli, 1810 (Hendrich et al.
2015), no evidence was found for high intraspecific distances (above 2.2%) within the
analysed Amara species. In contrast to this, low intraspecific distances (below 2.2%)
and shared haplotypes for various species pairs were revealed. Such low distances are
typically indicative of a recent ancestry and/or ongoing gene flow for various species
pairs (e.g., Tautz et al. 2003, Frezal and Leblois 2008, Raupach et al. 2010). We will
discuss these cases in more detail.

I. Amara ovata (Fabricius, 1792) and Amara similata (Gyllenhal, 1810)

Both species are abundant and widespread members of the subgenus Amara, with
a trans-Palearctic distribution from Europe to Eastern Siberia (e.g., Lindroth 1986,
Hurka 1996, Hieke 2006). Using morphological traits, both species are best separated
on the shape of the pronotum (Hieke 1975, Lindroth 1986, Hieke 2006). Neverthe-
less, a close relationship of both species has been already suggested in the past (e.g.,
Lindroth 1986, Luff 2007). Our analysis clearly supports this view. In spite of the
fact that both species have the same BIN, they form distinct clusters separated by six
mutational steps (Fig. 3A). Consequently, all examined specimens can be assigned to
both species without doubt. However, it should be noted that the amount of intraspe-
cific variation of DNA barcode sequences (and mitochondrial DNA in general) can
correlate with the geographical scale of sampling (e.g., Wiemers and Fiedler 2007,
Bergsten et al. 2012 but see Huemer et al. 2014). For this study, all studied specimens
were sampled in Europe (Amara ovata: 1 specimen from Belgium, 1 from Italy, 6 from
Finland, 30 from Germany; Amara similata: 3 specimens from Finland, 27 from Ger-
many). Only the analysis of additional beetles from other regions, e.g., Central and
Eastern Asia, will show if both species can be identified across their complete distribu-
tion ranges without doubt.

I1. Amara familiaris (Duftschmid, 1812) and Amara lucida (Duftschmid, 1812)

Similar to the previous species, Amara familiaris and Amara lucida are widespread spe-
cies of the subgenus Amara with a Palearctic (Amara familiaris) or West Palearctic (Am-
ara lucida) distribution (Hurka 1996, Hieke 2006). From a morphological perspective,
both species are very similar, being black with a greenish or brassy metallic reflection
(e.g., Luff 2007). However, specimens of Amara lucida are somewhat smaller and a
little narrower than beetles of Amara familiaris, but the only useful morphological
traits for species identification are differences within the front angles of the pronotum
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(e.g., Lindroth 1986, Hurka 1996, Hieke 2006). Not surprisingly, the given DNA bar-
code data confirm the supposed closed relationship (Fig. 3B), but unfortunately only
one specimen of Amara lucida has been examined so far. More beetles of this species
should be studied in detail in the near future in order to validate if two distinct clusters
exist or haplotype sharing occurs.

II1. The Amara communis complex

Within the genus Amara, the Amara communis complex represents one of the most
challenging and controversial group of species in Europe. The complex consists of
four very similar and closely related species of the subgenus Amara: Amara communis
(Panzer, 1797), Amara convexior Stephens, 1828, Amara makolskii Roubal, 1923, and
Amara pulpani Kult, 1949. All species are characterized by the combination of vari-
ous morphological traits including the presence of a scutellar stria, deepened and api-
cally widened elytral striae, and the coloration of antennomere 2 and 3 (Hurka 1996,
Huirka and Ruazickova 1999, Paill 2016). The specific status of Amara communis and
Amara convexior has been acknowledged for a long time (e.g., Hieke 2006). Both are,
similar to other species of this genus, widespread and abundant species with a Palearc-
tic (Amara communis) or West Palearctic (Amara lucida) distribution (Harka 1996,
Hieke 2000). In contrast to this, Amara makolsii und Amara pulpani were considered
as synonyms of Amara communis (e.g., Lindroth 1986, Hieke 2006, but see Gersdorf
and Kuntze 1957, Burakowski 1967). Nevertheless, both species were accepted as valid
species some years ago (Hiirka 1996, Lobl and Smetana 2017), but their distribution is
still insufficiently documented (e.g., Harka 1996, Paill 2003, Schmidt 2004, Schifer
2005, Gebert 2009, Miiller-Kroehling 2013, Trautner et al. 2014). Not surprisingly,
the DNA barcode data revealed multiple haplotype sharing between all three studied
species, preventing correct species identification (Fig. 4). Unfortunately, DNA bar-
codes of Amara pulpani are currently missing and have to be generated in the future.
Nevertheless, we strongly recommend a comprehensive analysis of fast evolving nu-
clear markers, e.g., microsatellites or SNPs, from specimens of all four species from
different localities in order to evaluate if already distinct species exist or hybridization
events still take place.

IV. Amara alpina Paykull, 1790 and Amara torrida (Panzer, 1796)

All data of both species were part of a previous study (Pentinsaari et al. 2014), but
not discussed in detail. The two species are part of the subgenus Curtonotus, show a
widespread circumpolar distribution, and are suggested as closely related (Lindroth
1986). In general, specimens of Amara alpina can be separated from Amara torrida by
the color of the appendages and the pronotal form (Lindroth 1986). Similar to the
Amara communis complex (see above), haplotype sharing prevents a valid discrimina-
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tion of both species by the means of DNA barcoding (Fig. 5). Again, more specimens
and other, especially nuclear markers, have to be studied to analyse if Amara alpina and
Amara torrida still hybridize or distinct species exist.

Conclusions

Used alone or in combination with DNA metabarcoding on environmental samples
(Taberlet et al. 2012), DNA barcoding is becoming a standard for basic and applied
research in ecology, evolution and conservation across taxa, communities and ecosys-
tems (Zinger and Philippe 2016). In this context, our study clearly encourages the use
of DNA barcodes for the identification of ground beetles species of the taxonomically
difficult genus Amara. However, DNA barcodes of additional eleven Amara species
documented for Germany are currently missing. The analysis of these missing species
may include other, so far undetected problematic cases. For example, Amara chaudoiri
Schaum, 1858 and Amara concinna Zimmermann, 1832 are morphologically very
similar species. Nevertheless, our data set and results represent another important step
in building-up a comprehensive barcode library for the Carabidae in Germany and
Central Europe which can be used in modern molecular biodiversity assessment stud-
ies. Despite the fact that DNA barcoding failed to deliver a valid species identification
for some species in this study, it narrows the options to a pair (or in one case trio) of
closely related species. Especially for the almost impossible identification of immature
stages and/or females within various species of Amara, this is a very encouraging result.
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Abstract

The geographic distribution of coyotes (Canis latrans) has dramatically expanded since 1900, spread-
ing across much of North America in a period when most other mammal species have been declining.
Although this considerable expansion has been well documented at the state/provincial scale, continent-
wide descriptions of coyote spread have portrayed conflicting distributions for coyotes prior to the 1900s,
with popularly referenced anecdotal accounts showing them restricted to the great plains, and more ob-
scure, but data-rich accounts suggesting they ranged across the arid west. To provide a scientifically cred-
ible map of the coyote’s historical range (10,000-300 BP) and describe their range expansion from 1900
to 2016, we synthesized archacological and fossil records, museum specimens, peer-reviewed reports, and
records from wildlife management agencies. Museum specimens confirm that coyotes have been present
in the arid west and California throughout the Holocene, well before European colonization. Their range
in the late 1800s was undistinguishable from earlier periods, and matched the distribution of non-forest
habitat in the region. Coyote expansion began around 1900 as they moved north into taiga forests, east
into deciduous forests, west into costal temperate rain forests, and south into tropical rainforests. Forest
fragmentation and the extirpation of larger predators probably enabled these expansions. In addition, hy-
bridization with wolves (C. lupus, C. lycaon, and/or C. rufus) and/or domestic dogs has been documented
in the east, and suspected in the south. Our detailed account of the original range of coyotes and their
subsequent expansion provides the core description of a large scale ecological experiment that can help us
better understand the predator-prey interactions, as well as evolution through hybridization.

Copyright James W. Hody, Roland Kays. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution,and reproduction in any medium, provided the original author and source are credited.
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Introduction

During the past century, coyotes have undergone a dramatic range expansion across
much of North and Central America. Previously restricted to the western two-thirds of
North America, the species now occurs across most of the continent, from the Atlantic
to the Pacific seaboard and from Alaska to Panama (Macdonald and Sillero-Zubiri
2004). Despite widespread management as a pest species (Andelt 1987, Knowlton et
al. 1999), coyotes have nevertheless expanded their geographic range by an estimated
40% since the 1950s, at least twice as much any other North American carnivore dur-
ing the same time period (Laliberte and Ripple 2004).

Various interacting factors are thought to have contributed to coyotes’ rapid expan-
sion in North America. First, extirpation of apex predators likely helped coyotes expand
by reducing predation risk and allowing coyotes to expand their niche to larger prey. Spe-
cifically, the extirpation of wolves (C. lupus, C. rufus, and/or C. lycaon) and cougar (Puma
concolor) across most of eastern North America, and the decline of cougar and jaguar
(Panthera onca) in Central America probably set the stage for coyote colonization (Bekoff
and Gese 2003, Berger and Gese 2007, Cove et al. 2012, Méndez-Carvajal and Moreno
2014). Second, conversion of once-forested landscapes to agricultural landscapes in east-
ern North America and Central America likely facilitated coyote expansion by creating
suitable coyote habitat in areas that were previously unsuitable (Vaughan 1983, Parker
1995, Macdonald and Sillero-Zubiri 2004). The expansion of coyotes into western Can-
ada and Alaska has been attributed to the creation of new human settlements during
gold rushes in the late 1880s (Gier 1975, Moore and Parker 1992), although this expla-
nation has not been critically tested. Additionally, hybridization of coyotes with wolves
and domestic dogs in eastern North America introduced new genotypes that may have
promoted colonization and survival in eastern habitats (Kays et al. 2010, VonHoldt et
al. 2011, Thornton and Murray 2014). Coyotes expanding into the southeastern United
States likewise bear evidence of introgression from dogs (Adams et al. 2003). There is cur-
rently no evidence of coyote hybridization with dogs or wolves in the northwestern flank
of their expansion, but coyotes moving into Central America are suspected to be hybrid-
izing with dogs based on morphological characters (Cove et al. 2012, Hody 2016).

This ongoing range expansion poses an excellent case study in community ecology
and acclimation or adaptation in the Anthropocene, and also presents a new challenge
for conservation, as the ecological implications of spreading coyotes are still largely un-
known. Coyotes may represent a new top predator in eastern North America and other
parts of the continent, with cascading effects on predator communities and disease
dynamics (Gompper 2002, Levi et al. 2012). Likewise, the recent arrival of coyotes in
Panama may position them to colonize South America, with unknown implications for
tropical ecosystems (Hidalgo-Mihart et al. 2004, Méndez-Carvajal and Moreno 2014,
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Hody 2016). Rigorously testing the causes and consequences of coyote range expan-
sion requires an accurate historical context for where the species previously occurred.
However, current accounts of coyote distribution suffer from two major problems.

First, the historic distribution of coyotes prior to the westward expansion of Euro-
pean settlers in the 1800s has recently been confused in the literature. This confusion is
largely due to misinterpretation of a figure from Moore and Parker (1992) and Parker
(1995). In these publications, the authors provide a general depiction of historical coy-
ote ranges before and after European colonization of North America. In contrast to the
authors’ detailed written descriptions of subsequent coyote range expansion in eastern
North America, these continent-wide maps were conceptual illustrations of an existing
historical narrative and did not assess actual coyote occurrence data. More accurate coyote
range maps have been published in the past (e.g., Young and Jackson 1951, Nowak 1978,
1979), but the Parker (1995) map has recently been reproduced as accurate description
of coyote range expansion in the scientific and popular literature (e.g. Levy 2012).

In this popular narrative, coyotes were restricted to true prairie ecosystems prior to
European settlement (Figure 1), bounded between the Mississippi River and the Rocky
Mountains from southern Canada to central Mexico (Moore and Parker 1992, Parker
1995). The extirpation of wolves and land conversion by Europeans then presumably
allowed a westward expansion of coyotes in the late 1800s, followed by a series of east-
ern expansions during the 1900s (Moore and Parker 1992, Parker 1995, Levy 2012).

However, range maps based on physical evidence (Nowak 1978, 1979), historical
accounts, and coyote specimens in California suggests a wider western distribution.
Grinnell et al. (1937) indicated that coyotes occurred in California well before Euro-
pean settlement, with the exception of a few heavily forested counties along the north-
ern California seacoast, which coyotes colonized during the early 1900s. Numerous
accounts by Native Americans and early European colonists confirm the presence of
coyotes in California, as do zooarchaeological remains (e.g., Young and Jackson 1951
and references therein). Moreover, the genetic structure of Californian coyote popula-
tions suggest that they occurred in the area well before European colonization (Sacks
et al. 2004), contradicting the hypothesis of a recent westward expansion.

Additionally, the original northern and southern range limits of coyotes remain
uncertain in both narratives (Nowak 1978, Moore and Parker 1992). In Alaska and
northern Canada, authors have debated whether coyotes historically occurred in low
densities, arrived during the 1880s, or arrived during the 1900s (Nowak 1978, Parker
1995, MacDonald and Cook 2009). The original southern extent of coyote range
has been similarly controversial. Fossil evidence confirms that coyotes were present
in the Yucatdn Peninsula and northwestern Costa Rica during the Pleistocene (Lucas
et al. 1997, Arroyo-Cabrales and Alvarez 2003), but their southern distribution after
late-Pleistocene climatic changes is less clear. In their seminal work on coyote ecol-
ogy, Young and Jackson (1951) suggested that coyotes only recently colonized Central
America, although the written accounts of coyote-like canids in the 1500s and late
1800s provide anecdotal evidence otherwise (Monge-Ndjera and Morera Brenes 1987,
Hidalgo-Mihart et al. 2004). Pre-Columbian coyote remains have also been found
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Figure 1. Comparison of Holocene coyote range maps, pre-expansion. Fossil and zooarchaeological
remains suggest that coyotes were distributed throughout western North America prior to European colo-
nization, contrary to widely-cited accounts (e.g., Parker 1995).

in at least two sites in the Yucatdn Peninsula, lending credibility to this hypothesis
(Hidalgo-Mihart et al. 2004). Overall, the historical distribution of coyotes during the
Holocene remains poorly characterized and warrants reexamination.

A second problem with existing large-scale accounts of coyote range is that the
recent expansion of coyotes has been coarsely described, without clear spatiotempo-
ral detail. Maps are typically offered without citing reference material, and with few,
widely scattered time intervals. Consolidating and improving continent-wide descrip-
tions of coyote range expansion would facilitate testing hypotheses about their effects
on newly colonized ecosystems.

Fortunately, coyotes are well represented in museum collections, having been
hunted extensively due to their abundance and widespread reputation as a nuisance
species. Furthermore, coyotes are also well represented in the fossil and zooarchaeologi-
cal record, allowing inferences about their distribution several thousand years ago. We
compiled museum records from recent biological surveys, fossil and zooarchaeological
collections, peer-reviewed literature, and management agency reports to characterize
the historical distribution of coyotes prior to European settlement and catalogue their
expansion decade-by-decade from 1900 to 2016.
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Materials and methods

We compiled coyote occurrences from two data repositories: VertNet (Constable et al.
2010) and the Quaternary Faunal Mapping Project, FAUNMAP (Graham and Lun-
delius 2010). These repositories allow ecological inferences at two different time-scales.
FAUNMAP documents fossil and zooarchaeological coyote remains (hereafter, “ex-
cavated remains”) throughout the Quaternary period, providing occurrence records
across deep time scales. Conversely, VertNet documents coyote specimens collected
during biological surveys of live animals (e.g., skins, skeletons, taxidermy animals,
tissue samples; hereafter, “preserved specimens”) and allows inferences about the distri-
bution of coyotes from the mid-1800s through the present. Both data sources provide
spatially and temporally referenced coyote occurrences across North America, collec-
tively documenting their distribution over the past 10,000 years.

For our query in FAUNMARP, we searched for excavated remains of coyotes (Canis
latrans) from the Holocene epoch (10,000-0 years before present, BP). Taxonomically
modern coyotes (C. latrans) also occurred in the late Pleistocene, but biomes and fau-
nal assemblages present in North America at the time drastically differed from those of
the Holocene (Van Valkenburgh and Hertel 1993, Williams et al. 2004), with measur-
able effects on the ecological niche of the coyote itself (Meachen and Samuels 2012,
Meachen et al. 2014, Pardi and Smith 2016). We therefore focus on their Holocene
distribution, considering their Pleistocene range a separate but closely related topic.

Our query in VertNet considered preserved specimens of coyotes (Canis latrans),
coydogs (C. latrans x familiaris), and coywolves (C. latrans x lycaon! lupus/rufus) that
were collected during 1850-2016. We restricted our query to records that included
information about the year and location where the specimen was collected. For qual-
ity control reasons, we only considered specimens that included georeferenced point
coordinates or enough locality information to reference the data to a specific county.
Coyote records from Mexico collected between 1850-1899 were retained as an excep-
tion to this rule, because more precise data were not available. In these cases, we al-
lowed records that were referenced to at least a state-level.

In addition to these specimen records, we also compiled first-occurrence records
and fossil records of coyotes from peer-reviewed literature and reports by state wild-
life management agencies (references listed in Suppl. material 1). For first-occurrence
records, we favored observations that were associated with either physical specimens
(e.g. from hunters and trappers) or archived photographs (e.g., from camera traps)
wherever possible, although we also considered other reputable first-hand accounts in
areas where data were sparse. These records proved particularly valuable in defining
the expansion of coyotes in Central America and the southeastern United States. For
fossil and zooarchaeological records, we searched peer-reviewed reports of excavated
coyote remains from Mexico and Central America, dated to 10,000-300 years BP.
These records supplement FAUNMAP, the spatial coverage of which is limited to the
United States and Canada. Since fewer records of excavated remains are available for
this region, it is more difficult to clearly define the southernmost historical limit of
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coyotes. However, these records provide some indication of the Holocene distribution
of coyotes in Central America. Other types of data (e.g., Native American folklore,
narrative accounts of European settlers) might further elucidate the historical range
of coyotes. However, we restricted our inferences in this study to physical specimens,
scientific literature, and management agency records, which can be more readily refer-
enced to a specific spatial location and time interval. All the raw coyote occurrence data
are available through Data Dryad (http://doi:10.5061/dryad.1qp358p).

We used these datasets to create two maps. First, we sought to clarify the Holo-
cene distribution of coyotes before large-scale settlement by Europeans using FAUN-
MAP and a subset of the VertNet data (collected 1850-1899). We also identify which
FAUNMAP records had a known minimum age >300 BP to permit stronger inference.
Second, we used data from VertNet, peer-reviewed literature, and state management
agencies to develop a highly detailed map of 20® century coyote range expansion at
10-year intervals. In both cases, we approximated range boundaries for each historical
period (Holocene, 1900, 1910, etc.) by manually constructing polygons around occur-
rence records from the corresponding time interval.

During the 20™ century, coyotes were occasionally brought into areas by hunters and
trappers prior to natural expansion into the area (Parker 1995). These introductions pro-
duced isolated coyote records ahead of the colonizing front, but coyote populations in these
areas usually did not persist (Fener et al. 2005, Kays et al. 2010). To avoid including these
populations in our analysis, we excluded extreme spatial outliers from our distribution map
(e.g., an isolated record might be omitted if it occurred in an area with known historical
introductions and no neighboring records occurred within 500 km for many years).

In the Holocene figure, we also displayed coarse approximations of potential forest
cover based on Ramankutty and Foley (2010). We included this layer to visually illustrate
the spatial distribution of historical coyote specimens in relation to dominant land cover
types. We defined potential forest cover as areas where tropical, temperate, or boreal for-
ests would have occurred in the area based on large-scale estimates by Ramankutty and
Foley (2010). We caution that the historical extent of forest cover in North and Central
America contracted and expanded considerably prior to European contact due to the
agriculture activities, settlement building, and land burning practices of Pre-Columbian
civilizations (Denevan 1992, Kimmerer and Lake 2001, Cook et al. 2012). Thus, poten-
tial forest cover should not be interpreted as a literal, static depiction of American land
cover throughout the Holocene. Instead, it should be interpreted as a general index for
areas where forest cover frequently or intermittently occurred over several thousand years.

Results

Our query in FAUNMARP yielded 347 records from the United States and Canada
with specific data on the minimum and maximum age of the coyote remains. These
were distributed between the Pacific Ocean and the Mississippi River, with the excep-
tion of two spatial outliers occurring in New Brunswick, Canada and Florida, USA
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Figure 2. Historical distribution of coyotes from 10,000 years before present (BP) to 1899. Zooarchaeo-
logical (FAUNMAP) records document the distribution of coyotes during the Holocene (0-10,000 BP).

(Figure 2). It is possible that these two records reflect a more widespread eastern dis-
tribution of coyotes in the Holocene. However, we find it more likely that they reflect
misidentified remains of related Canis sp.

Our query in VertNet yielded 12,319 records of coyotes and coyote hybrids from
North and Central America, providing specimen-vouchered coyote occurrences from
1850-2016. Among these records, 4,949 were already georeferenced, and an additional
3,523 records had sufficient locality information to reference the data to individual
counties or corresponding political units. An additional 3,747 records could only be
referenced to the state- or province-level. We retained such occurrence records for
Mexico to address the dearth of available data prior to 1900, but omitted these records
elsewhere due to the availability of higher-quality county-level data. Only 100 records
had no useable locality information.

Holocene distribution (10,000 BP-1899)

The spatial distribution of coyote specimens from the late 1800s was similar to the
distribution of coyote remains older than 300 B Specifically, coyotes extended east to
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Mississippi and Ohio Rivers and west through California and the arid west (Figure 2).
These data indicate that that coyotes’ range in the late-1800s reflected a longstanding
geographic distribution that formed well before the 1700s, not a recent westward ex-
pansion. This contradicts widely-cited descriptions of the historical distribution of coy-
otes (Figure 1), which suggest that California and the Rocky Mountains as areas that
were colonized by coyotes as recently as the 19 and 20" centuries (Moore and Parker
1992, Parker 1995, Levy 2012). Instead, the historical distribution of coyotes matches
areas where non-forested habitats (e.g., grassland, prairie, desert) dominate the climax
vegetation, more closely corresponding to earlier range descriptions by Nowak (1978,
1979, 2002) and Young and Jackson (1951). The Holocene distribution of coyotes in
Mesoamerica remains unclear due to the relatively small number of published histori-
cal specimens available from this area.

Contemporary expansion (1900-2016)

Combining museum records and regional coyote literature, we created a detailed con-
tinent-wide description of coyote range expansion at 10 year intervals (Figure 3). This
map consolidates previous efforts and corrects popular misconceptions about the mag-
nitude of coyotes’ expansion in the west. Additionally, it provides the first account of
coyote range expansion at this level of spatial and temporal detail. We offer this as a
starting point for future discussions and encourage further improvements to this map
wherever local data might become available. Additional research is needed in some ar-
eas, particularly Central America and the Mid-Atlantic United States, where historical
records are sparse.

Discussion

We compiled coyote occurrences from past biological surveys, fossils, zooarchaeologi-
cal records, and existing literature to document the historical distribution of coyotes
throughout the Holocene and reconstruct decade-by-decade range expansion during
1900-2016. Our findings indicate that coyotes historically occupied a larger area of
North America than generally suggested in recent literature, more closely matching
the historical range presented by Young and Jackson (1951) and Nowak (1978, 1979)
than Parker (1995) (Figure 1). Our results closely resemble the written range descrip-
tion by Nowak (1979), which assesses coyotes as having “a wide distribution, primarily
in the western half of the continent” prior to European contact, with unknown range
limits but extending “at least as far east as southern Wisconsin, northwestern Indiana,
western Arkansas, and central Texas.”

The distribution of excavated coyote remains 10,000-300 BP matches the distri-
bution of preserved coyote specimens collected between 1850 and 1899 almost identi-
cally, suggesting that the geographic range of coyotes in the late 1800s had already been
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Figure 3. Coyote range expansion by decade, 1900-2016. Ranges are based on occurrence of museum
specimens, peer-reviewed literature with associated specimens or photographs, and reports from state
wildlife management agencies. The distribution of coyotes between the Yucatdn Peninsula and Nicaragua
is coarsely depicted due to the paucity of available data, representing the earliest confirmed occurrence. All
referenced materials are listed in Suppl. material 1.

established prior to the 1700s. This same spatial pattern emerged when FAUNMAP
data were subdivided in other ways, suggesting that this was not an artifact of how we
defined our time intervals. Importantly, Holocene coyote remains 24,000 BP showed
the same general pattern presented in Figure 2, confirming the presence of coyotes as
far east as Arkansas and central Texas, as far south as the Yucatdn Peninsula, and as
far west as California. These records predate the rise of North and Central American
civilizations with large permanent settlements (e.g., Olmec, Aztec, Mayan, Mississip-
pian) (Kuiper 2010), suggesting that coyotes were widely distributed throughout the
Holocene independent of large-scale land use change by Pre-Columbian civilizations.

Excavated coyote remains and 19" century museum records occurred through-
out most non-forested habitats in North America. These specimen records show that
coyotes occurred in the Rocky Mountains and Arid West throughout the Holocene,
contradicting the proposed western expansion of coyotes during the late-1800s (Parker
1995), although there was a smaller expansion into forests of the Pacific Northwest in
the early 1900s.
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The distribution of excavated remains includes four notable outliers, warranting
further discussion: one in southern Florida, one in New Brunswick, and two on the
Yucatdn Peninsula. Although we consider the New Brunswick sample questionable,
the Florida and Yucatdn specimens might reflect historical range dynamics of coyotes.
The Florida record is dated to the early Holocene, but its estimated range age overlaps
with the late Pleistocene as well. Coyote fossils from this geological epoch have been
documented across the Florida peninsula (Graham and Lundelius 2010), which was
previously dominated by grassland ecosystems (Feranec and MacFadden 2000, Feranec
2004). This record likely reflects coyote occurrence in the late Pleistocene, or misi-
dentified red wolf remains from the early Holocene. Alternatively, it might indicate
that coyotes briefly persisted in the savannah habitats of southern Florida after for-
est habitats arose elsewhere in eastern North America. The New Brunswick record is
much younger, referring to mandibles found in a Native American shell midden from
the year 830 + 65 BP. While this is possible that these remains represent an extreme
eastern distribution of coyotes in the past (Stewart 1976), we suspect that they may be
misidentified remains from domestic dogs, which were also found on site and appear
in similar deposits from New England (Ingraham 2011).

The two Yucatdn specimens, both noted by Hidalgo-Mihart et al. (2004), suggest
a historical presence of coyotes in parts of Central America, and possible range expan-
sion associated with Mayan land use and deforestation. The westerly record is dated
to the early Holocene (Arroyo-Cabrales and Alvarez 2003), suggesting a longstanding
presence of coyotes in the area (Hidalgo-Mihart et al. 2004). This record occurs near
relatively open habitat along the western coast of the Yucatdn Peninsula (Ramankutty
and Foley 2010), possibly facilitating their historical presence there. The eastern record
is much younger, associated with Postclassic Mayan ruins in Belize (Emery 1999), and
may indicate that coyotes existed in areas deforested by the Maya civilization (Hidalgo-
Mihart et al. 2004). Interestingly, written accounts noted by Monge-N4jera and More-
ra Brenes (1987) and Hidalgo-Mihart et al. (2004) spatially coincide with areas that
most heavily cultivated and deforested prior to European contact (Cook et al. 2012).

We cannot definitively assess the Holocene southern limit of coyotes due to paucity
of data in Central America. However, we generally agree with Hidalgo-Mihart et al.
(2004) that coyotes may have existed in naturally occurring open habitats and Pre-
Columbian agricultural areas of Central America prior to the 1500s based on available
records, contrasting earlier descriptions (Young and Jackson 1951). We hypothesize that
the southern distribution of coyotes might have fluctuated during the Holocene, with
populations extending eastward across the Yucatdn Peninsula and southward along the
Pacific coast of Central America in periods when barriers of forested habitat were bro-
ken, either naturally or by agricultural activities of Mesoamerican civilizations. Addi-
tional research is needed to clarify their historical distribution of coyotes south of Mexi-
co, but all available evidence suggests that this species was restricted to habitats north of
the Nicoya Peninsula in northwestern Costa Rica until the mid-1900s (Vaughan 1983).

Our map of coyote records from 1900-2016 shows how and when coyotes expanded
their range into forested biomes. Agriculture was widespread in these previously forested
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regions by 1900, so this more open, fragmented landscape presumably aided their expan-
sion, although Kays et al. (2008) note that eastern coyotes now occur in large forested
wilderness, and thus are not reliant on open habitats. Our map also reflects the relatively
rapid colonization of the northeast in comparison with the southeast, which Kays et al.
(2010) suggested was due to higher levels of wolf introgression allowing a more rapid
evolution of larger body size. More recently, VonHoldt et al. (2016) showed that wolf
genes associated with body size have been positively selected for in eastern coyotes, and
rapidly spread throughout the eastern population. Coyotes now occur through eastern
North America, and are now expanding to isolated islands with recent sightings in the
Florida Keys (Greene and Gore 2013) and Long Island, New York (Weckel et al. 2015).

Although coyote range expansion into eastern Canada has been well studied (Créte
and Desrosiers 1995, Créte et al. 2001, Patterson and Messier 2003, Chubbs and
Phillips 2005), historical reasons for the northward expansion of coyotes into western
Canada and Alaska described in the literature remain sparse. This early northwestern
expansion is generally attributed to land clearing and refuse left by settlers during the
gold rushes of the late 1800s (Gier 1975, Moore and Parker 1992). This explanation ap-
pears chronologically appropriate, but it is doubtful that these disturbances alone would
provide coyotes with enough momentum to establish resident populations in western
Canada and further colonize southeastern Alaska in the 1900s. Interestingly, coyotes
have now established at least one breeding population in the Taiga Shield ecozone, near
Yellowknife, Northwest Territories (Cluff 2006). It is unclear whether this population
extends into undeveloped areas, or if it is restricted to disturbed habitats (Cluff 2006).

Likewise, coyote expansion southward across Central America is also not well stud-
ied. Coyotes rapidly expanded into deforested habitats in eastern Panama (Méndez-
Carvajal and Moreno 2014, Hody 2016), and the dense forests of the Darién now
represent the last major barrier between coyote populations and South American sa-
vannah ecosystems (Hidalgo-Mihart et al. 2004, Méndez-Carvajal and Moreno 2014).
However, this barrier may be more permeable than previously thought, especially
along the coastlines, raising concerns that coyotes might reach South America in the
near future (Hody 2016). If coyotes reach South America, it is likely that the grassland
and agricultural habitats in Colombia and Venezuela could support viable popula-
tions, unless competition with native carnivores restricts them. Observations in eastern
Panama suggests that road construction and agricultural development might facilitate
coyote range expansion in previously forested tropical landscapes (Méndez-Carvajal
and Moreno 2014, Hody 2016), but we find it improbable that coyotes would expand
into intact parts of the Amazon rainforest. Conversely, we speculate that the open
habitats of the Andes might offer suitable coyote habitat in such a scenario, and allow
further expansion around the Amazon. Regardless of its extent, coyote colonization of
South America would be an event of profound ecological significance; barring direct
introductions by humans, expansion of a North American predator into South Ameri-
can ecosystems has not been observed since the Great American Biotic Interchange
3 million years ago (Wallace 1876, Simpson 1980, Marshall et al. 1982, Leigh et al.
2014), and its potential effects on native wildlife is entirely unknown.
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Conclusion

The expansion of coyotes across the American continent offers a natural experimental
system for assessing ecological questions related to their roles as predators, and evolu-
tionary questions related to their hybridization with dogs and wolves. By collecting
and mapping all historical and fossil records of coyotes we were able to correct old
misconceptions of their original range, and more precisely map and date their recent
expansions. We hope these maps will provide useful context for future research into the
ecology and evolution of this incredibly adaptive carnivore.
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Abstract

Recent extinctions and drastic population declines have been documented in the Guiana Shield endemic
frog genus Anomaloglossus, hence the importance to resolve its alpha-taxonomy. Based on molecular phy-
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females 21.26 mm), Finger I = Finger II when fingers adpressed, Finger III swollen in breeding males,
fringes on fingers absent, toes basally webbed but lacking fringes, in life presence of a thin dorsolateral
stripe from tip of snout to tip of urostyle, and a black throat in preserved males (immaculate cream in
females). Virtually nothing is known about the ecology of the new species. We suggest the new species to
be considered as Data Deficient according to IUCN standards.
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Introduction

In their influential work about bird diversification in the Venezuelan highlands, Mayr
and Phelps (1967) coined the term “Pantepui” to describe the high-elevation life
zones of the Guiana Shield highlands in north-eastern South America. Pantepui is
best known for its numerous isolated vertical-sided sandstone table-top mountains,
the iconic Lost World’s tepuis, and huge tepuian massifs, last erosional remnants of a
vast ancient plateau (see Kok 2013 for details). The number of phylogenetic lineages
restricted to Pantepui is remarkable given the relatively reduced size of that bioregion.
Pantepui seems to act as a reservoir of endemism at the species level, but also at the
genus level and, to a lesser extent, at the family level (see Kok 2013 for summary). Vari-
ous biogeographical hypotheses have been proposed to explain the origin and drivers
of diversification of tepui-summit species/populations (Mayr and Phelps 1967, see
Kok 2013 for a summary). Recent phylogeographic studies based on non-flying verte-
brates (e.g. Kok et al. 2012, 2017, 2018a, b, Leite et al. 2015, Lehmberg et al. 2018)
suggested a complex historical biogeography involving the synergy of long distance
dispersals, vicariance and habitat shifts.

Vertical isolation makes tepui ecosystems particularly sensitive to global warm-
ing (see Rull and Vegas-Vilarribia 2006, Nogué et al. 2009). Because of their re-
moteness and the difficulties to access most tepuis and tepuian massifs, sampling
in the area has been historically low, hindering the pressing need to evaluate the
taxonomic status and accurate distribution of Pantepui endemic species. The situ-
ation is particularly critical in some groups in which recent extinctions or drastic
population declines have been documented, such as in the Guiana Shield endemic
frog genus Anomaloglossus (e.g. Fouquet et al. 2015, 2018). The genus currently
comprises 28 species (Grant et al. 2017, Fouquet et al. 2018), and likely originated
in the Pantepui region (area sensu Kok 2013), where several endemics with restricted
distributions are reported; more widespread species are found in the lowlands of the
eastern Guiana Shield (Vacher et al. 2017). The beebei species group (sensu Grant
et al. 2017) is restricted to the eastern Pantepui region of Venezuela and Guyana
and currently contains six species, one of them still undescribed (Figure 1). That
unnamed species has previously been reported in the literature as Anomaloglossus sp.
Ayanganna (Grant et al. 20006, 2017), Anomaloglossus cf. praderioi (Kok 2010) and
as Anomaloglossus sp. B (Kok et al. 2012) and was recovered sister to A. praderioi (La
Marca, 1997) by Grant et al. (2006, 2017) and Kok et al. (2012). The new taxon
was first collected in October 2000 by AL and RDM during an expedition to Mount
Ayanganna in Guyana, then found on the Wokomung Massif, Guyana, in July 2003
by D. Bruce Means and in October 2004 by AL and RDM. There is no additional
report of the species since then. Although its status as an undescribed species has
never been disputed, no formal description has yet been proposed. It is our aim to
resolve the issue and describe this new species based on the eleven collected speci-
mens currently available.
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Figure 1. Optimal relationships of the Anomaloglossus beebei group (modified from Grant et al. 2017).
Numbers at nodes are Goodman-Bremer values. The new species is highlighted in red. Anomaloglossus
photos are by PJRK, except A. meansi, which is by D. Bruce Means. Drawings by Kim Roelants.

Materials and methods

Nomenclature

Taxonomy and terminology follow Grant et al. (2006, 2017). The description format is
adapted from the most recent species (re)descriptions in the genus (e.g., Kok et al. 2006,
Myers and Donnelly 2008, Kok 2010, Kok et al. 2010, Fouquet et al. 2015, 2018).

Fieldwork and deposition of specimens

Collecting activities took place on Mount Ayanganna and the Wokomung Massif,
west-central Guyana (Figure 2). These two mountains, located in the southern Pa-
karaima range, are the easternmost high tepuis in the Guiana Shield. Ayanganna and
Wokomung are 37 km apart, and some anuran species occur on both mountains (e.g.
in the genus Stefania, MacCulloch et al. 2006), although the degree of species overlap
is not yet fully known.

Specimens were collected by hand and euthanized by immersion in a solution of
MS 222 (ROM specimens) or by immersion in 20% isopropanol (CPI specimen).
Tissue (a piece of liver or thigh muscle) was removed from most specimens immedi-
ately after euthanasia and preserved in 95-100% ethanol for later molecular analyses.
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Figure 2. Occurrence map of the Anomaloglossus species belonging to the beebei group (coloured convex
polygons); distribution of A. meansi sp. n. is depicted by yellow dots. A map of the Eastern Pantepui
District; black rectangle is enlarged in B. B localities of occurrence of Anomaloglossus meansi sp. n. based

on museum specimens .

Whole individuals were fixed in 10% formalin and later transferred to 70% ethanol
for permanent storage. Type specimens have been deposited in the collections of the
Royal Ontario Museum, Canada (ROM) and the Coastal Plains Institute and Land
Conservancy, USA (CPI); tissue samples were deposited in the Amphibian Evolution
Lab, Biology Department, Vrije Universiteit Brussel (VUB) and ROM. Coordinates
and elevations were acquired using Global Positioning System units and referenced to
map datum WGS84.
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Morphology

All morphometric data were taken from the preserved specimens by the same person
(MPJN), to the nearest 0.01 mm, under a Leica stereo dissecting microscope using
an electronic digital caliper. Colour pattern in life was taken from field notes and col-
our photographs. Sex and maturity were determined by the presence/absence of vocal
slit(s) and by dissection. Comparisons of external character states are based both on
original descriptions and examination of museum specimens (see Appendix for com-
parative material examined). Abbreviations for measurements are as follows:

SVL snout-vent length

HW head width, at level of angle of jaws

HL head length, from angle of jaw to tip of snout

10D inter orbital distance

EN eye to naris distance, from anterior edge of eye to centre of naris
SL snout length, from anterior edge of eye to tip of snout

TSL tip of snout length, from centre of naris to tip of snout

IND internarial distance, the distance between the centres of nares
EL eye horizontal length

TYM tympanum horizontal length

HAND I-1V  relative lengths of fingers, from the proximal edge of the palmar tubercle
to the tip of each finger

WED width of disc on Finger 111

FAL forearm length, from elbow joint to proximal edge of metacarpal tubercle
THL thigh length, from vent opening to flexed knee

TIL tibia length, from knee to heel

TAL tarsus length, from heel to proximal edge of outer metatarsal tubercle
FL foot length, from proximal edge of inner metatarsal tubercle to tip of Toe IV
WTD width of disc on Toe IV

Taxonomy

Anomaloglossus meansi sp. n.
http://zoobank.org/84C73332-67F9-4412-8140-CF70F1FB419C
Figures 3—4; Table 1

Anomaloglossus sp. Ayanganna Grant et al. 2006: 120-121, 2017: S66.
Anomaloglossus ct. praderioi Kok 2010: 66.
Anomaloglossus sp. B Kok et al. 2012: supplementary information.

Holotype. ROM 43896, adult male from the vicinity of Camp 2 on the Wokomung
Massif, Potaro-Siparuni District, Guyana (05°06.5833'N; 059°49.2667'W), 1234 m
elevation, collected by A. Lathrop and R. James on 30 October 2004.
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Figure 3. Anomaloglossus meansi sp. n. in preservative. A male holotype ROM 43896, dorsal view B male
holotype ROM 43896, ventral view C female paratype ROM 43323, dorsal view D female paratype
ROM 43323, ventral view E male holotype ROM 43896, ventral view of right hand F male holotype
ROM 43896, ventral view of right foot G female paratype ROM 43323, ventral view of left hand H fe-
male paratype ROM 43323, ventral view of left foor.

Paratypes (n = 10). An adult male (ROM 39639) from the northeast plateau
of Mount Ayanganna, Cuyuni-Mazaruni District, Guyana (05°24.1'N; 059°57.4'W),
1490 m elevation, collected by R. D. MacCulloch, A. Lathrop and C. Cox on 26 Octo-
ber 2000; four adult females (ROM 43320, ROM 43329, ROM 43331, ROM 43332)
from the vicinity of Camp 2 on the Wokomung Massif, Potaro-Siparuni District, Guy-
ana (05°06.5833'N; 059°49.2667'W), 1234 m elevation, collected by A. Lathrop, R.
D. MacCulloch and S. Khan between 26-31 October 2004; one adult female (ROM
43323) from the vicinity of Camp 3 on the Wokomung Massif, Potaro-Siparuni Dis-
trict, Guyana (05°05.65'N; 059°50.5833"W), 1411 m elevation, collected by A. Lath-
rop, R. D. MacCulloch and S. Khan on 3 November 2004; one juvenile (ROM 43322)
from the vicinity of Camp 2 on the Wokomung Massif, Potaro-Siparuni District, Guy-
ana (05°06.5833'N; 059°49.2667'W), 1234 m elevation, collected by C. Alban on
26 October 2004; two juveniles (ROM 43324, ROM 43325) from the vicinity of
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Table I. Morphometric measurements (in mm) of the type series of Anomaloglossus meansi sp. n. Abbre-

viations are defined in the text. Means + SD are followed by the range in parentheses.

Character Male (n = 3) Female (n = 5) Juvenile (n = 3)
SVL 18.53+0.35 (18.15-18.86) 19.15+1.48 (17.66-21.26) 12.72+2.13 (10.69-14.94)
HW 5.89+0.09 (2.19-2.73) 6.11£0.24 (5.81-6.31) 4.28+0.60 (1.48-1.78)
10D 2.39+0.30 (2.19-2.73) 2.41+0.20 (2.17-2.72) 1.61+0.15 (1.48-1.78)
HL 5.56£0.31 (5.32-5.91) 5.48+0.28 (5.13-5.81) 3.79+0.60 (3.13-4.29)
EN 1.63+0.04 (1.60-1.68) 1.68+0.11 (1.48-1.75) 1.17+0.26 (0.96-1.41)
SL 2.79+0.02 (2.77-2.82) 2.81+0.17 (2.56-3.00) 2.05+0.30 (1.76-2.36)
EL 2.37+0.17 (2.17-2.48) 2.36%0.13 (2.22-2.51) 1.83+0.13 (1.73-1.89)
TYM 1.08+0.04 (1.03-1.12) 1.06+0.14 (0.86-1.24) 0.69+0.15 (0.58-0.806)
IND 2.44+0.05 (2.39-2.48) 2.60+0.16 (2.37-2.82) 1.83+0.24 (1.59-2.07)
TSL 1.24+0.10 (1.15-1.35) 1.41+0.10 (1.29-1.53) 0.87+0.17 (0.74-1.06)
HAND I 3.12+0.20 (2.96-3.35) 3.2520.13 (3.10-3.45) 1.89+0.70 (3.10-2.69)
HAND II 3.13+0.06 (3.07-3.2) 3.30+0.14 (3.07-3.45) 2.34+0.39 (2.06-2.78)
HANDIII 4.68+0.10 (4.26—4.44) 4.84+0.19 (4.17—4.66) 3.04+0.46 (2.76-3.57)
HAND IV 3.10£0.10 (3.00-3.2) 3.14+0.12 (2.93-3.22) 2.15+0.31 (1.84-2.406)
WED 0.57+0.07 (0.52-0.65) 0.55+0.06 (0.52-0.65) 0.43+0.06 (0.37-0.47)
FAL 4.27+0.40 (3.81-4.56 4.41+0.41 (3.97-5.04) 2.54+0.84 (1.94-3.51)
THL 8.29+0.42 (7.80-8.54) 8.85+0.28 (8.52-9.18) 5.37+1.07 (4.61-6.60)
TIL 8.45+0.33 (8.07-8.66) 9.09+0.35 (8.61-9.48) 6.13£1.13 (5.12-7.35)
TAL 4.47+0.21 (4.26-4.68) 4.56+0.38 (4.05-5.02) 3.04+0.73 (2.50-3.86)
FL 7.2+0.38 (7.07-7.45) 7.86+0.38 (7.53-8.48) 4.89+1.27 (3.82-6.29)
WTD 0.72+0.06 (0.67-0.78) 0.68+0.06 (0.61-0.76) 0.43+0.03 (0.42-0.46)

Camp 2 on the Wokomung Massif, Potaro-Siparuni District, Guyana (05°06.5833'N;
059°49.2667"W), 1234 m elevation, collected by A. Lathrop, R. D. MacCulloch and
S. Khan between 28-31 October 2004; and one adult male (CPI11000) from Falls
Camp on the Wokomung Massif, Potaro-Siparuni District, Guyana (05°05.4333'N;
059°50.2833"W), ca. 1371 m elevation, collected by D. Bruce Means on 24 July 2003.

Diagnosis. The following characteristics pertain to preserved specimens unless
otherwise noted. A medium-sized Anomaloglossus differing from other species in the
genus by the following combination of characters: (1) mean SVL in males 18.53 mm
(18.15-18.86 mm, n = 3), mean SVL in females 19.15 mm (17.66-21.26, n = 5); (2)
skin on dorsum shagreened, venter smooth; (3) tympanic annulus visible anteroven-
trally; (4) Fingers I and II subequal in length, FI = FII when fingers adpressed; (5) tip
of Finger IV not surpassing the base of the distal subarticular tubercle on Finger IIT
when fingers adpressed; (6) distal subarticular tubercle on Finger III and IV present;
(7) Finger III swollen in males (conspicuous pre- and postaxial swelling in breeding
males); (8) fringes on fingers absent; (9) toes basally webbed, fringes on toes absent;
(10) tarsal keel well defined, slightly tubercle-like and weakly curved at proximal end;
(11) black arm gland absent, glandular supracarpal pad present in both sexes (larger
and more glandular in males); (12) cloacal tubercles absent; (13) pale paracloacal mark
present; (14) in life, thin dorsolateral stripe present, from tip of snout to tip of urostyle
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Figure 4. Anomaloglossus meansi sp. n. in life. A female paratype ROM 43332, dorsal view B female para-
type ROM 43329, dorsolateral view € male paratype CPI 11000, dorsolateral view. Photographs (A, B) by
AL; photograph (C) courtesy D. Bruce Means.

(not visible, or only barely distinguishable in preservative); (15) ventrolateral stripe
absent, but presence of irregular white blotches on the lower flank; (16) oblique lat-
eral stripe absent; (17) sexual dichromatism in throat colour pattern: throat heavily
pigmented with melanophores in males (dark brown to black in life), immaculate
cream in females (yellowish-orange in life); (18) sexual dichromatism in ventral colour
pattern: belly pigmented with melanophores in males, immaculate cream in females;
(19) in life, iris metallic reddish bronze with fine dark brown reticulation; (20) large
intestine extensively pigmented; (21) testes cream, unpigmented; (22) mature oocytes
partly pigmented; (23) median lingual process small, longer than wide, tapered; (24)
maxillary teeth present, small.

Comparisons. Anomaloglossus meansi sp. n. can mainly be distinguished from the
four described species belonging to the degranvillei group [sensu Vacher et al. 2017
and Fouquet et al. 2018, i.e. A. blanci Fouquet, Vacher, Courtois, Villette, Reizine,
Gaucher, Jairam, Ouboter & Kok, 2018, A. degranvillei (Lescure, 1975), A. dewynteri
Fouquet, Vacher, Courtois, Villette, Reizine, Gaucher, Jairam, Ouboter & Kok, 2018
and A. surinamensis Ouboter & Jairam, 2012; characters in parentheses] by having FI =
FII when fingers adpressed (FI > FII), the tympanic annulus anteroventrally conspicu-
ous (inconspicuous), and a conspicuous thin dorsolateral stripe from tip of snout to tip
of urostyle (absent or inconspicuous).
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Anomaloglossus meansi sp. n. can mainly be distinguished from the four described
species belonging to the stepheni group [sensu Vacher et al. 2017, i.e. A. apiau Fouquet,
Souza, Nunes, Kok, Curcio, Carvalho, Grant & Rodrigues, 2015, A. baeobatrachus
(Boistel & de Massary, 1999), A. leopardus Ouboter & Jairam, 2012 and A. stepheni
(Martins, 1989); characters in parentheses] in lacking an oblique lateral stripe (present,
even if short and discontinuous in A. apiau), and in having a conspicuous thin dorso-
lateral stripe from tip of snout to tip of urostyle (absent).

Anomaloglossus meansi sp. n. can mainly be distinguished from the three described
species belonging to the megacephalus group [sensu Grant et al. 2017, i.e. A. mega-
cephalus Kok, MacCulloch, Lathrop, Willaert & Bossuyt, 2010, A. verbeeksnyderorum
Barrio-Amordés, Santos & Jovanovic, 2010, A. wothuja (Barrio-Amorés, Fuentes-Ra-
mos & Rivas-Fuenmayor, 2004); characters in parentheses] in having only basal toe
webbing (moderate to extensive), in lacking an oblique lateral stripe (present, even if
short and/or discontinuous), and in having a conspicuous thin dorsolateral stripe from
tip of snout to tip of urostyle (absent).

Compared to the other five species belonging to the beebei group [sensu Grant et
al. 2017, i.e. A. beebei (Noble, 1923), A. kaiei (Kok, Sambhu, Roopsind, Lenglet &
Bourne, 2000), A. praderioi, A. roraima (La Marca, 1997) and A. rufilus (Gorzula,
1990)], A. meansi sp. n. can easily be distinguished from A. beebei by its larger size in
males (maximum SVL 18.86 mm in A. meansi [n = 3,] versus maximum SVL 16.80
mm [n=18] in A. beebei), smooth ventral skin (granular in A. beebei), basal toe web-
bing (moderate in A. beebei), and in having a conspicuous thin dorsolateral stripe from
tip of snout to tip of urostyle (absent or originating from the posterior corner of eye);
from A. kaiei in having a conspicuous thin dorsolateral stripe from tip of snout to tip
of urostyle (originating from the posterior corner of eye in A. kaiei) and a black throat
in preserved males (greyish, never black in A. kaiei); from A. roraima by its larger size in
females (maximum SVL 21.26 mm in A. meansi [n = 3,] versus maximum SVL 19.30
mm [n = 18] in A. roraima), smooth ventral skin (granular in A. roraima), and in hav-
ing a conspicuous thin dorsolateral stripe from tip of snout to tip of urostyle (when
present originating from the anterior or posterior corner of eye in A. roraima); from A.
rufulus in having a conspicuous thin dorsolateral stripe from tip of snout to tip of uro-
style (absent in A. rufulus) and the posterior part of belly unmarked (heavily marbled
in A. rufulus). Anomaloglossus meansi sp. n. is most similar to A. praderioi with which it
shares a conspicuous thin dorsolateral stripe from tip of snout to tip of urostyle but is
immediately distinguished by its smaller size in males (maximum SVL 18.86 mm in A.
meansi [n = 3,] versus maximum SVL 22.40 mm [n = 11] in A. praderioi), the absence
of fringes on toes (extensive in A. praderioi), Finger I1I with pre- and postaxial swelling
in breeding males (preaxial swelling only in A. praderioi), less toe webbing (compare
Figure 3 with figure 2 in Kok 2010), and the lack of black spots on chest and lower
flanks in males (present in A. praderioi).

Compared to the remainder 12 Anomaloglossus species not yet assigned to any group
[A. ayarzaguenai (La Marca, 1997), A. breweri (Barrio-Amorés, 2000), A. guanayensis
(La Marca, 1997), A. mofferti Barrio-Amorés & Brewer-Carias, 2008, A. murisipanensis
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(La Marca, 1997), A. parimae (La Marca, 1997), A. parkerae (Meinhardt & Parmelee,
1996), A. shrevei (Rivero, 1961), A. tamacuarensis (Myers & Donnelly, 1997), A. te-
pequem Fouquet, Souza, Nunes, Kok, Curcio, Carvalho, Grant & Rodrigues, 2015, A.
tepuyensis (La Marca, 1997) and A. triunfo (Barrio-Amorés, Fuentes-Ramos & Rivas-
Fuenmayor, 2004); characters in parentheses], A. meansi sp. n. mainly differs in having
only basal toe webbing (moderate to extensive), and in having a conspicuous thin dor-
solateral stripe from tip of snout to tip of urostyle (absent).

Description of the holotype. Adult male (ROM 43896; Figure 3), 18.58 mm SVL,
in suboptimal state of preservation (extensive ventral incisions, dorsal skin locally dam-
aged); body robust; head as wide as long, HL 99.7% of HW, HW 32% of SVL; dorsal
skin shagreened; ventral skin smooth; snout moderately long, SL 47% of HL, 128%
of EL, round in dorsal view, protruding in lateral view, extending past lower jaw; nares
located close to tip of snout, directed posterolaterally, visible from front, barely visible
in dorsal and ventral views, EN 28% of HL, 77% of ED, EN 60% of SL, TSL 49%
of SL; posterior rim of naris bordered posteriorly by an inconspicuous crescent-shaped
ridge; IND 40% of HW; canthus rostralis rounded; loreal region concave; IOD 104%
of EL, longer than upper eyelid; postrictal tubercles low and inconspicuous; tympanic
membrane inconspicuous, round, concealed posterodorsally by a diffuse supratympanic
swelling; tympanic annulus visible anteroventrally, TYM 52 % of EL; choanae small,
circular, located anterolaterally. Maxillary teeth present, small. Tongue longer than wide,
free posteriorly, with rounded margin, small median lingual process longer than wide,
tapered. Vocal slits bilateral, large, extending from edge of tongue to angle of jaw.

Forelimb swollen, robust, 94% of FAL. Ulnar fold absent, metacarpal ridge ab-
sent; swollen, glandular supracarpal pad present, heavily pigmented with melano-
phores; hand moderate in size, 24% of SVL, 75% of HW/ relative length of fingers
HI>1I=I=IV; pre- and postaxial swelling on third finger (i.e. Finger III swollen); fingers
without fringes; tip of Finger IV not reaching distal subarticular tubercle on Finger I11
when fingers adpressed; finger discs expanded, wider than long, about 1.4 times width
of digit; width of disc on Finger III 0.52 mm; palmar tubercle large, egg shaped, 0.72
mm (larger than Finger III disc), thenar tubercle smaller, elliptical; one or two round
to ovoid subarticular tubercles (one each on Fingers I and II, two each on Fingers II1
and IV, with distal tubercle on Finger IV less conspicuous).

Hind limb robust, moderately long, with heel of adpressed leg reaching posterior
corner of eye; skin granular with no cloacal tubercles discernible (but this could be
an artefact of preservation); TL 46% of SVL, heels not in contact when hind limbs
are flexed at right angle to sagittal plane of body; FL 38% of SVL; relative length of
adpressed toes IV>III>V>II>1; Toe I very short, its tip barely reaching the base of sub-
articular tubercle of Toe II when adpressed; toe discs larger than width of toes; disc on
Toe I only slightly larger than width of digit; width of disc on Toe IV 0.67 mm; toes
basally webbed, lateral fringes absent; one to three round to ovoid subarticular tuber-
cles (one each on Toes I and II, two each on Toes III and V, and three on Toe IV, with
distal tubercle on Toe IV the smallest and least conspicuous). Inner metatarsal tubercle
protuberant elliptical, 0.47 mm in length, outer metatarsal tubercle round, protuber-
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ant, pigmented, 0.35 mm in diameter. No medial metatarsal tubercle discernible. Tar-
sal keel slightly tubercle-like and weakly curved at proximal end, extending distally to
preaxial edge of Toe I. Metatarsal fold not visible.

Colour of holotype in life. Dorsal ground colour chestnut brown with a short black
middorsal line between shoulders. A black line from snout tip through eye, extending
dorsolaterally to groin. A narrow pale brown dorsolateral stripe above this line, blending
into the chestnut dorsal ground colour. Upper surface of limbs light brown proximally,
becoming dark brown distally. Flanks reddish brown with yellow spots on lower flanks.
Venter pale brown with dark brown mottling, throat very dark brown to black. Under-
side of limbs orange-red, changing to dark reddish brown on distal forearms.

Colour of holotype in preservative. After more than 13 years in preservative, dorsal
ground colour became dark chestnut brown with a short middorsal black longitudinal
line in the scapular region. No other dorsal marking present. Dorsal surface of arms varies
from light brown proximally to dark brown, purplish-black towards the granular supra-
carpal pads. Dorsal surface of legs light brown with darker brown markings. Flanks dark
brown to purplish-black with pale spots on lower flanks. Narrow pale brown dorsolat-
eral stripes indistinguishable from dorsal ground colour, although the black dorsolateral
stripe remains visible. Throat black, heavily pigmented with melanophores; belly cream,
pigmented with melanophores (less densely distributed than on throat). Pale paracloacal
marks are visible. Palms dark brown, soles medium brown (Figure 3).

Measurements of holotype (in mm). SVL = 18.58; HL = 5.91; HW = 5.93; IOD
= 2.26; EN = 1.68; SL = 2.77; TSL = 1.35; EL = 2.16; TYM = 1.12; IND = 2.39;
HAND I =3.06; HAND II = 3.2; HAND III = 4.44; HAND IV = 3.09; WFD = 0.52;
FAL = 3.81; THL = 7.80; TIL = 8.61; TAL = 4.48; FL = 7.08; WTD = 0.67.

Sexual dimorphism and variation within the type series. Males are usually
smaller than females, 18.15-18.86 mm SVL (n = 3) versus 17.66-21.26 mm SVL
(n = 5) in females, with Finger III distinctly swollen in breeding males (Figure 3).
Supracarpal pads are less extended and less glandular in females and juveniles than in
males. Colouration is sexually dichromatic; throat heavily pigmented black in males
(immaculate yellowish-orange in females), and belly yellowish-orange pigmented with
melanophores in males (immaculate yellowish-orange in females) (Figure 3). Venter
immaculate in juveniles, although small pigmented areas on throat may occur (pre-
sumably in juvenile males).

Morphometric variation is summarized in Table 1, illustrations of a male and a
female paratype in life are in Figure 4. Snout in dorsal and ventral views varies from
round to truncate (the latter more particularly in females, see Figure 3).

There is substantial variation in colour among preserved individuals, obviously due
to preservation artefact (CPI11000 for instance is much lighter than all other individu-
als). Lower lip pigmented in all male and juvenile individuals, but only in three out of
five females. The interorbital region is usually darker than the dorsal ground colour. A
short middorsal dark brown/black longitudinal line usually present in the scapular re-
gion. One female (ROM 43329) has a diffuse diamond shape marking on the anterior

dorsum. Upper surface of arms and legs is cream to dark brown, with darker markings



110 Philippe J.R. Kok et al. /| ZooKeys 759: 99-116 (2018)

Figure 5. Habitat of Anomaloglossus meansi sp. n. on the Wokomung Massif A photograph (looking

NE) of the highest part of the massif; the plateau in the centre of the photo is the tallest part of the entire
Wokomung Massif B cloud forest at about 1385 m elevation, habitat of Anomaloglossus meansi sp. n.

Photographs courtesy D. Bruce Means.

on legs. Palms and soles are light to dark brown. Flanks vary from cream to very dark
purplish brown.

Distribution and natural history. The only localities documented for the new
species are depicted in Figure 2. Specimens were collected in cloud forest (Figure 5),
on the ground or low vegetation. Most were collected after nightfall, although one
adult and one juvenile were collected during daylight. Specimens were collected on
mountain flanks, not summits; at 1490 m on Ayanganna, and at 1234 m, 1371 m and
1411 m on Wokomung. The majority of specimens (eight) were collected at 1234 m
on Wokomung. Fewer were collected at higher elevations; only one each at 1490 m
on Ayanganna, 1371 m and 1411 m on Wokomung. This may have been because of
habitat differences; high-canopy open forest at lower elevation and dense, low-canopy
vegetation at higher elevations (see Discussion).

Etymology. It is a great pleasure to name this new species after our friend and
colleague D. Bruce Means, indefatigable explorer of the “islands in the sky”, and who
collected one specimen of the new species and contributed with photographs and data.
Thanks to his extensive fieldwork, Bruce Means greatly contributed to our understand-
ing of the distribution, ecology, and taxonomy of Pantepui amphibians and reptiles.
The specific epithet should be treated as a noun in the genitive case.

Phylogenetic relationships. The new species was recovered sister to Anomaloglos-
sus praderioi by Grant et al. (2006, 2017) and Kok et al. (2012) (see Figure 1). Uncor-
rected p distance in the “barcoding” fragment of the 16S rRNA gene [Vences et al.
(2005); based on the sequences used in Grant et al. (2017) and calculated in PAUP
4.0a161 (Swofford 2002)] is 4.3-4.8% between Anomaloglossus praderioi and A. meansi
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sp. n. Genetic divergence between populations of A. praderioi from the slopes of Ro-
raima-tepui and Maringma-tepui is 0.2%, whereas divergence between populations
of A. meansi sp. n. from Mount Ayanganna and the Wokomung Massif is 0.9-1.0%.

Conservation status. Anomaloglossus meansi sp. n. is only known from four locali-
ties and the 11 specimens used in the description. Virtually nothing is known about
its ecology, breeding behaviour and population density. Given the uncertainty on its
population status we suggest Anomaloglossus meansi sp. n. to be listed as Data Deficient
according to the [IUCN Red List category guidelines (2014).

Discussion. Although Ayanganna and Wokomung are close neighbours, the habi-
tats on their slopes are not exactly similar. The slopes of Ayanganna are a series of rela-
tively flat poorly drained plateaus alternating with steeper slopes. Collecting activities
were concentrated on the plateaus, where the vegetation consists of dense, low-canopy
high-tepui forest, with a dense understory of woody shrubs and large terrestrial brome-
liads (MacCulloch and Lathrop 2009).

The slopes of Wokomung have no large flat plateaus. Habitat at the collecting sites
consists of well-drained slopes covered in lower montane cloud forest with some epiphytes
and medium density understory, including scattered terrestrial bromeliads. Streams were
common on the slopes (MacCulloch et al. 2006). The majority of specimens were found
in this habitat, and this may indicate that Anomaloglossus meansi sp. n. prefers this to
other habitat types; or is a reflection of collecting effort in these habitats.

Species in the Anomaloglossus beebei group are currently only known from east of
the Rio Caroni, in the Eastern Pantepui District. Anomaloglossus rufulus is restricted
to the highlands of the eastern part of the Chimantd Massif in Venezuela, whereas
A. kaiei has a rather large distribution in the uplands of the Pakaraima Mountains of
Guyana (Figure 2). The sister species A. roraima and A. beebei are allopatric, A. roraima
being restricted to the highlands of the eastern tip of the Eastern Tepui Chain, whereas
A. beebei is reported further to the east in the uplands of Kaieteur National Park, the
Wokomung Massif and Mount Ayanganna (Figure 2). A similar spatial distribution is
detected in the sister species A. praderioi and A. meansi sp. n., which are also allopatric,
with A. praderioi reported from the uplands of the Eastern Tepui Chain, whereas A.
meansi sp. n. is only known further to the east in the uplands of Mount Wokomung
and Mount Ayanganna.

As mentioned above, virtually nothing is known about the ecology of A. meansi sp.
n. Based on its phylogenetic position it is likely this species has an exotrophic, lentic
tadpole (Figure 1). Comprehensive ecological data are crucial for the assessment of
species conservation status, but these assessments are known for a few species only in
the Pantepui region and there is a high risk that population declines remain unnoticed
in such remote areas.

Two additional phylogenetically distinct species of Anomaloglossus remain to be
described in the megacephalus group (see Grant et al. 2017; the authors, in progress),
but several locally restricted Anomaloglossus species probably await discovery (Vacher
etal. 2017).
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Appendix |

Comparative material examined

Anomaloglossus ayarzaguenai: Venezuela, Estado Bolivar, Cerro Jaua, MHNLS 12949
(holotype), MHNLS 12950-51 (2 paratypes).

Anomaloglossus beebei: Guyana, Potaro-Siparuni District, Kaieteur National Park,
IRSNB 13721-26, 13728-53, ULABG 6817 (ex IRSNB 13727).

Anomaloglossus breweri: Venezuela, Estado Bolivar, Aprada-tepui, Cueva del Fantasma,
MHNLS 17044 (holotype), MHNLS 17045-46 (2 paratypes).

Anomaloglossus guanayensis: Venezuela, Estado Bolivar, Serrania de Guanay, MHNLS
10708 (holotype), MHNLS 10712-10714 (3 paratypes), 10716-10717 (2 para-
types), 10724-10725 (2 paratypes).

Anomaloglossus  kaiei: Guyana, Potaro-Siparuni District, Kaieteur National Park,
IRSNB 1938 (holotype), IRSNB 1939-64 (26 paratypes), IRSNB 14420-57,
ROM 42999; Cuyuni-Mazaruni District, Wayalayeng, IRSNB 14922-24, Mar-
ingma-tepui, IRSNB 14925-31, Mount Wokomung, ROM 43321, ROM 43327,
ROM 43330, ROM 43333.

Anomaloglossus megacephalus: Guyana, Cuyuni-Mazaruni District, Maringma-tepui,
IRSNB 1986 (holotype), Mount Ayanganna, ROM 39637-38 (2 paratypes).
Anomaloglossus mofferti: Venezuela, Estado Bolivar, Sarisarihama-tepui, EBRG 4645

(holotype), EBRG 4646-51 (6 paratypes).

Anomaloglossus murisipanensis: Venezuela, Estado Bolivar, Murisipdn-tepui, MHNLS
11385 (holotype).

Anomaloglossus parimae: Venezuela, Estado Amazonas, Cerro Delgado Chalbaud, UL-
ABG 4221 (holotype), ULABG 4212-20 (9 paratypes), ULABG 4222-26 (5
paratypes).

Anomaloglossus parkerae: Venezuela, Estado Bolivar, Sierra de Lema, Salto El Danto,
MHNLS 2901, MHNLS 11088-89.
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Anomaloglossus ~ praderioi: Guyana, Cuyuni-Mazaruni District, Maringma-tepui,
IRSNB 11403—13; Venezuela, Estado Bolivar, Mount Roraima ULABG 4196
(holotype), MHNLS 11272 (paratype), Sierra de Lema, EBRG 5569.

Anomaloglossus  roraima: Guyana, Cuyuni-Mazaruni District, Wei-Assipu-tepui,
IRSNB 15851, IRSNB 15865, IRSNB 15904-11, Maringma-tepui, IRSNB
15864, IRSNB 15883-901; Venezuela, Estado Bolivar, Mount Roraima, ULABG
4197 (holotype).

Anomaloglossus rufulus: Venezuela, Estado Bolivar, Amari-tepui, Chimantd Massif,
MHNLS 10361 (holotype).

Anomaloglossus tamacuarensis: Venezuela, Estado Amazonas, Sierra Tapirapecd, north
base of Pico Tamacuari, MBUCV 6430-33 (4 paratypes).

Anomaloglossus tepuyensis: Venezuela, Estado Bolivar, Auydn-tepui, ULABG 2557
(holotype).

Anomaloglossus triunfo: Venezuela, Estado Bolivar, Cerro Santa Rosa, Serrania del Supamo,
EBRG 4756 (holotype), EBRG 4757-59 (3 paratypes).

Anomaloglossus verbeeksnyderorum: Venezuela, Estado Amazonas, Tobogdn de la Selva,
Municipio Atures, MHNLS 19649 (holotype).

Anomaloglossus wothuja: Venezuela, Estado Amazonas, base of Cerro Sipapo, Tobogin

del Cuao, EBRG 6689 (holotype).
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Abstract

The Flanders Environment Agency (VMM) has been performing biological water quality assessments on
inland waters in Flanders (Belgium) since 1989 and sediment quality assessments since 2000. The water
quality monitoring network is a combined physico-chemical and biological network, the biological com-
ponent focusing on macro-invertebrates. The sediment monitoring programme produces biological data
to assess the sediment quality. Both monitoring programmes aim to provide index values, applying a simi-
lar conceptual methodology based on the presence of macro-invertebrates. The biological data obtained
from both monitoring networks are consolidated in the VMM macro-invertebrates database and include
identifications at family and genus level of the freshwater phyla Coelenterata, Platyhelminthes, Annelida,
Mollusca, and Arthropoda. This paper discusses the content of this database, and the dataset published
thereof: 282,309 records of 210 observed taxa from 4,140 monitoring sites located on 657 different water
bodies, collected during 22,663 events. This paper provides some background information on the meth-
odology, temporal and spatial coverage, and taxonomy, and describes the content of the dataset. The data
are distributed as open data under the Creative Commons CC-BY license.
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Origin and context of the observations

Biotic indices and monitoring networks

The macro-invertebrates dataset contains data on the occurrence of macro-inverte-
brates in inland water bodies, obtained from water and sediment quality assessments.
The objective of the assessments is to provide biotic index values. Biotic indices are
based on two properties: the number of taxa indicating the biodiversity, and the sensi-
tivity of organisms (of a selected number of taxa) to (mainly organic) pollution. Biotic
indices based on macro-invertebrates complement the physico-chemical water qual-
ity and are commonly considered as pollution indicators (hence they are called water
quality indices), although they also partially reflect overall habitat conditions. Higher
biotic index values tend to reflect the general water body or habitat status; lower values
indicate the water quality conditions, of which the oxygen level prevails. Since biotic
indices are intended for quick and practical use, numbers of organisms are estimated
and the identification level is restricted.

The biological water-quality monitoring programme based on macro-invertebrates
was initiated by Belgian national legislation in 1987. It was further developed in the
1990s by the Flemish authorities responsible for water quality control of surface wa-
ters, to meet regional environmental legislation. After 2000, it was redirected in sup-
port of the Water Framework Directive (WFD, 2000/60 EC). The water quality moni-
toring network is developed by the Flanders Environment Agency (VMM, https://
www.vmm.be/) and its preceding Flemish water authorities involved in wastewater and
sanitation to assess the quality status of water bodies in Flanders. The quality is assessed
by means of biotic indices: the Belgian Biotic Index (BBI) (De Pauw and Vanhooren
1983; De Pauw and Vannevel 1991; NBN 1984) and the Multimetric Macroinverte-
brate Index Flanders (MMIF) (Gabriels et al. 2010). These indices aim to assess water
quality of (mainly impacted) public waters on an annual or multi-annual basis in dif-
ferent water types of both freshwater and brackish aquatic systems. Related biological
quality elements include diatoms, macrophytes, and fish.

The sediments quality-monitoring network was developed in 2000 to support
decision-making on the dredging of waterways. Between 1992 and 2000, sediment
monitoring was part of research programmes of which the results are also included in
the dataset. The macro-invertebrates are one element of the Sediment Quality index,
completing information on sediments quantity and substrate composition. The meth-
odology is described by De Deckere et al. (2000), De Pauw et al. (2000), and De Pauw
and Heylen (2001), and deals with sediment characterization by means of the TRIAD
approach (AMINAL 1998). This threefold approach combines a biological, ecotoxico-
logical and physical-chemical component.

The VMM water quality database contains data on occurrence, abundance, habitat
conditions, pollutants, quality indices, and sampling conditions. Iconographic materi-
al is available, but not included in the published dataset. Regular sampling at a regional
scale is ongoing since 1989. The database is modelled according to the field protocol
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and identification list published by De Pauw and Vannevel (1991), the forms being
regularly updated and adapted by VMM’s monitoring staff. The database was designed
and developed in 2000 to allow automated calculation of biotic index values. Biotic
indices are used to produce statistics and maps on ecological water quality: the BBI
(range: 0—10) was used for VMM’s annual reports from 1990 onwards and replaced by
the MMIF (range: 0-1) in 2011. The MMIF allows the calculation of Ecological Qual-
ity Ratios (EQRs) as required by the EU Water Framework Directive (2000/60/EC),
along with other biological and physico-chemical quality elements. Annual VMM re-
ports are available online (http://www.vmm.be/publicaties).

The data elements of the VMM sediment quality database are similar to those of
the water quality database. Iconographic material is also available, although not pub-
licly accessible. Regular sampling at a regional scale started in 2000, with the database
being modelled according to the field protocol and identification list published by De
Deckere et al. (2000). The database was designed and developed in 2000 to allow au-
tomated calculation of the Biotic Sediment Index (BSI; range: 0-10) values, in order
to produce statistics and maps on sediments water quality. Annual sediment reports are
published from 2000 onwards (in Dutch) and are available online (http://www.vmm.
be/publicaties).

In total, the dataset covers the period between 1989 and 2016, and contains
282,309 records of 210 observed taxa from 22,663 samples of 4,140 monitoring sites
located on 657 different water bodies.

Spatial and temporal coverage

Belgium is located in the centre of Western Europe and its surface area reaches
30,528 km?. Of the three administrative regions, Flanders is situated in the northern
part and covers an area of 13,522 km? (which is 44.29 % of the Belgian territory),
roughly situated at 51° latitude and 4° longitude. Flanders has a temperate maritime
climate that is strongly influenced by the North Sea and the Atlantic Ocean. Average
precipitation in Belgium is 852 mm during the period 1981-2010, with the highest
value (1089 mm) in 2001 and the lowest value (640 mm) in 1989. Mean temperature
between 1981 and 2010 is 10.5 °C. Population density in Flanders is 462 inhabitants/
km? in 2010, which makes it one of the most densely populated areas in Europe.

The three major rivers in Flanders are the Yser, Scheldt, and Meuse (Fig. 1). All
discharge into the North Sea, but only the river Yser and a few canals drain directly
into the sea within the Flemish territory. According to the WED, the river Yser and
Scheldt basins are part of the Scheldt River Basin District that also includes parts of
France and the Netherlands. In a similar way, the Meuse River Basin District covers
parts of Belgium, France, Luxemburg, Germany, and the Netherlands. Within the
Belgian territory, both river basin districts are subdivided into so-called subunits ac-
cording to the regions (Flanders, Wallonia, and the Brussels Capital Region). As such,
the dataset covers the Scheldt-Flanders (BESCHELDE-VL) and the Meuse-Flanders
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WFD River Basin Districts
Meuse
Scheldt

=== Main rivers Flanders

0 25 50 75 100 km

Figure 1. Location of the region of Flanders in Belgium, its main rivers (Yser, Scheldt, Meuse) and the
subunits of the WFD river basin districts.

(BEMAAS-VL) subunits. The WFD basin structure is based on clusters of 11 Flemish
river basins delineated in the early 1990s.

Bounding box for covered area and period:

— Flanders:
« 50.68 10 51.51 N; 2.54 t0 5.92 E (DD)

— Temporal coverage:
e Surface water quality: 1989-03-15 — 2016-11-30
e Sediment quality: 2000-07-12 — 2016-08-02

Water quality monitoring network and methodology

The water quality network (Fig. 2) comprises surface water bodies of all types: flowing
and standing waters (including rivers, streams, canals, inner city waters); navigable and
non-navigable waterways and watercourses; natural, heavily modified and artificial wa-
ter courses and lakes; freshwater and transitional water bodies. See VMM (2009) for a
description of the typological classification of the Flemish water bodies.

Since 1989, over 4,106 locations in estuaries, rivers, streams, canals, and standing
waters have been sampled by the VMM. Over the years, and in particular after the
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0 25 50 km

=== Main rivers Flanders
* Monitoring station

Figure 2. The VMM monitoring network for surface water quality assessments.

implementation of the Water Framework Directive in 2000, this network gradually
evolved towards a set of about 500 potential monitoring stations, of which a core set
of 39 are frequently monitored for macro-invertebrates. Monitoring efforts are highest
between 1992 and 2005 (Fig. 3). Five monitoring stations are located in France and 17
in the Netherlands. Biological sampling is accompanied by general physico-chemical
field measurements.

Since the monitoring strategy aims to assess water quality for decision-making,
most sampling stations are located on pollution-impacted water bodies. Those water
bodies include head streams, tributaries, and canals or waterways, as well as locations
up- and downstream from significant pollution sources (e.g. industrial plants, waste-
water treatment plants). Monitoring sites on smaller water bodies have been selected
for specific impact assessments, e.g. eutrophication from farming. Occasionally, small-
er investigations, often on request, resulted in the monitoring of protected areas, up-
per stream areas, oxbows, gravel pits, or ponds. The monitoring strategy has changed
since the beginning of the 1990s, moving from a vast and dense network to a rather
restricted core set of stations designed to meet European reporting obligations, in par-
ticular the WFD.

The monitoring process includes sampling and field observations (noted on a field
protocol), treatment of the sample in the laboratory (sieving and sorting out organ-
isms by handpicking), identification of the organisms, and derivation of the biotic
index value from an index table. The procedure for sampling macro-invertebrates in
surface waters is described by De Pauw and Vanhooren (1983) and NBN (1984) for
handnet sampling (kicking method), and by De Pauw et al. (1986) for using arti-
ficial substrates. The sampling method was applied as follows: handnet (87%), ar-
tificial substrates (13%), unknown (less than 1%). Field observations, including in
situ physico-chemical measurements, are noted on a field protocol. The methods for
sampling and sample treatment are standardised and certified; additional information
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Figure 3. Sampling effort of the water quality network (number of samples per year).

can be obtained by contacting the corresponding authors. Relevant field information
is included in the reported database, partially aggregated in the Darwin Core term
‘dwe:dynamicProperties’. The geographic coordinates in the dataset indicate the pre-
cise location of the station on the river stretch sampled (‘dwec:locationID’). However, as
the sampling method prescribes the sampling of different microhabitats at the location
and over a length of several metres, the co-ordinates are indicative of a stretch up to
about 10 metres.

Overall, the water quality database covers two river basin district subunits, 19
water body types, 656 water bodies located in Flanders, 4,106 monitoring stations
(of which 22 are located outside the Belgian territory), 20,545 samples, 208 taxa, and
267,648 taxonomic identifications.

Sediment quality monitoring network and methodology

Sediment quality monitoring stations (Fig. 4) include mainly headwaters and naviga-
ble waterways for the purpose of dredging to secure shipment. Other sites are located
on water bodies subject to sanitation. As such, sediment monitoring sites are located
on rivers, canals and docks, including tidal rivers and locations in industrialised har-
bour areas.

Since 1992, over 805 locations in estuaries, rivers, and canals have been monitored
by the VMM. According to the increase of knowledge and management requirements,
this network gradually evolved towards a core set of about 300 monitoring stations,
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Figure 4. The VMM monitoring network for sediment quality assessments.
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Figure 5. Sampling effort of the sediment quality network (number of samples per year).

monitored with a sexennial frequency. Monitoring efforts are highest between 2000 and
2008 (Fig. 5). Two monitoring stations are located in France and nine in the Netherlands.

The process of sediment monitoring is similar to water quality monitoring, but
some different practices are applied. The procedure for sampling macro-invertebrates
in sediments is described in a compendium for sampling and analysis, produced by
the Flemish ministry for nature and environment (AMINAL 1998). Prescribed sam-
pling methods include core and grab samplers. The sampling methods were applied as
follows: grab sampler (90%), core sampler (10%), or unknown (less than 1%). Field
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observations are noted on a field protocol. The methods for sampling and sample
treatment are standardised and certified; additional information can be obtained by
contacting the corresponding authors. Relevant field information is included in the
reported database, partially aggregated in ‘dwc:dynamicProperties’. The geographic co-
ordinates in the dataset indicate the precise location of the station on the river stretch
investigated (‘dwc:locationID’). However, as the sampling method prescribes subsam-
pling, the co-ordinates are indicative of a stretch up to about 50 metres.

Overall, the water sediment database covers 2 river basin district subunits, 19 water
body types, 405 water bodies located in Flanders, 805 monitoring stations (of which
11 are located outside the Belgian territory), 2,118 samples, 150 taxa, and 14,661
taxonomic identifications.

Quality Control

The following comments regarding quality control apply to both the water and the sedi-
ment quality network. Field protocols and identification lists were used to allow compa-
rable observations between networks and samplers. Field observations are highly objec-
tive in this way, although differences resulting from personal interpretation may still oc-
cur. However, content slightly changed over the years since a number of protocol versions
with new and adapted data elements have been produced. The same applies to taxonomic
identification. In this respect, it is advised to consult also the expert publications based
on the VMM dataset (see reference list: ‘Publications based on this dataset’). Differences
with present taxonomic nomenclature can be experienced and, for this reason, distortion
of biotic index values is avoided as much as possible by using a ‘fixed’ nomenclature. Be
aware that a large number of people have contributed to the taxonomic identification
over the years, which has unavoidably led to errors (misidentification, inclusion of terres-
trial specimen, etc.). In this respect, the identifications of, for instance, Aeolosomatidae
may require further examination. For taxonomic verification of sample material, experts
should contact the Royal Belgian Institute of Natural Sciences (RBINS, Brussels) (http://
collections.naturalsciences.be/) where the VMM macro-invertebrate samples are stored.
RBINS identifiers (coded KBIN-IG: xxxxx) apply to all VMM samples of a single year.

Additional information

The water quality and sediment networks are part of a broader monitoring programme,
using the same monitoring locations. Additional information is available on other bio-
logical (including macrophytes and diatoms), habitat (hydromorphology, water level,
and flow) and physico-chemical quality elements, according to the requirements of the
European Commission (Water Framework Directive and other environmental legis-
lation), European authorities (European Environment Agency), and other reporting
obligations. Detailed information about these programmes can be obtained by con-
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tacting the authors. As far as the spatial data are aligned with the INSPIRE directive
(2007/2/EC), the monitoring site identifier can be used to search related data. In the
other cases, VMM (info@vmm.be) can be consulted. At the time of publication, no
taxonomic data of this dataset have been reported to international authorities.

Taxonomy

Taxonomic coverage

Taxonomic information is restricted to a selected set of macro-invertebrate taxa, with
identification limited to the taxonomic level required and needed to calculate biotic
index values. For that purpose, taxa are listed in a protocol on which identifications are
ticked off. The same identification lists apply to both the water and the sediment qual-
ity networks. It is mandatory to use the VMM identification lists to calculate biotic
index values.

Taxonomic identification levels range from order to genus level and is the same for
both the water quality and sediment methodology:

—  For water quality monitoring, taxonomic groups and identification levels are de-
fined by De Pauw and Vanhooren (1983) as follows: Platyhelminthes: genus; Oli-
gochaeta: family; Hirudinea: genus; Mollusca: genus; Crustacea: family; Plecoptera:
genus; Ephemeroptera: genus; Trichoptera: family; Odonata: genus; Megaloptera:
genus; Hemiptera: genus; Coleoptera: family; Diptera: family, except Chirono-
midae (two groups: Chironomidae forma thummi-plumosus and Chironomidae
forma non-thummi-plumosus); Hydracarina (presence).

—  For sediment monitoring, taxonomic groups and identification levels are defined
by De Pauw and Heylen (2001): Platyhelminthes: genus; Oligochaeta: (pres-
ence); Hirudinea: genus; Mollusca: genus; Crustacea: family; Plecoptera: genus;
Ephemeroptera: genus; Trichoptera: family; Odonata: genus; Megaloptera: genus;
Hemiptera: genus; Coleoptera: family; Diptera: family, except Chironomidae
(two groups: Chironomidae forma thummi-plumosus, Chironomidae forma non-
thummi-plumosus); Hydracarina (presence).

The identification list by De Pauw and Vannevel (1991) applied to the water qual-
ity network in the 1990s includes 220 taxa. At present, the VMM identification list
contains 229 taxa reported from Flemish standing waters and watercourses. Differ-
ences in numbers of taxa are a result of:

— taxonomic classification, in particular the splitting of some genera of molluscs. As
an example, the splitting of the genus Physa into the genera Physa and Physella is
only clear from 2005 onwards;
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— the inclusion of alien species (Gabriels et al. 2005), e.g. Corbicula, Ampharetidae
(including Hypania invalida);

— the addition of freshwater-brackish species, mainly crustaceans, but also occasional
records of Ampharetidae (including Hypania invalida).

In preparation of the dataset for inland water, a number of records have been included
or excluded, which resulted in the publication of 226 taxa. These changes relate to:

— Included: brackish-marine taxa: Panopeidae, Varunidae (Crustacea), Sabellidae
(Polychaeta), Rangia (Mollusca);

— Included, but not systematically recorded taxa: Nemathelminthes, Coelenterata (in-
cluding Hydra), Hydracarina, Cladocera (including Daphnia), Ostracoda, Copepoda;

—  Excluded: marine taxa: Veneroida (Mollusca);

—  Excluded: non-macro-invertebrates (e.g. fish species);

—  Excluded: occasionally recorded non-target taxa: Porifera, Bryozoa, Nemertea,

Collembola.

A particular case concerns the chironomids, of which two ‘forms’ occur (thummi-
plumosus and non-thummi-plumosus), referring to the presence of external respira-
tory tubes at low oxygen conditions. This distinction is of importance for calculating
the biotic index. They are denoted in ‘dwc:taxonRemarks’ by Chironomidae thummi-
plumosus and Chironomidae non-thummi-plumosus.

It is worth mentioning that a few scientists used the VMM samples for in-depth
taxonomic research on species occurrence and distribution, with identification beyond
the level indicated (see reference list: publications based on this dataset). Expert data
are not included in the reported datasets. An example of such a continued study on
VMM sample material is Boets et al. (2016) on alien macroinvertebrates in Flanders,
with identification up to species level. These data are also available on GBIF: http://
www.gbif.org/dataset/3c¢428404-893c-44da-bb4a-6c19d8fb676a. Unfortunately, due
to the different design of the studies, the occurrence records of both datasets are not
unambiguously connectable.

Taxonomic ranks

The following list contains the taxonomic classification of macro-invertebrates that
have been recorded, that are present, or that are expected to occur in Belgium. Ac-
cording to the VMM identification list, 245 taxa are selected. Out of this number, 210
taxa have been observed between 1989 and 2016. Some taxa (indicated with *) have
been recorded in the past or are expected to occur in Belgium, but do not appear in
the dataset. One reason is that, due to geographical differences, some taxa of Odonata,
Ephemeroptera, and Plecoptera in particular are considered less common in Flanders.
On the other hand, the dataset also includes some non-target taxa. Single-species taxa
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occurring within the investigated area are indicated by adding the species name, al-
though the dataset only contains the genus name. The occurrence of single-species taxa
was checked against the Dutch register of species (Nederlands Soortenregister, http://
www.nederlandsesoorten.nl/).

Kingdom: Animalia
Phylum: Coeclenterata, Class: Hydrozoa
Species: Hydra sp., Craspedacusta sowerbii*, Cordylophora caspia™
Phylum: Platyhelminthes, Class: Turbellaria, Order: Rhabdocoela
Genus: Mesostoma
Phylum: Platyhelminthes, Class: Turbellaria, Order: Seriata
Family: Planariidae, Genera/species: Crenobia alpina, Phagocata vitta*, Planaria
torva, Polycelis
Family: Dugesiidae, Genus: Dugesia
Family: Dendrocoelidae, Genera/species: Bdellocephala punctata, Dendrocoelum
Phylum: Nematoda
Phylum: Nematomorpha
Genus: Gordius*
Phylum: Annelida, Class: Oligochaeta
Families: Aecolosomatidae, Branchiobdellidae, Enchytracidae, Haplotaxidae,
Lumbricidae, Lumbriculidae, Naididae, Tubificidae
Phylum: Annelida, Class: Polychaeta
Families: Ampharetidae, Sabellidae
Phylum: Annelida, Class: Hirudinea
Family: Piscicolidae, Genera: Cystobranchus, Piscicola
Family: Glossiphoniidae, Genera/species: Glossiphonia, Helobdella, Hemiclepsis
marginata, Placobdella (syn. Haementeria) costata, Theromyzon tessulatum
Family: Hirudidae, Genera/species: Haemopis, Hirudo medicinalis*
Family: Erpobdellidae, Genera: Dina, Erpobdella, Trocheta
Phylum: Mollusca, Class: Gastropoda
Family: Neritidae, Genus: 7heodoxus
Family: Viviparidae, Genus: Viviparus
Family: Valvatidae, Genus: Valvata
Family: Bithyniidae, Genus: Bithynia
Family: Hydrobiidae, Genera/species: Avenionia*, Bythinella, Lithoglyphus nati-
coides, Marstoniopsis scholtzi, Potamopyrgus antipodarum, Pseudamnicola confusa
Family: Physidae, Genera/species : Aplexa hypnorum, Physa, Physella
Family: Lymnacidae, Genera/species : Lymnaea, Myxas glutinosa
Family: Planorbidae, Genera/species: Anisus, Armiger crista, Bathyomphalus con-
tortus, Gyraulus, Hippeutis complanatus, Menetus dilatatus, Planorbarius cor-
neus, Planorbis, Segmentina nitida
Family: Ancylidae, Genera/species : Ancylus fluviatilis, Ferrissia
Family: Acroloxidae, Species: Acroloxus lacustris
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Phylum: Mollusca, Class: Bivalvia
Family: Margaritiferidae, Species: Margaritifera margaritifera™*
Family: Unionidae, Genera: Anodonta, Pseudanodonta, Unio
Family: Dreissenidae, Genera: Dreissena, Mytilopsis
Family: Sphaeriidae, Genera: Sphaerium, Pisidium
Family: Cyrenidae, Genus: Corbicula
Family: Mactridae, Genus: Rangia
Phylum: Arthropoda, Class: Arachnida, Order: Aranea
Species: Argyroneta aquatica™
Phylum: Arthropoda, Class: Arachnida, Order: Actinedida (syn. Hydracarina)
Phylum: Arthropoda, Subphylum: Crustacea, Class: Branchiopoda, Order:
Anostraca, Notostraca, Conchostraca
Families/species: Chirocephalidac*, Leptestheriidae: Leprestheria dabalacensis*,
Limnadiidae: Limnadia lenticularis*, Triopsidae*
Phylum: Arthropoda, Subphylum: Crustacea, Class: Branchiopoda, Order: Cladocera
Families: Daphniidae a.o.
Phylum: Arthropoda, Subphylum: Crustacea, Class: Ostracoda
Phylum: Arthropoda, Subphylum: Crustacea, Class: Maxillopoda, Subclass: Copepoda
Phylum: Arthropoda, Subphylum: Crustacea, Class: Maxillopoda, Subclass: Branchiura
Families: Argulidae: Argulus
Phylum: Arthropoda, Subphylum: Crustacea, Class: Malacostraca, Orders: Mysidacea,
Amphipoda, Isopoda, Decapoda
Families: Asellidae, Astacidae, Atyidae: Atyaephyra desmaresti, Cambaridae, Co-
rophiidae: Corophium curvispinum, Crangonyctidae, Gammaridae, Janiridae,
Mysidae, Palaemonidae, Panopeidae, Sphaeromatidae, Talitridae, Tanaidae,
Varunidae: Eriocheir sinensis
Phylum: Arthropoda, Class: Insecta, Order: Ephemeroptera
Family: Siphlonuridae, Genera: [sonychia*, Metreletus, Siphlonurus*
Family: Bactidae, Genera: Buetis, Centroptilum, Cloeon, Procloeon
Family: Oligoneuriidae, Genus: Oligoneuriella*
Family: Heptageniidae, Genera: Ecdyonurus, Epeorus*, Heptagenia, Rhitrogena*
Family: Leptophlebiidae, Genera: Habroleptoides*, Habrophlebia, Leptophlebia,
Paraleptophlebia
Family: Ephemerellidae, Genus: Ephemerella
Family: Potamanthidae, Species: Potramanthus luteus*
Family: Ephemeridae, Genus: Ephemera
Family: Polymitarcidae, Species: Ephoron virgo*
Family: Caenidae, Genera/species: Brachycercus harisella, Caenis
Phylum: Arthropoda, Class: Insecta, Order: Odonata
Family: Calopterygidae, Genus: Calopteryx
Family: Lestidae, Genera: Lestes, Sympecma
Family: Platycnemidae, Species: Platycnemis pennipes
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Family: Coenagrionidae, Genera/species: Cercion lindeni, Ceriagrion tenellum,
Coenagrion, Enallagma cyathigerum, Erythromma, Ischnura, Nebalennia spe-
ciosa, Pyrrhosoma nymphula

Family: Aeshnidae, Genera/species: Aeshna, Anax, Brachytron pratense

Family: Gomphidae, Genera: Gomphus, Onychogomphus, Ophiogomphus*

Family: Cordulegasteridae, Species: Cordulegaster boltonii

Family: Corduliidae, Genera/species: Cordulia aenea, Epitheca bimaculate*, Oxy-
gastra curtisit®, Somatochlora

Family: Libellulidae, Genera: Crocothemis erythrea, Leucorrhinia, Libellula,
Orthetrum, Sympetrum

Phylum: Arthropoda, Class: Insecta, Order: Plecoptera

Family: Taeniopterygidae, Genera: Brachyptera®, Rhabdiopteryx*, laeniopteryx

Family: Nemouridae, Genera: Amphinemura*, Nemura, Nemurella, Protonemura

Family: Capniidae, Genus: Capnia*

Family: Leuctridae, Genus: Leuctra

Family: Perlidae, Genera: Dinocras*, Marthamea*, Perla

Family: Perlodidae, Genera: Isogenus*, Isoperla, Perlodes*

Family: Chloroperlidae, Genus: Chloroperla*

Phylum: Arthropoda, Class: Insecta, Order: Hemiptera

Family: Mesoveliidae, Species: Mesovelia furcata

Family: Hydrometridae, Genera: Hydrometra

Family: Hebridae, Genus: Hebrus,

Family: Veliidae, Genera: Microvelia, Velia

Family: Gerridae, Genus: Gerris

Family: Naucoridae, Species: [/yocoris cimicoides, Naucoris maculatus

Family: Aphelocheiridae, Species: Aphelocheirus aestivalis

Family: Nepidae, Species: Nepa cinerea, Ranatra linearis

Family: Pleidae, Species: Plea minutissima

Family: Notonectidae, Genus: Notonecta

Family: Corixidae, Genera: Arctocorisa, Callicorixa, Corixa, Cymatia, Glaenocorisa,
Hesperocorixa, Micronecta, Paracorixa, Sigara

Phylum: Arthropoda, Class: Insecta, Order: Neuroptera

Families: Sisyridae, Osmylidae

Genera: Sisyrus*, Osmylus*
Phylum: Arthropoda, Class: Insecta, Order: Megaloptera

Families: Sialidae

Genus: Sialis
Phylum: Arthropoda, Class: Insecta, Order: Coleoptera

Families/species: Dryopidae, Dytiscidae, Elminthidae, Georissidae: Georissus

crenulatus*, Gyrinidae, Haliplidae, Hydraenidae, Hydrophilidae, Hygrobiidae:

Hygrobia hermanni, Noteridae, Psephenidae: Eubria palustris, Scirtidae

Phylum: Arthropoda, Class: Insecta, Order: Trichoptera
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Families: Beracidae, Brachycentridae, Ecnomidae, Glossosomatidae, Goeridae,
Hydropsychidae, Hydroptilidae, Lepidostomatidae, Leptoceridae, Limnephilidae,
Molannidae, Odontoceridae, Philopotamidae, Phryganeidae, Polycentropodidae,
Psychomyidae, Rhyacophilidae, Sericostomatidae
Phylum: Arthropoda, Class: Insecta, Order: Lepidoptera
General/species: Acentropus niveus*, Cataclysta*, Nymphula*, Parapoynx*
Phylum: Arthropoda, Class: Insecta, Order: Diptera
Families: Athericidae, Blephariceridae*, Ceratopogonidae, Chaoboridae, Chirono-
midae (formae thummi-plumosus and non-thummi-plumosus), Culicidae, Cylindroto-
midae, Dixidae, Dolichopodidae, Empididae, Ephydridae, Limoniidae, Muscidae,
Psychodidae, Ptychoderidae, Rhagionidae, Scatophagidae, Sciomyzidae, Simulidae,
Stratiomyidae, Syrphidae-Eristalinae, Tabanidae, Thaumaleidae, Tipulidae.

Dataset

Dataset specifications

The occurrence dataset is available at:
IPT: https://data.inbo.be/ipt/resource’r=vmm-macroinvertebrates-events

GBIF: https://www.gbif.org/dataset/5ca32e22-1f1b-4478-ba7f-1916c4e88d67

Recommended citation to the dataset:

VMM, INBO (2018). Inland water macro-invertebrate occurrences in Flanders, Bel-
gium. Flanders Environment Agency (VMM). Sampling_event Dataset https://doi.
org/10.15468/4cvbka accessed via GBIF.org.

Specifications:

—  Object name: Inland water macro-invertebrate occurrences in Flanders, Belgium
—  Character encoding: UTF-8

—  Format name: Darwin Core Archive format

— Format version: 1.8

— Distribution: https://ipt.inbo.be/archive.do?r=vmm-macroinvertebrates-events
—  First Publication date of data: 2018-01-17

— Language: English

— Licenses of use: https://creativecommons.org/licenses/by/4.0/legalcode

— Metadata language: English

—  Date of metadata creation: 2018-02-01

— Hierarchy level: Dataset

This is an open database distributed under the Creative Commons Attribution Li-
cense (CC BY 4.0) which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited. It is reccommended, as far as possi-
ble, to notify the corresponding authors, especially when using data for scientific research.
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Dataset description

The occurrence data from the VMM macro-invertebrate database are extracted, stand-
ardised and published as a single sample-based dataset in Darwin Core Archives for-
mat. The dataset contains data on the surface water quality and the sediment quality
networks of inland waters, since the data of both networks refer to the same locations,
habitat specifications and taxonomic lists. Within the limits of the sampling proce-
dure, sampling requires a maximum effort to obtain organisms, without guaranteeing
taxonomic completeness of the whole biocoenosis. Verification of the origin of the data
is possible on the basis of ‘dwc:habitat’, referring to ‘water body’ in the case of the water
quality network and to ‘sediment’ in the case of the sediment quality network.

Sampling stations have a unique code referring to a single location, but represent one
or several quality elements. The VMM station code links to other biological (diatoms,
macrophytes) and physico-chemical monitoring programmes. Only physico-chemical
field observations are included in the GBIF dataset in ‘dwc:dynamic properties’.

Concept and methodology of the Belgian Biotic Index (BBI) and the Biotic Sedi-
ment Index (BSI) are comparable. BBI, MMIF and BSI values are reported under
Darwin Core extension ‘dwc:MeasurementOrFact’. At the time of publication, Meas-
urementOrFact data could not be obtained through the Global Biodiversity Informa-
tion Facility (GBIF https://www.gbif.org/), but can be downloaded via the Integrated
Publishing Toolkit (IPT) link https://ipt.inbo.be/resource?r=vmm-macroinverte-
brates-events.

The data are standardised to Darwin Core (Wieczorek et al. 2012) with a cus-
tom SQL view on the original VMM database and then published making use of the
GBIF Integrated Publishing Toolkit (Robertson et al. 2014) instance at the INBO
(http://data.inbo.be/ipt). The following list includes some of the Darwin Core terms
(DCs) (http://rs.tdwg.org/dwc/terms/) used in the dataset, with additional details on
the dataset content:

— language: en (English)

— license: CC_BY_4.0

—  rightsholder: Flanders Environment Agency

— eventID: notation “monitoring site code : sample number”. Note: an event stands
for a single sample taken at a particular time and location

—  OccurrencelD: unique identifier; notation “BEVL_VMM _serial number of mac-
ro-invertebrate (mainv) observation”. BEVL: Belgium — Vlaanderen; VMM: insti-
tution acronym

— recordedBy: name of sampler(s)

— waterBody: notation “River basin ; Name(s) of the water body(-ies) ; Water body
code”. River basins: Scheldt river basin, Meuse river basin

—  habitat: notation “Water body type code ; Water body type name ; Physical com-
partment”. The typology is according to the EU Water Framework Directive.
‘Physical compartment’ distinguishes between Water body and Sediment

— datasetID: DOI10.15468/4cvbka
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institutionCode: VMM  (Vlaamse Milieumaatschappij - Flanders Environment

Agency)

datasetName: Inland water macroinvertebrate occurrences in Flanders, Belgium

basisOfRecord: human observation

individualCount: number of individual in the sample according to following classes:

A=1,B=2-10,C=11-50, D =51-100, E = 101-1000, F = >1001

dynamicProperties:

*  Substrate composition: Sand, Clay-loam, Silt, Gravel-boulders, Peat, Concrete

*  Substrate condition: No remarks, Leaves & branches, Oily substances, Solid
waste, Plastics, Biological life

*  Pool-riffle pattern: high, present, weak, absent, permanently absent

*  Sinuosity: high, present, weak, absent, permanently absent

*  Current: stagnant, running

*  Structure Left (river bank): strengthened, natural, dug

*  Structure Right (river bank): strengthened, natural, dug

*  Flow: Standing/slow, Moderate, Fast

*  Water Colour: No remarks, Clearly green, Clearly brown, Clearly red, Clearly
grey, Clearly black, Clearly other

*  Odour: No remarks, Phenol, Manure, Fuel, H2S, Sewer gases, Chlorine, De-
tergents, Sludge, Other

 Tidal flow: Rising tide, Slack period, Lowering tide

*  Water surface condition: No visual pollution, Plant cuttings / plants, Dead
fish, Oil, Floating waste, Algal foam, Duckweed, Surfactant foam, Tar, Other

*  Water column condition: No visual pollution, Algal bloom, Daphnia bloom,
Methane production, Flocs, Filamentous algae, Sphaerotilus, Other

* Pollution: No visual pollution, Domestic discharges, Industrial discharges,
Direct agricultural discharges, Diffuse agricultural pollution, Cyanobacteria
biofilm, Unknown

measurementID: notation “monitoring site code : sample number : parameter

code”. Parameter codes are according to EEA (European Environment Agency)

codes and biotic index acronyms (BBI: Belgian Biotic Index, BSI: Belgian Sedi-

ment Index, MMIF: Multi-metric Macro-invertebrate Index Flanders)

measurement Iype: name of the physico-chemical parameter or biological indicator

measurementValue: figure of the physico-chemical analysis or biotic index value

measurementUnit: unit of the physico-chemical analysis; biotic indices are unitless

eventDate: notation “yyyy-mm-dd”

samplingProtocol: refers to written procedures of sampling by hand net (pond net)

or artificial substrates (in the case of water body monitoring), or by grab or core

sampler (in the case of sediment monitoring)

eventRemarks: “Previous weather conditions / Current weather conditions: No

remarks, Heavy rainfall, Very sunny”

scientificName: see taxonomic list

kingdom: Animalia
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— taxonRank: phylum, order, family, genus, species

— nomenclaturalCode: ICZN

— taxonRemarks: only applies to the distinction between Chironomidae thummi-
plumosus and Chironomidae non-thummi-plumosus

— locationID: monitoring site code

— countryCode: BE (Belgium), FR (France), NL (the Netherlands)

—  publishingCountry: BE

— continent: Europe

— municipality: name of community

— decimallLatitude: latitude of the sampling site

— decimalLongitude: longitude of the sampling site

— geodeticDatum: WGS84

— verbatimLatitude: Lambert72

— verbatimLongitude: Lambert72

— verbatimCoordinateSystem: Belgian Lambert72
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Abstract

The three species of Nerthra Say, 1832 (Hemiptera: Heteroptera: Gelastocoridae) occurring in China are
reviewed. Dorsal habitus photographs of the two species, Nerthra asiatica (Horvath, 1892) and Nerthra in-
dica (Atkinson, 1889), are provided, accompanied by illustrations of male genitalic structures and female
ventral aspect of posterior abdominal segments. The male of Nerthra asiatica is recorded and reviewed for
the first time.

Keywords
Hemiptera, Gelastocoridae, Nerthra, China

Introduction

Toad bugs (Gelastocoridae) are a remarkable group of aquatic bugs (Nepomorpha)
which are derived from aquatic ancestors and have become secondarily terrestrial (Heb-
sgaard et al. 2004). Gelastocoridae contains three recent genera and approximately
103 species distributed worldwide, but much more prevalent in the tropics (Polhe-
mus 19959). It is divided into two subfamilies, Gelastocorinae and Nerthrinae. Recent
Gelastocorinae (two genera) are reported in only in America, from southern Canada

Copyright Tong-Yin Xie, Guo-Qing Liu. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution,and reproduction in any medium, provided the original author and source are credited.
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to north Argentina (Stys and Jansson 1988; Chen et al. 2005), but there is one fos-
sil species, Gelastocoris curiosus Poinar & Brown, 2016 described from Burmese am-
ber (Poinar and Brown 2016). The Nerthrinae includes one fossil genus, Craronerthra
Martins-Neto, 2005 with two species (Ruf et al. 2005), and one recent genus, Nerthra
Say, 1832, currently including 92 valid recent species, of which nine species occur in
south-eastern Asia west of Wallace line, and three species present in China (Kment and
Jindra 2008, Xie and Liu 2013, Fatindez and Ashworth 2015).

Material and methods

The male genitalia were examined in glycerol and illustrated using a Zeiss Discovery
V8 microscope. All measurements are given in millimetres (see Table 1). The digital
photographs of specimens (Fig. 1A-D) were taken with a Zeiss Discovery V20 camera.
All the studied specimens are deposited in the Institute of Entomology, Nankai Uni-
versity (NKUM), Tianjin, China.

Systematics

Nerthra asiatica (Horvath, 1892)
Figs 1A, B; 2A-G

Mononyx asiaticus Horvéth, 1892: 136.

Mononyx grossus Montandon, 1899: 395 (syn. Kiritshenko 1926: 226); Distant 1906: 16;
Oshanin 1909: 956; Oshanin 1912: 89; Kiritshenko 1926: 226; Wu 1935: 559.
Nerthra asiatica: Todd 1955: 349; Todd 1957: 154; Nieser and Chen 1992: 5; Polhe-
mus 1995: 24; Thirumalai 1998: 192; Bal and Basu 2003: 542; Kment and Jindra

2008: 191; Xie and Liu 2013: 6.

Material examined. CHINA: Sichuan Province: 185, Mount Emei [M{)E L],
29.58N, 103.41E, 24. IV. 1962, Bai-juan CHEN leg;; 19, Ya'an [f%], 29.98N,
103.01E, 4. VIL. 1963, alt. 600-900m, Jiang XIONG leg.; Hubei Province: 1%,
Waufeng Tujia Autonomous County [TilE 5% HE £, 30.20N, 110.67E, 10.
VII. 1999, alt. 1000m, Chuan-ren LI leg.; 18, National Natural Reserve of Xingdou
Mountain [£ =} 11 [ 5% B 24747 1X], 30.14N, 109.00E, 30. VIL 1999, alt. 840
900m, Chuan-ren LI leg.; Xizang (Tibet) Autonomous Region: 19, Médog county
[, 29.33N, 95.34E, alt. 800m, VIIL. 1984, Tan HE leg.

Redescription. Body large size for the genus. Body dorsally brown with scutellum
slightly darker than rest (Fig. 1A-B). Ventral surface dark brown, the bases of the mid-
dle and hind legs with a few patches of yellowish brown.

Head. Apical tubercle absent, lateral and superapical tubercles small, irregular in
shape, not sharply pointed.
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Figure 1. Dorsal habitus of Nerthra spp. A N. asiatica (Horvéth) (3) B N. asiatica (@) C N. indica
(Atkinson) (3) D N. indica (Q).

Thorax. Pronotum widest at transverse furrow, a little narrower than abdomen;
lateral margins of pronotum parallel or nearly so, anterior and posterior margin weakly
sinuate; surface coarsely granulate. Scutellum elevated, apex slightly lobed, with tu-
mescences at the middle of the lateral margins. Hemelytra not extending to the end of
the abdomen, membrane well developed; embolium with the basal half of the lateral
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Table |. Measurements of Nerthra species.

Species and sex Range 1Body Bf)dy Head Head Pronotum Prox}otum
ength width length width length width
Nerthra asiatica
Male (V= 1) 12.3 8.2 0.8 4.8 3.3 7.2
min 11.6 8.1 0.9 4.6 0.9 7.7
Female (V = 4) max 12.3 8.9 1.2 4.8 1.3 8.2
average 11.8 8.5 1.1 4.7 1.2 8.0
Nerthra indica
min 8.7 5.9 0.4 3.9 2.3 6.1
Male (N = 31) max 9.2 6.3 0.6 4.2 2.7 6.5
average 9.0 6.1 0.5 4.0 2.6 6.3
min 9.6 6.6 0.4 3.9 2.4 6.7
Female (/V = 48) max 10.3 7.8 1.1 4.5 3.1 7.8
average 9.9 7.3 0.7 4.3 2.9 7.5
Nerthra macrothorax*
min 7.9 6.0 - - - 5.9
Male max - - - - - -
average - - - - - -
min 9.2 6.7 - - — 6.8
Female max 10.6 8.2 - - - 8.2
average 9.9 7.45 - - - 7.5

* these measurements are from Polhemus and Polhemus 2012 and Todd 1955.

margin nearly straight, not expanded laterally at middle. Connexivum greatly expanded
laterally in females. Bristles short or moderately long, clavate, slightly curved, bristles in
rows and clumps on hemelytra and in clumps on scutellum and pronotum.

Abdomen. Abdominal V-1V sternites of male mostly asymmetrical, ninth sternite
rather oval, wider than long, not as long as eighth sternite; seventh sternite sternite
about half as long as eighth sternite; fifth sternite very short medially (Fig. 2E). In fe-
male, abdomen nearly symmetrical. Lobes of ovipositor slightly projecting posteriorly;
posterior margin of last visible abdominal sternite triangularly emarginate (Fig. 2F).

Distribution. China (Sichuan Province, Hubei Province, Xizang (Tibet) Autono-
mous Region), India (Todd 1955, Kment and Jindra 2008).

Remarks. This is the first time the male has been described. In the shape of the
pronotum it would seem to be closely related to V. spissa (Distant, 1911), but the right
paramere (Fig. 2C-D) of these two species is different. Nerthra spissa has a rather large
male clasper for the size of the insect, nearly straight, cylindrical, abruptly narrowed
to point at apex, twisted, and the aedeagal furrow obliquely crossing the basal half of
clasper. This species differs from V. indica (Atkinson, 1889) by the its larger body size
and the shapes of the tubercles of the head, the lateral margin of the pronotum, the
hind wing (Fig. 2G), and the structures of male and female genitalia.
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Figure 2. Nerthra asiatica (Horvéth). A-B Genital capsule in different views C-D Right paramere in dif-
ferent views E Ventral view of posterior abdominal segments of male F Female subgenital plate G hind wing.

The holotype is a female from China: Flumen Poi-ho (G. N. Potanin)’ [= Sichuan,
Gar Qu (= Pai Ho River)] (Kiritshenko 1926; Todd 1955; Polhemus 1995). The para-
type of Mononyx grossus Montandon in the Francis Huntington Snow Entomological
Collection at the University of Kansas was labelled “Thibet (Mou-Pin)’ [= Sichuan, Ya'an
(= Mou-ping country)] (Todd 1955). This species found in Médog county is reported
from Xizang (Tibet) Autonomous Region for the first time.

Nerthra indica (Atkinson, 1889)
Figs 1C, D; 3A-G

Mononyx indicus Atkinson, 1889: 345; Montandon 1899: 394; Distant 1906: 15;
Maxwell-Lefroy 1909: 709; Paiva 1919: 372.

Mononyx projectus Distant, 1911: 310 (syn. Todd 1955: 405).

Mononyx turgidulus Distant, 1911: 311 (syn. Todd 1961: 94).

Nerthra turgidula: Todd 1955: 406; Bal and Basu 2003: 542.
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Nerthra indica: Todd 1955: 405; Todd 1961: 93; Nieser 1977: 298; Todd 1977: 216;
Lansbury 1988: 189; Nieser and Chen 1992: 5; Bal and Basu 2003: 542; Kment
and Jindra 2008:, 195; Xie and Liu 2013: 6.

Nerthra arunachalensis Thirumalai, 1998: 190; syn. Kment and Jindra 2008: 195.

Material examined. CHINA: Jiangxi Province: 1, Jinggang Mountain [} X/ 11i],
26.75N, 114.29E, 27. VII. 2002, Wan-liang ZHANG & Jian-hua DING leg.; Fujian
Province: 19, ChongAn [52%7], 27.75N, 118.03E, VI. 1982, Qiang HE leg.; 18,
Jianning Country (77 H](26.83N, 116.84E), 26. IX. 2002; Wan-liang ZHANG
leg.; 13, 29, Natural reserve of Jiangshi [¥-f1 H AR [X], 27.12N, 117.26E, 13.
VIIIL. 2011, Zhen YE leg.; Guangxi Zhuang Autonomous Region: 18, Longsheng
country [JEJlE£], 25.80N, 110.01E, 14. VI. 1963, Si-kong LIU leg.; 19, Yao Auton-
omous County of Jinxiu[4: 75 B % H 6 £, 24.13N, 110.19E, 23. IX. 1981, Collec-
tor unknown; 19, Shengtang Mountain of Jinxiu[4: 75 255 1111, 24.96N, 110.12E,
alt. 900m, 18. V. 1999, Fu-sheng HUANG leg.; 14, 19, Defu of Napo country[H
Wi #E 2], 23.39N, 105.83E, alt. 1350m, 21. VI. 2000, Jian YAO leg.; 19, Beidou of
Napo country[%lgiﬁjljﬂr], 23.04N, 105.93E, alt. 550m, 22. VI. 2000, Jian YAO leg.;
19, Jingxi Diding Autonomous Region [ P i i& H 5 [X], 23.09N, 105.99E, alt.
1000-1700m, 23. VI. 2000, Jian YAO leg.; 18, Tiantang mountain of Rong coun-
try[ TR T R BB K 1], 22.58N, 110.73E, alt. 730-740m, 17. VIIL 2009, Bo
CAI & Ke-long JIAO leg.; Guizhou Province: 14, 79, Maolan National Nature
Reserve[ /% == [H X 2% H 2R {477 [X], 23.43N, 103.02E, 30. VIL. 2013, Tong-yin XIE
& Fu-xia HE leg.; Yunnan Province: 19, Pingbian Miao Autonomous county[}?ﬁ
HTE AR £, 22.98N, 103.68E, alt. 1500m, 28. V. 1996, Wen-jun BU leg.; 15,
19, Mengkuan river of Mengla country [/ 5 &£ 815 %571, 21.45N, 101.56E,
18.VIIL.2010, Jing WANG leg.; 153, 249, Menglun town of Mengla country[u;ﬂJ i
B8], 21.94N, 101.25E, alt. 534m, 4. VIIL 2010, Kai DANG leg.; 19, Nan-
gun river of Cangyuan country[?ﬁﬁgfﬂﬁtg BRI R 1X], 23.29N, 99.10E, alt.
534m, 6. V. 2011; Zhen YE leg.; Xizang (Tibet) Autonomous Region: 13, Médog
county[Z2 i L], 29.33N, 95.34F, alt. 1100m, VIIL. 1984, Tan HE leg. 24, Médog
county suburb[Z& it 3#5%], 29.30N, 95.3GE, alt. 1100m, 15. VIIL. 2003, Huai-jun
XUE & Xin-pu WANG leg.; 1J, 29, Beibeng town of Médog county[ 5/l 1 /i
B, 29.24N, 95.18E, alt. 780—1100m, 13. VIII. 2003, Huai-jun XUE & Xin-
pu WANG leg.; 19, Médog county-108K[5:/li E4-108K], 29.33N, 95.33E, alt.
880-1100m, 16. VIIIL. 2003, Huai-jun XUE & Xin-pu WANG leg..

Redescription. Body middle sized for the genus. Body dorsally brown, with vari-
able yellowish or other marking, often obscured by muddy crust. Scutellum slightly
darker than rest of dorsal surface (Fig. 1C-D). Body sculpture, outlines of the prono-
tum, hemelytra and abdomen very variable.

Head. Apex of head with four tubercles, one at the apex is not visible in the dorsal
view, the others sometimes rather indistinct (Fig. 1C-D).

Thorax. The lateral margins of the pronotum markedly asymmetrical, pronotum
about as wide at anterior third as at the level of the transverse furrow. Scutellum el-
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Figure 3. Nerthra indica (Atkinson). A-B Genital capsule in different views C~D Right paramere in different

views E Ventral view of posterior abdominal segments of male F Female subgenital plate G hind wing.

evated, tumescent laterally and at apex, with curved ridge paralleling sinuosity of pos-
terior margin of pronotum. The outline of the ovipositor was the same and the ventral
submarginal tumescences on the last visible abdominal sternite absent. Hemelytra not
quite reaching end of abdomen in the females, membrane well developed; embolium
narrow at base, dilated before middle, anterior portion and apex of dilation more or less
rounded. Ventral surface and the apex of the fore, middle, and hind legs dark brown.

Abdomen. Abdomen greatly expanded laterally in females. Bristles mostly short
and clavate, groups of long black bristles on basal tumescences and median part of
pronotum. Abdominal sternites of male mostly asymmetrical, but nearly symmetrical
in female. Lobes of ovipositor asymmetrical slightly lobed and projecting posteriorly.
Ninth sternite wider than long, not as long as eighth sternite; seventh sternite sternite
about half as long as eighth sternite; fifth sternite very short medially. Right paramere
swollen apically and stick out at middle.

Remarks. Body shape most closely related to N. lobata (Montandon, 1899) from
which it may be separated by the male genitalia shape (Fig. 3A-D), the smaller oviposi-
tor lobes which are less projecting, and the lack of lateral submarginal tumescences of
the last visible abdominal sternite in the females.

Distribution. China (Jiangxi, Fujian, Guangxi Zhuang Autonomous Region, Si-
chuan, Guizhou, Yunnan, Xizang (Tibet) Autonomous Region), India, Nepal, Viet-
nam, Laos (Todd 1955; Kment and Jindra 2008).
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Nerthra macrothorax (Montrouzier, 1855)

Galgulus macrothorax Montrouzier, 1855: 110.

Seylaecus macrothorax: Stal 1861: 201.

Peltopterus macrothorax: Stal 1863: 408; Montandon 1899: 779; Kirkaldy 1906: 150;
Esaki 1928: 75; Sonan 1934: 21; Hoffmann 1941: 44; Miyamoto 1953: 35, Miy-
amoto 1954: 28.

Nerthra macrothorax: Todd 1955: 414; Todd 1957: 157; Todd 1959: 63; Todd 1960:
172; Todd 1961, 93; Polhemus 1995: 24; Chen et al. 2005: 47; Nieser and Chen
2005: 308; Kment and Jindra 2008: 203; Polhemus and Polhemus 2012: 357, Xie
and Liu 2013: 6; Sano 2016: 31.

Description (from Todd 1955). Body light brown, front of head provided with five
large, rounded tubercles, four of which are flatted on top and densely covered with
short clavate bristles; ocelli absent. Pronotum greatly expanded laterally; lateral mar-
gins converging anteriorly, subparallel for posterior half; posterior angle projecting
obliquely posterolateral, rather pointed; posterior margin with five concavities.

Scutellum rather small, apex narrowed, basal portion depressed, inclining to apex
which is the most elevated part. Hemelytra entirely coriaceous, fused together, extend-
ing slightly beyond end of abdomen, large longitudinal carinae present; base of embo-
lium greatly expanded laterally. Connexivum broadly expanded laterally in both sexes.
Entire body covered with short, broadly clavate bristles, bristles pale and especially
dense on pronotum and on the elevations of the head.

Abdominal sternites of female nearly symmetrical except for posterior margin of last
sternite, which is slightly emarginated, but with apex slightly convex just below the lobes
of the ovipositor, the latter somewhat rounded and the left one overlapping the right.
Abdominal sternites of male rather small, last visible abdominal sternite wider than long,
nearly twice as long as seventh sternite, which has the right side elongate, spatulate.

Clasper of male rather sickle-shaped, but nearly straight, very slightly enlarged at
apex then tapering to a blunt point.

Notes. During the daytime this species hides in wet mud or sand, or under stones or plant
debris (Chen et al. 2005). Nieser and Chen (2005) observed these toad bugs burrowing in
the sand on a beach in the south of Taiwan. In view of its inability to fly, its wide distribution
is attributed to dispersion by drift on plant debris (Todd 1960). The authors have not seen
this species, and distribution data for this species was collected from the published literature.

Distribution. China (Taiwan), Japan, Philippines, Malaysia, Indonesia, Australia
(Kment and Jindra 2008).
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