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Abstract
Two new species of Aricidea Webster, 1879 (Paraonidae), Aricidea (Acmira) anusakdii sp. nov. and Ari-
cidea (Aricidea) thammapinanae sp. nov. were collected from 10–26.5 m depth, in soft bottoms with mud 
mixed with sand and shells at Songkhla Sea, the Gulf of Thailand between 2011–2018. Aricidea (Acmira) 
anusakdii sp. nov. is clearly distinguished from other species of the subgenus Acmira by having a rounded 
bilobed prostomium divided by a slight notch on the anterior margin; red pigments on the subdistal to the 
tip of each branchia (new character); two prebranchial chaetigers; 48–68 pairs of branchiae; and modified 
neurochaetae as strong curved spines with blunt shafts surrounded by pubescence from chaetigers 19–44. 
On the other hand, Aricidea (Aricidea) thammapinanae sp. nov. can be separated from other members of 
the subgenus Aricidea by the presence of a biarticulated median antenna; distinctive notopodial lobes as 
broad triangular with short distal protuberances on chaetiger 3, 4–8 pairs of branchiae; and modified neu-
rochaetae as bidentate neurochaetae with a long pubescent subterminal arista on the concave side. All data 
have been archived and are freely available from the Dryad Digital Repository (https://doi.org/10.5061/
dryad.hqbzkh1cn).
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introduction

Polychaetes in the seas around Thailand are poorly known, especially those belonging 
to Paraonidae, a family of small burrowing polychaetes usually found in soft sediments 
(Rouse and Pleijel 2001). Until now, the only study of Thai paraonid species was pub-
lished by Lovell (2002), who reported 19 taxa of paraonids from the Andaman Sea 
around Phuket Island, of which three species were newly described. The present study is 
the result of a monitoring program carried out between 2011 and 2018 entitled “Status 
of Coastal and Marine Resources and Ecosystem in Songkhla’s Sea and Monitoring pro-
jects of Petroleum Production Area in Songkhla Sea”. The family Paraonidae was one of 
the most species-rich families in the study area with over 20 undescribed taxa. The genus 
Aricidea is the most diverse in the Paraonidae, with more than 75 known species (Blake 
2019). Strelzov (1973) divided the genus into four subgenera: Aricidea sensu stricto, 
Aedicira Hartman, 1957, Allia Strelzov, 1973 (= Strelzovia Aguirrezabalaga, 2012), and 
Acesta Strelzov, 1973 (= Acmira Hartley, 1981), which were separated based on the nature 
of the modified neurochaetae. Hartley (1981) pointed out that the chaetal differences 
are unclear to justify the generic status for the four subgenera (Blake 2019), and these 
subgenera have largely been accepted by taxonomists (Blake 1996, 2019; Lovell 2002; 
Arriaga-Hernández et al. 2013, among others). During the identification process, we ob-
served several specimens from the genus Aricidea Webster, 1879 that had a combination 
of taxonomic characters not found in the previously described species.

At present, 19 species of the subgenus Aricidea (Acmira) have been described (Read 
and Fauchald 2020), but Aricidea (Acmira) simonae Laubier & Ramos, 1974 is the only 
species that has two prebranchial chaetigers. From the Andaman Sea around Phuket, 
Lovell (2002) reported five species of Aricidea (Acmira), all with three prebranchial 
chaetigers: Aricidea (Acmira) assimilis Tebble, 1959, A. (Acmira) catherinae Laubier, 1967 
and A. (Acmira) simplex Day, 1963 and two taxa that have not yet been formally named.

Another subgenus, Aricidea (Aricidea), is characterized by the presence of cirri-
form prostomial antennae, usually articulated, and modified neurochaetae either pseu-
docompound or hooked with subterminal spines on the concave side (Blake 1996). 
Fifteen species have been described from various localities around the world (Table 
1), but in the seas around Thailand only Aricidea (Aricidea) fragilis Webster, 1879, A. 
(Aricidea) multiantennata Lovell, 2002 and A. (Aricidea) thailandica Lovell, 2002 have 
been reported. The specimens examined in the present study were characterized by the 
shape of the median antenna, the structure of the modified chaetae, and particularly by 
the shape of the third notopodial lobe. The latter was broadly triangular with a short 
round distal protuberance; this feature suggested that these paraonids could belong to 
an undescribed species.

The aim of this study is to examine in detail the morphological characteristics of 
these specimens using scanning electron microscope (SEM) images and light micro-
scope photographs to verify differences from previously described species, and to con-
firm them as new species or not. Comparative tables of the diagnostic features of the 
new species and of those observed in closely similar taxa are included.
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Materials and methods

Specimens were collected between 2011 and 2018 in the southern Gulf of Thailand 
(7°14'21"–7°49'21"N, 100°24'42"–100°49'00"E) (Fig. 1), with a Van Veen grab 
(0.1 m2) at depths ranging from 10 to 26.5 m. The collected samples were sieved with 2.0 
mm, 1.0 mm and 0.5 mm mesh screens in the field. Later, water and sediment from the 
sieved grab samples were passed through a 300 µm filter bag. Specimens retained by both 
separation methods were separately fixed with a 4% formaldehyde in seawater solution. 
In the laboratory, samples were washed with fresh water and transferred to 70% ethanol. 
The polychaetes were sorted into taxonomic groups using a stereomicroscope and those 
belonging to the proposed new species were examined under dissection and compound 
light microscopes. SEM images were produced with a JEOL JSM-5800LV microscope 
and Apreo-Field Emission Scanning Electron Microscope (FESEM) at the Office of Sci-
entific Instrument and Testing (OSIT), Prince of Songkla University, Hatyai, Thailand. 
Light microscope photographs were taken with a Leica digital camera in the OSIT, Prince 
of Songkla University and Olympus SZX16 with DP74 digital camera at MEM. The 
morphological measurements of the holotype are indicated in the taxonomic description. 
Information on character variability found in the paratypes is included in parentheses. 
The confirmation of the taxonomic status of the new species was based on the excellent 
revision and compilation of the diagnostic characteristics of all recognized species of the 
subgenera Aricidea (Acmira) and Aricidea (Aricidea) by Blake (1996), Lovell (2002) and 
Arriaga-Hernández et al. (2013). For comparative purposes, a table with the main diag-
nostic characters of the new species and closely related species was also included.

The type material was deposited in the Princess Maha Chakri Sirindhorn Natural His-
tory Museum, Prince of Songkla University (PSUZC), Thailand and the Australian Muse-
um (AM), Sydney, Australia. Additional material is maintained in the personal collections 
of Jintana and Sakanan Plathong at MEM (Marine Ecosearch Management Co., Ltd.).

systematics

Class Polychaeta
Subclass Sedentaria
Infraclass Scolecida
Family Paraonidae Cerruti, 1909
Genus Aricidea Webster, 1879
Subgenus Aricidea (Acmira) Hartley, 1981

Aricidea (Acmira) anusakdii sp. nov.
http://zoobank.org/5D4169E8-76CF-4638-8E77-70D681CCCF3B
Figures 1A, 2–4

Material examined. 178 specimens, incomplete, collected from Songkhla Sea, the Gulf 
of Thailand, Western Pacific. Coll. MEM (Marine Ecosearch Management Co., Ltd.), 
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mud mixed with sand and shells. Details of geographic positions and environmental 
characteristics of sampling stations are in Table 2. Holotype. PSUZC-POL-0047, Sta. 
S09-24, 21 Mar. 2017. Paratypes. PSUZC-POL-0048 (1 spec.), Sta. S09-6, 4 Mar. 
2011; PSUZC-POL-0049 (1 spec.), Sta. S07, 4 Jun. 2014; PSUZC-POL-0050 (1 spec.), 
Sta. S08, 4 Jun. 2014; PSUZC-POL-0051 (1 spec.), Sta. S10-3, 5 May 2018; PSUZC-
POL-0052 (1 spec.), Sta. S07, 22 Sep. 2016; PSUZC-POL-0053 (1 spec., coated with 
gold for SEM), Sta. S05, 23 Mar. 2012; PSUZC-POL-0054 (2 specs., coated with gold 
for SEM), Sta. S07, 1 Jun. 2013; PSUZC-POL-0055 (1 spec.), Sta. S08, 14 Oct. 2015; 
PSUZC-POL-0056 (1 spec., coated with gold for SEM), Sta. S07, 16 Mar. 2016; PSU-
ZC-POL-0058 (1 spec.), Sta. S07, 22 Sep. 2016; PSUZC-POL-0059 (1 spec.), Sta. S10-
9, 6 May 2018; PSUZC-POL-0060 (1 spec.), Sta. S09-3, 16 Aug. 2018; AM W.52894 
(1 spec.), Sta. S12-3, 9 Feb. 2012; AM W.52895 (1 spec.), Sta. S10-9, 6 May 2018.

Description. Holotype incomplete with 123 chaetigers, 25 mm long, 1.2 mm 
wide. Paratypes incomplete with 19–81 chaetigers, 3–13 mm long, 0.51–0.77 mm 
wide. Body robust, widest anteriorly, dorsoventrally flattened in branchial region (Fig. 
2A), thinner with cylindrical segments in postbranchial region. Cilia scattered on dor-
sum along the body. Opaque white in alcohol, with red pigments on the distal and 
subdistal regions of each branchia (Fig. 2C). Prostomium wider than long (0.36 mm 
wide; 0.26 mm long); anterior margin of prostomium bilobed divided by a shallow 
notch which dorsally extends to the antenna (Figs 2B, 4A). Two large nuchal grooves 

Figure 1. Sampling sites in the Songkhla Sea, Gulf of Thailand, showing stations where Aricidea (Acmira) 
anusakdii sp. nov. (A) and Aricidea (Aricidea) thammapinanae sp. nov. (B), were collected between 2011 
and 2018.
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Table 2. Stations, geographic positions, depths and sediment types where Aricidea (Acmira) anusakdii sp. 
nov. and Aricidea (Aricidea) thammapinanae sp. nov. were collected in the Songkhla Sea, Gulf of Thailand. 
(*= specimen used for SEM image and italic = A. (A.) thammapinanae).

Station Sampling Date/ Number of individuals Latitude / Longitude Depth (m) Sediment type
S02 11/10/2013 (1) 7°31'44"N, 100°28'15"E 10 Muddy with sand
S05 23/5/ 2012 (1*), 21/5/2015 (2) 7°34'03"N, 100°33'57"E 16.5 Muddy with sand and 

shells; upper sediment 
brown, lower sticky 

and dark
S06 17/10/2013 (1) 7°20'09"N, 100°36'58"E 15.5 Upper sediment 

muddy with sand, 
lower sticky mud 

with shells
S07 24/5/2012 (2), 10/10/2012 (1), 

21/2/2013 (1), 1/6/2013 (5*), 
16/10/2013 (3), 5/2/2014 (2), 4/6/2014 

(3), 8/10/2014 (5), 26/2/2015 (1), 
20/5/2015 (4), 20/5/2015 (2), 16/3/2016 

(1*), 18/5/2016 (3), 22/9/2016 (5)

7°44'01"N, 100°43'02"E 26.5 Muddy with shells; 
upper sediment 

brown, lower sticky 
and green

S08 30/1/2012 (1), 24/5/2012 (2), 
10/10/2012 (1), 1/6/2013 (1), 

16/10/2013 (1), 5/2/2014 (4), 4/6/2014 
(1), 8/10/2014 (1), 14/10/2015 (1*)

7°29'10"N, 100°47'06"E 25.0 Muddy with shells; 
lower sediment sticky 

mud

S09-1 7/2/2012 (1), 24/3/2017 (2), 17/8/2018 
(2)

7°32'13"N, 100°42'41"E 24 Muddy with sand and 
shells

S09-3 7/3/2011 (1), 8/3/2014 (1), 16/8/2018 
(2)

7°32'1"N, 100°42'41"E 24 Muddy with sand and 
shells

S09-5 17/8/2018 (2) 7°32'1"N, 100°42'30"E 24 Muddy with sand and 
shells

S09-6 4/3/2011 (1) 7°32'13"N, 100°42'21"E 23.6 Muddy with sand and 
shells

S09-7 7/2/2012 (1) 7°32'18"N, 100°42'24"E 23.7 Muddy with sand and 
shells

S09-10 7/3/2014 (1), 25/3/2017 (1) 7°31'55"N, 100°42'47"E 24.3 Muddy with sand and 
shells

S09-11 8/3/2014 (2), 25/3/2017 (1) 7°31'52"N, 100°42'42"E 23 Muddy with sand and 
shells

S09-12 6/2/2012 (1), 8/3/2014 (1), 25/3/2017 
(2)

7°31'55"N, 100°42'24"E 23.8 Muddy with sand and 
shells

S09-14 1/3/2011 (2), 7/3/2014 (2), 1/3/2016 (2) 7°32'30"N, 100°42'12"E 24 Muddy with sand and 
shells

S09-16 1/3/2016 (2), 23/3/2017 (2) 7°32'30"N, 100°42'59"E 24 Muddy with sand and 
shells

S09-17 17/3/2013 (1), 7/3/2014 (2) 7°31'54"N, 100°43'5"E 24 Muddy with sand and 
shells

S09-18 6/2/2012 (1), 7/3/2014 (1) 7°31'44"N, 100°42'58"E 24 Muddy with sand and 
shells

S09-19 6/2/2012 (2), 7/3/2014 (1) 7°31'37"N, 100°42'48"E 24 Muddy with sand and 
shells

S09-20 6/2/2012 (2) 7°31'44"N, 100°42'12"E 24 Muddy with sand and 
shells

S09-22 16/8/2018 (1) 7°32'13"N, 100°42'30"E 24 Muddy with sand and 
shells

S09-24 7/2/2012 (1), 7/3/2014 (1), 21/3/2017 
(1)

7°32'18"N, 100°42'47"E 24.5 Muddy with sand and 
shells

S10 2/3/2011 (1) 7°28'20"N, 100°36'33"E 19 Muddy with shells
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on posterior half of prostomium; two ciliated bands on middle prostomium, and a cili-
ary band border on the inferior mid-region (Figs 2A, B, 4A). Short median antenna, 
proximally inflated, tapering to a short, blunt end, extending to posterior margin of 
prostomium (Figs 2A, B, 4A). No eyes. Anterior region of the mouth with a middle 
lobe and a ciliary row on its middle-anterior margin; posterior buccal lip with 12–14 
small longitudinal folds, extending to chaetiger 2 (Figs 2D, 4B).

Two prebranchial chaetigers (Figs 2A, B, 4A). Branchiae start from chaetiger 3, 53 
pairs (48–68 pairs in paratypes), bearing numerous long and slender cilia on dorsal mid-
line (Fig. 3A); last pair of branchiae shorter. Parapodia large and thick with numerous 
simple chaetae on noto- and neuropodia. Notopodial postchaetal lobes from chaetiger 

Station Sampling Date/ Number of individuals Latitude / Longitude Depth (m) Sediment type
S10-3 16/2/2015 (2), 5/5/2018 (2) 7°28'22"N, 100°36'41"E 19 Muddy with shells
S10-4 6/2/2012 (1), 15/2/2015 (3), 5/5/2018 

(2)
7°28'14"N, 100°36'39"E 19 Muddy with shells

S10-5 6/2/2012 (4), 6/5/2018 (1) 7°28'12"N, 100°36'31"E 18.5 Muddy with shells
S10-8 5/2/2012 (3), 6/5/2018 (1) 7°28'43"N, 100°36'10"E 18.5 Muddy with shells
S10-9 16/2/2015 (2), 6/5/2018 (2) 7°27'57"N, 100°36'56"E 19 Muddy with shells
S11-2 27/3/2017 (1) 7°31'01"N, 100°36'39"E 18.9 Muddy with shells
S11-3 15/3/2013 (1), 27/3/2017 (1) 7°31'01"N, 100°36'27"E 18.8 Muddy with shells
S12 16/3/2013 (1) 7°34'18"N, 100°36'34"E 20 Muddy with sand and 

shells
S12-2 26/3/2017 (1) 7°34'12"N, 100°37'15"E 20 Muddy with sand and 

shells
S12-3 9/2/2012 (1) 7°34'13"N, 100°37'4"E 19.8 Muddy with sand and 

shells
S14 14/3/2013 (1), 5/3/2014 (1), 19/2/2015 

(1)
7°26'13"N, 100°36'12"E 15.5 Muddy with sand and 

shells
S16 21/08/2012 (1*) 7°35'11"N, 100°45'47"E 22 Muddy with sand and 

shells
S20 20/8/2012 (2) 7°32'41"N, 100°35'54"E 21 Muddy with shells
S21 21/8/2012 (2), 23/3/2017 (4), 16/8/2018 

(1), 21/08/2012 (1), 15/03/2013 (3, 
1*), 3/06/2013 (1), 23/03/2017 (1), 

23/09/2017 (1*), 16/08/2018 (4)

7°33'16"N, 100°46'43"E 24 Muddy with sand and 
shells

S23 29/2/2016 (1) 7°49'20"N, 100°33'17"E 20.5 Muddy with sand and 
shells

S24 30/10/2014 (1), 16/9/2014 (3), 
30/10/2014 (1), 15/7/2015 (1)

7°39'22"N, 100°49'1"E 27 Fine mud with shells

S32 26/9/2011 (5) 7°16'18"N, 100°49'0"E 20 Muddy with shells
S35 29/9/2011 (1) 7°37'35"N, 100°32'35"E 24 Muddy with sand and 

shells
S39 27/9/2011 (2) 7°31'22"N, 100°46'15"E 22 Muddy sand
S40-1 20/8/2012 (1) 7°29'51"N, 100°40'41"E 20 Muddy sand
S48 22/2/2015 (1) 7°47'37"N, 100°42'29"E 24.6 Slightly muddy soil
S49 21/2/2015 (2) 7°42'25"N, 100°44'6"E 24.7 Slightly muddy soil
S50 27/02/2015 (1) 7°35'00"N, 100°46'57"E 24 Muddy with sand and 

shells, greenish brown
S54 21/2/2015 (2) 7°25'57"N, 100°42'2"E 15 Muddy with shells
S55 14/7/2015 (1) 7°44'16"N, 100°37'30"E 21 Muddy with shells
S58 30/9/2011 (2) 7°33'43"N, 100°40'10"E 20 Muddy with sand and 

shells
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Figure 2. Aricidea (Acmira) anusakdii sp. nov. A, B anterior region, dorsal view C mouth,ventral view 
D branchial region, dorsal view e modified neurochaetae from posterior chaetiger F modified hooks. 
Abbreviations: An: antennae, br: branchia, c: cilia, cb: cilia band, noL: notopodial postchaetal lobe, nuO: 
nuchal organ, simple C: simple chaetae.
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1 long, digitiform; cirriform in branchial and postbranchial chaetigers (Fig. 3B, E, F). 
Neuropodial postchaetal lobes shorter than notopodial postchaetal lobes (Fig. 3A, C, F).

Modified neurochaetae from chaetiger 37 (from 18–44 in paratypes) to posterior 
body region; up to nine modified chaetae per fascicle, each a curved spine with blunt 
shaft surrounded by pubescence (Fig. 2F), accompanied by about four simple chaetae 
on the superior and inferior parts of bundle (Figs 2E, 4C). All other chaetae long and 
slender capillaries (Figs 2C, 3D); notochaetae longer than neurochaetae (Fig. 3B, C). 
Pygidium unknown.

Reproduction. Holotype and paratypes of A. (Acmira) anusakdii sp. nov. collected 
in March, May, June, and August had eggs in their branchial chaetigers. Eggs were also 
found in October in non-type material.

Etymology. The species was named in honor of, and to remember, Mr Anusakdi 
Plathong, Sakanan’s deceased father.

Habitat. At 10–26.5 m depth, in mud mixed with sand and shells substrates.
Distribution. Songkhla Sea, Gulf of Thailand, Western Pacific.
Remarks. Currently, the subgenus Aricidea (Acmira) Hartley, 1981 is represented 

by 20 species, including the new species described in the present study. The species that 
make up this subgenus can be separated by the features of modified neurochaetae (teeth, 
hood, distal arista, and pubescence), the length and shape of the median antenna, the 
number of prebranchial chaetigers and the number of branchiae (Arriaga-Hernández 
et al. 2013). Previously, only one species, A. (Acmira) simonae Laubier & Ramos, 1974, 
had been described with two prebranchial chaetigers. However, this taxon, originally 
described from Marseille, France, and common in Mediterranean and Black Sea is 
entirely different from the new species collected in Thailand. Aricidea (Acmira) simonae 
has smooth neuropodial spines, without pubescence, a very short antenna on the inser-
tion area, bears only 20–32 pairs of branchiae and lacks neuropodial lobes. Aricidea 
(Acmira) anusakdii sp. nov. has curved spines with blunt shafts surrounded by pubes-
cence, an antenna that reaches the posterior margin of the prostomium, has neuropo-
dial lobes and bears a significantly higher number of branchial pairs (48–68 pairs).

Apart from A. (Acmira) simonae and A. (Acmira) anusakdii sp. nov., eight species of 
this genus also have smooth modified spines, lacking hood and distal arista, of which 
only A. (Acmira) hirsuta Arriaga-Hernández, Hernández-Alcántara & Solís-Weiss, 2013 
from the southern Gulf of Mexico, A. (Acmira) horikoshi Imajima, 1973 from Japan and 
A. (Acmira) flava Zhou & Reuscher, 2013 from China, and probably A. (Acmira) simplex 
from South Africa and A. (Acmira) strelzovi from Antarctica, have modified spines with 
distal or subdistal pubescence. However, in these first three species the branchiae ini-
tially appear in chaetiger 4, bearing 7–15, 27 and 5 branchial pairs respectively. Clearly, 
these characteristics distinguish these species from A. (A.) anusakdii sp. nov., which, has 
two prebranchial chaetigers and a much greater number of branchiae (48–68 pairs). Ari-
cidea (Acmira) anusakdii sp. nov. can also be separated from A. (Acmira) hirsuta because 
the new species has neuropodial lobes, which are absent in A. (Acmira) hirsuta (Table 3).

Although the modified spines in A. (Acmira) mirifica and A. (Acmira) finitima have 
no hood and do not bear distal or subdistal pubescence, in the first species the spines 
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sometimes bear a short distal arista and in the second they almost always bear arista. 
Nonetheless, both these species can also be separated from the new species because 
they have three prebranchial chaetigers, their antennae are longer (reaching chaetiger 
1–3 or 6), and they bear fewer branchiae, 12 and 14–27 pairs, respectively.

It is important to note that previously, the presence of lobes and notches on 
the anterior margin of the prostomium had only been reported in two species: 
A.  (Acmira)  simonae, which has three lobes in ventral view (Laubier and Ramos 

Figure 3. Aricidea (Acmira) anusakdii sp. nov. A branchiae at chaetiger 7 B notochaetae and notopodial 
postchaetal lobes (chaetiger 6) C noto- and neuropodial postchaetal lobes from chaetigers 13–14 D neu-
rochaetae at chaetiger 14 e notopodial postchaetal lobes from midbranchial chaetiger F neuropodial 
postchaetal lobes and neurochaetae from midbranchial chaetiger. Abbbreviations: br: branchia, neL: neu-
ropodial postchaetal lobe, noL: notopodial postchaetal lobe).
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Figure 4. Aricidea (Acmira) anusakdii sp. nov. A anterior region, dorsal view B the buccal lip; ventral view 
C posterior modified neurochaetae. Abbreviations: An: antenna, br: branchia, neL: neuropodial postchaetal 
lobe, noL: notopodial postchaetal lobe, nuO: nuchal organ, pr: prostomium, simple C: simple chaetae).
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Table 3. Comparison of Aricidea (Acmira) species with modified spines lacking distal aristae and hood 
(modified from Arriaga-Hernández et al. 2013).

Character Aricidea (Acmira) 
flava Zhou & 

Reuscher, 2013

Aricidea (Acmira) 
hirsuta Arriaga-
Hernández et al., 

2013

Aricidea (Acmira) 
horikoshi 

Imajima, 1973

Aricidea (Acmira) 
simonae Laubier 
& Ramos, 1974

Aricidea (Acmira) 
anusakdii sp. nov.

Antenna 
(end at 
chaetiger)

3 Posterior margin of 
prostomium

4 to 5 Very short, on 
insertion area

Posterior margin 
of prostomium

Branchiae 
from 
chaetiger

4 to 21 4 to 10–18 4 to 33 3 to 20–32 3 to 48–68

Spines Unidentate Unidentate Unidentate Unidentate Unidentate
Hood on 
spine

Absent Absent Absent (a narrow 
sheath on convex 

side)

Absent Absent

Distal arista 
on spines

Absent Absent Absent Absent Absent

Pubescence 
on spines

Distal Distal and subdistal Distal Absent Distal and 
subdistal

Notopodial 
lobes

Present Present Present Present Present

Neuropodial 
lobes

Present 
(inconspicuous, 
low tubercles)

Absent Present Absent Present

Type locality Northern coast of 
China 

Términos Lagoon, 
southern Gulf of 

Mexico

Japan, North 
Pacific Ocean

Famagusta Bay, 
Marseille, France

Songkhla Sea, Gulf 
of Thailand

1973) and other differences, smooth neuropodial spines, a very short antenna on 
the insertion area, bears only 20–32 pairs of branchiae and lacks neuropodial lobes, 
with the new species has been previously argued; and Aricidea (Acmira) trilobata 
Imajima, 1973, distributed on the continental shelves of Japan and California 
(Blake, 1996), which also bears three lobes on the anterior edge of the prostomium 
and the branchiae start from chaetiger 4. However, unlike the new species, this last 
species also bears three lobes on the anterior edge of the prostomium, the branchiae 
start from chaetiger 4, the median antenna extending to chaetiger 2 and only bears 
18 to 20 branchial pairs.

Genus Aricidea (Webster, 1879)
Subgenus Aricidea (Aricidea) [Webster, 1879, sensu stricto]

Aricidea (Aricidea) thammapinanae sp. nov.
http://zoobank.org/6B8798D3-662C-4097-8DC9-83A5640E332C
Figures 1B, 5–9

Material examined. 13 specimens, collected from Songkhla Sea, Gulf of Thailand, 
24 m depth. Coll. MEM (Marine Ecosearch Management Co., Ltd.), in mud mixed 
with sand and shells. Details of geographic positions and environmental character-
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istics of sampling stations are in Table 2. Holotype. PSUZC-POL-00021 (1 spec., 
complete), Sta. S21, 16 Aug. 2018. Paratypes. PSUZC-POL-00022 (1 spec.), Sta. 
S21, 21 Aug. 2012; PSUZC-POL-00023, (1 spec., coated with gold for SEM), Sta. 
S21, 15 Mar. 2013; PSUZC-POL-00024 (1 spec.), Sta. S21, 3 Jun. 2013; PSUZC-
POL-00025 (1 spec.), 23 Mar. 2017; PSUZC-POL-00026, (1 spec., coated with gold 
for SEM), Sta. S21, 23 Sep. 2017; PSUZC-POL-0027, (1 spec., coated with gold for 
SEM), Sta. S16, 21 Aug. 2012; PSUZC-POL-0062 (2 specs.), Sta. S21, 16 Aug. 2018; 
AM W.52904 (1 spec.), Sta. S50, 27 Feb. 2015.

Description. Holotype complete with approximately 50 chaetigers (posterior re-
gion coiled, difficult to count segments), 5.47 mm long, 0.3 mm wide (Fig. 5A–C); 
two complete paratypes with 29 and 45 chaetigers, others incomplete with 21 to 32 
chaetigers, 1.8–4.5 mm long and 0.01–0.23 mm wide. Body small, new preserved 
specimens reddish-orange in prebranchial and branchial regions (Fig. 5A); dorsal cili-
ary bands present on the prebranchial and branchial chaetigers. Prostomium conical, 
distally rounded, longer than wide; one pair of small black or brown eyes present; two 
pairs of long ciliary bands, one pair located above nuchal grooves and other at lateral 
margins of prostomium. Median antenna biarticulated, basal portion clavate, distal 
portion triangular, ciliated on distal end; basal portion of median antenna about two 
times longer than distal portion, extending to chaetiger 1 (Figs 6B, D, 9A). Nuchal 

Figure 5. Aricidea (Aricidea) thammapinanae sp. nov. PSUZC 0047, holotype. A complete specimen, 
ventral view B prostomium, leteral view C red-brown papillae and neurochaetae, lateral view. Abbrevia-
tions: An: median antenna, neC: neurochaetae, noL3: notopodial postchaetal lobe chaetiger 3.
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Figure 6. Aricidea (Aricidea) thammapinanae sp. nov. A body color in alcohol, lateral view B anterior 
region, dorsal view C mouth, arrows show cilia D prostomium, dorso-lateral view e notopodial lobe from 
chaetiger 3 F close up of posterior chaetiger, showing the cilia. Abbreviations: An: antenna, br: branchiae, 
c: cilia, cb: cilia band, noL: notopodial postchaetal lobe, nuO: nuchal organ, Pr: prostomium.
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Figure 7. Aricidea (Aricidea) thammapinanae sp. nov. A three rows of neurochaetae in prebranchial area, 
ventral view B branchiae with long cilia C first notopodial lobe D, e pores on the distal area of notopodial 
lobe e notopodial lobe from chaetiger 3 F filaments or cilia in notopodial pores.

organs as pair of oblique, deep slits. Posterior buccal lip with six longitudinal folds, 
extending to chaetiger 1, with one pair of ciliary patches above the buccal region (Figs 
6C, 9B). Numerous small filaments along body, and thin papillae present on the body 
(Fig. 6F) and notopodial pores (Fig. 7F).

Postbranchial region presents numerous dark red or brown pigmented papillae ad-
jacent to neurochaetal rami on all chaetigers (Fig. 5A, C). First two notopodial postch-
aetal lobes very short, usually hidden by chaetae; those of chaetiger 3 much larger, 
broadly triangular, with a short, rounded distal protuberance. Notopodial postchaetal 
lobes digitate on branchial segments, filiform on following segments. Neuropodial 
postchaetal lobes small, inconspicuous (Figs 6B, E, 9A).
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Figure 8. Aricidea (Aricidea) thammapinanae sp. nov. A postbranchial region, arrow shows the notopo-
dial postchaetal lobe B, D, F modified neurochaetae C eggs in postbranchial region e posterior region, 
pygidium with two anal cirri. Abbreviations: aC: anal cirri, bneC: bidentate neurochaetae, noL: notopo-
dial postchaetal lobe.
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Figure 9. Aricidea (Aricidea) thammapinanae sp. nov. A anterior region, dorsal view B the buccal lip; 
lateral view C posterior modified neurochaetae, lateral view. Abbreviations: An: antenna, br: branchiae, 
cb: cilia band, noL: notopodial postchaetal lobe, nuO: nuchal organ, pr: prostomium.
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Three prebranchial chaetigers; 8 pairs of branchiae (4 to 8 in paratypes) present on 
chaetigers 4 to 11, robust, conical, with lateral margins markedly ciliated; last pair small-
er. Anterior noto- and neurochaetae fringed with capillaries (Fig. 6A, B); notochaetae 
longer than neurochaetae, decreasing in number from anterior to posterior segments. 
Modified neurochaetae bidentate (Fig. 8B, E, F), beginning in chaetiger 17 (10–19 in 
paratypes), superior tooth small, inferior tooth large, surrounded by pubescence on dis-
tal region of shaft, with very long subterminal spine arising from concave side of shaft; 
spine almost twice as long as shaft, with pubescence throughout, starting from chaetiger 
10–19. Posterior neurochaetae arranged in two rows, first row with both simple and 
modified bidentate chaetae, and second row with only simple chaetae; up to 5 bidentate 
chaetae per fascicle per row, accompanied by 10–12 long capillary chaetae (Fig. 8B). Py-
gidium with three anal cirri, two lateral and one triangular, short mid-ventral (Fig. 8E).

Reproduction. Holotype and paratypes of Aricidea (Aricidea) thammapinanae sp. 
nov. collected in March, August, and September had eggs in the coelomic cavities of 
postbranchial chaetigers.

Etymology. The species epithet thammapinanae, is after the family name of Ms 
Vorramaz Thammapinan. This species is named in honor of her initiation, coordina-
tion, and assistance to the research project in Songkhla Sea.

Habitat. At 20–24 m depth, mud with sand and shells.
Distribution. Songkhla Sea, Gulf of Thailand, Western Pacific.
Remarks. This is a small species of the subgenus Aricidea (Aricidea) having a maxi-

mum length of 5.47 mm (holotype) and with only 4–8 pairs of branchiae. The presence 
of eggs (Fig. 7C) in individuals collected during several sampling months implies that the 
small size of this new taxon is a specific characteristic. The presence of bidentate chaetae 
is unusual in species belonging to the subgenus Aricidea (Aricidea). Until now, 15 species 
have been described in this subgenus but only Aricidea (Aricidea) capensis Day, 1961 from 
South Africa (Day 1961) has bidentate modified chaetae (Table 1). However, the species 
presents clearly different characteristics from those observed in A. (Aricidea) thammapi-
nanae sp. nov., since the bidentate modified chaetae of A. (Aricidea) capensis Day, 1961 
are smooth, without pubescence along the shaft or on the subterminal spine. Besides 
the antenna, extending to chaetiger 2, is faintly annulated, eyes are lacking, 14 branchial 
pairs are present, and all prebranchial notopodial lobes are small and slender (Table 1). In 
contrast, the proposed new species has bidentate modified neurochaetae with pubescence 
on the distal shaft and along the subterminal spine, a biarticulated antenna that extends 
to chaetiger 1, and a pair of eyes. Only 4–8 branchial pairs are present, and on chaetiger 
3, distinctive broad triangular notopodial lobes with short distal protuberances.
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Abstract
A new genus and species of calanoid copepods belonging to the group of Bradfordian families, Pogonura 
rugosa gen. et sp. nov., is described from the deep-sea hyperbenthic layers off Nagannu Island, Okinawa 
Prefecture, southwestern Japan. Pogonura gen. nov. is similar to another Bradfordian genus Procenognatha 
in sharing the following characteristics: (1) segmentation of the antennule, fused segments II–IV, X–XI, 
XXVII–XXVIII in females and II–IV, X–XII, XXVII–XXVIII, right XXII–XXIII in males; (2) retained 
setae on the ancestral segments I–IV of the antennary exopod; (3) setules on the mandibular gnathobase; 
(4) 3 sclerotized setae on the maxillary endopod; (5) absence of sensory seta on the maxilliped; (6) large 
spinules on the posterior surface of the rami of legs 2 and 3; and (7) setation and segmentation of female leg 
5. Pogonura gen. nov. is distinctly distinguished from Procenognatha by the following features: (1) reduction 
of a seta on the ancestral segment IX of the antennary exopod, (2) 8 setae (7 in Procenognatha) on the maxil-
lular exopod, (3) 5 brush-like setae (6 in Procenognatha) on the maxillary endopod, and (4) reduction of 
right endopod of male leg 5. The systematic position of Pogonura gen. nov. in the Bradfordian families is also 
discussed. Although this new genus shares synapomorphies with some diaixid genera, an assignment of this 
genus to any Bradfordian family should be pending until the taxonomy of this family group is clearly settled.
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introduction

Some clausocalanoidean families of calanoid copepods are characterized by the pres-
ence of chemosensory setae on the maxillary endopods, and in some taxa, on the maxil-
lules and maxillipeds (Bradford 1973; Nishida and Ohtsuka 1997) and are called the 
Bradfordian families (Ferrari and Steinberg 1993). These groups are distributed in vari-
ous marine habitats including both the pelagic realm and the hyperbenthic layers of the 
oceans (Bradford-Grieve 2004). Recently, many new families and genera collected from 
deep-sea hyperbenthic layers were established in the Bradfordian group (Ferrari and 
Markhaseva 1996; Ohtsuka et al. 2002, 2003; Markhaseva et al. 2008; Markhaseva and 
Schulz 2009). So far, seven families of the Bradfordian group have been recognized: 
Diaixidae Sars, 1902; Kyphocalanidae Markhaseva & Schulz, 2009, Parkiidae Ferrari 
& Markhaseva, 1996; Phaennidae Sars, 1902; Rostrocalanidae Markhaseva, Schulz & 
Martinez Arbizu, 2008; Scolecitrichidae Giesbrecht, 1892; and Tharybidae Sars, 1902.

According to Bradford (1973), the Scolecitrichidae and Phaennidae are families 
that are well defined by the armature of sensory elements on the maxillae, whereas the 
Diaixidae and Tharybidae are not as clearly diagnosed. Markhaseva et al. (2014) con-
sidered only Tharybis as a member of Tharybidae based on an autapomorphic charac-
ter, an enlarged and vaulted arthrite of the maxillulary praecoxa which can differentiate 
between Tharybidae and Diaixidae. Undinella and Brodskius were conventionally in-
cluded in Tharybidae (e.g., Markhaseva et al. 2014). Recently, analyses of relationships 
among the Bradfordian genera were performed by Markhaseva and Ferrari (2005) and 
Laakmann et al. (2019). Laakmann et al. (2019) also conducted a molecular-based 
phylogenetic analysis of these families but concluded that relationships between these 
seven families or 15 genera were not supported, except for the closeness between Proce-
nognatha (conventionally assigned to Diaixidae) and Tharybis (Tharybidae).

The present paper deals with a description of a new genus and species of calanoid 
copepods belonging to the Bradfordian family collected from the deep-sea hyperben-
thic layers off Nagannu Island, Okinawa Prefecture, southwestern Japan. The system-
atic position of this new genus is also discussed.

Materials and methods

Copepods were collected from the deep-sea hyperbenthic layer off Nagannu Island, 
west of Okinawa Prefecture, southwestern Japan (26°19.23'N, 127°26.35'E, depths 
of 595–627 m) on May 21, 2011, using a sledge net (mouth area of 1450 × 326 
mm, mesh size of 0.33 mm; see Ohtsuka et al.1992) towed along the sea bottom for 
30 minutes at 2 knots. Samples were fixed with 10% neutralized formalin seawater 
immediately after capture. Type specimens are deposited at the National Museum of 
Nature and Science, Tsukuba, Japan (NMST-Cr 27413–27415). The morphological 
terminology follows Huys and Boxshall (1991).



New genus and species of the Bradfordian families 23

Taxonomy

Order Calanoida Sars, 1901
Superfamily Clausocalanoidea Giesbrecht, 1893

Genus Pogonura gen. nov.
http://zoobank.org/FC4F858B-9AC7-4D82-B5A7-FD861A8DF4A1

Diagnosis. Female. Body compact. Cephalosome incompletely fused to first pediger 
with suture line dorsally and laterally visible. Fourth and fifth pedigers completely 
fused, weakly produced posteriorly into round lobes. Rostrum produced ventrally, 
with pair of filaments. Genital double-somite symmetrical, with pair of seminal copu-
latory pores and seminal receptacles; seminal copulatory pores ovaliform; genital oper-
culum ventrally located midway; two spiniform setae located ventrolaterally, as long as 
genital double-somite. Antennule 24-segmented, with ancestral segments II–IV, X–XI, 
and XXVII–XXVIII fused; II–IV, VII, X–XI, XIV, XVI, XXI and XXVII–XXVIII with 
aesthetasc. Setal formula of antennary exopod as follows: 1, 1-1-1, 1, 1-1, 1, 0, 3. Man-
dible with gnathobase having 1 triangular ventral tooth, 5 chitinized teeth, 16 long 
setules, and 1 dorsal seta. Maxillulary exopod with 8 setae. Maxillary endopod with 5 
brush-like setae and 3 sclerotized setae. Maxilliped with syncoxa having 1, 2, 3, 3 scle-
rotized setae. Legs 1–4 of typical clausocalanoidean segmentation and setation. Poste-
rior surface of legs 2 and 3 with an exopodal spinule and 3 endopodal spinules. Leg 5 
uniramous, 2-segmented, distal segment with 3 lateral process and 1 articulated spine.

Male. Body similar to that of female. Fusion between cephalosome and first pedi-
ger and between fourth and fifth pedigers resembling those of female. Genital somite 
with gonopore on left side. Rostrum as in female. Right antennule 22-segmented, 
with ancestral segments II–IV, X–XII, XXII–XXIII, and XXVII–XXVIII fused. Left 
antennule 23-segmented, with ancestral segments II–IV, X–XII, and XXVII–XXVIII 
fused. Antenna, mandible, maxillule, maxilla, maxilliped and legs 1–4 similar to those 
of female. Leg 5 complex in structure. Right leg uniramous, endopod absent; expod 
2-segmented. Left leg biramous with 1-segmented endopod; exopods 2-segmented, 
decorated by various armatures; distal part of exopod with rugose plate.

Remarks. Because Pogonura gen. nov. has brush-like sensory setae on the maxillary 
endopod, it can be assigned to one of the Bradfordian families. The new genus can be ten-
tatively included in Diaixidae because it fits the familial diagnosis proposed by Markha-
seva et al. (2014), except for the proximal basal endite of the maxillule with 3 setae (vs. 
4 setae typical for the Diaixidae) and 2-segmented exopods of both legs 5 of the male.

The present new genus also shares the following characteristics with the diaixid 
genus Procenognatha (Markhaseva and Schulz 2010): the maxilliped carries no special-
ized sensory setae; legs 2 and 3 carry 3 large spinules on the posterior surface; and leg 
5 of the female is uniramous, 2-segmented, with the distal segment having 3 processes 
and 1 articulated spine.
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The male of the present new species has complex structures on leg 5, which can 
be seen in other diaixid genera such as Anawekia and Diaixis. These three genera have 
rows of setules and/or spinules on the left exopod of leg 5 [cf. figs 7 and 9 in Othman 
and Greenwood (1994); figs 11 and 12 in Andronov (1979)], and these setulae and/
or spinules seem to be homologues in position and shape. However, Anawekia and Di-
aixis have some derivative characteristics: (1) the posterior corner of the prosome, leg 
4, and the urosome of both sexes are asymmetrical; (2) female leg 5 is totally reduced; 
and (3) the left endopod of male leg 5 is reduced.

According to Markhaseva et al. (2014), the family Diaixidae has hitherto accom-
modated 15 genera. Pogonura gen. nov. is differentiated from these diaixid genera by 
the following features (morphological data from Markhaseva et al. 2014): (1) the geni-
tal double-somite of the female has a symmetrical pair of long spiniform setae (only Po-
gonura gen. nov.), (2) the distal part of the left exopod on male leg 5 has a rugose plate 
(only Pogonura gen. nov.), (3) the ancestral segments XI–XII of the male antennule are 
fused (shared by Pogonura gen. nov., Byrathis, Diaixis, Paraxantharus, Procenognatha 
and Xantharus), (4) the setal formula of the antennary exopod is 1, 1-1-1, 1, 1-1, 1, 0, 
3 (only Pogonura gen. nov.), (5) the mandibular gnathobase has long setules (Pogonura 
gen. nov., Cenognatha, Neoscolecithrix, Paraxantharus and Procenognatha), and (6) the 
maxillary endopod has 3 sclerotized setae (Pogonura gen. nov. and Procenognatha).

Etymology. The new generic name is derived from two Greek words pogon, mean-
ing “beard”, and oura, meaning “tail”, to denote the paired setae like moustache on the 
genital double-somite of the female. Gender feminine.

Type species. Pogonura rugosa sp. nov. (original designation).

Pogonura rugosa gen. et sp. nov.
http://zoobank.org/6C0D4F63-BDD0-41A7-88D3-8D7D2EC9BB3C
Figs 1–8

Material examined. Holotype. One ♀; whole body in vial (NSMT-Cr 27413). Allo-
type. One ♂, dissected and appendages mounted on glass slide, body in vial (NSMT-
Cr 27414). Paratype. One ♀, dissected and appendages mounted on glass slide, body 
in vial (NSMT-Cr 27415). Body length. Adult female: 1.69 mm (holotype), 1.73 mm 
(paratype). Adult male: 1.71 mm (allotype).

Description of adult female. Body (Fig. 1A, B) weakly sclerotized; cephalosome 
incompletely fused to first pediger with future line dorsally and laterally visible; fourth 
and fifth pedigers completely fused; posterolateral corners of prosome extending pos-
teriorly, rounded and covering one-third of genital double-somite. Rostrum (Fig. 1C) 
produced ventrally, with pair of frontal filaments distally. Urosome (Fig. 1D, E) 4-seg-
mented; genital double-somite symmetrical with pair of seminal copulatory pores and 
seminal receptacles (Figs 1D, E, 8); seminal copulatory pores ovaliform; seminal re-
ceptacles narrow near the seminal copulatory pores and becoming semicircular in the 
inner part; genital operculum semicircular, ventrally located midway; two spiniform 
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setae located ventrolaterally, as long as genital double-somite (Figs 1D, E, 8, indicated 
by arrows). Caudal rami (Fig. 1D–F) symmetrical, about 1.2 times as long as wide; seta 
I reduced, short seta II dorsally, seta III–VI long, short seta VII ventrally.

Antennule (Fig. 1F) 24-segmented, exceeding posterior border of third pediger; 
ancestral segments II–IV, X–XI and XXVII–XXVIII fused; armature as follows: I–2, 
II–3 (2+1ae?), III–2+1ae, IV–2, V–2, VI–2, VII–2+1ae, VIII–2, IX–2, X–2, XI–
2+1ae, XII–1, XIII–1, XIV–2+1ae, XV–2, XVI–2+1ae, XVII–1, XVIII–2, XIX–1, 
XX–2, XXI–1+1ae, XXII–1, XXIII–1, XXIV–1+1, XXV–1+1, XXVI–1+1, XXVII–2, 
and XXVIII–2+1ae.

Antenna (Fig. 2A, B) with 1 seta and row of long setules on coxa; basis with 2 
setae at inner distal corner; exopod 7-segmented; ancestral segments II–IV fused and 
VI–VII incompletely fused without suture line, setal formula of 1, 1-1-1, 1, 1-1, 1, 0, 
3; fused segments II–IV having row of fine setules along outer distal margin; endopod 
2-segmented, proximal segment with 2 setae, distal segment bilobed, bearing 8 setae 
on inner lobe and 6 setae and short setules on outer lobe.

Figure 1. Pogonura rugosa gen. et sp. nov., adult female, paratype A lateral habitus B dorsal habitus 
C rostrum D urosome, lateral view e urosome, ventral view F caudal rami, dorsal view G right anten-
nule; ae, aesthetascs. Arrows on D and e indicate twin spiniform setae on genital double-somite. Scale 
bars: 0.1 mm.
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Figure 2. Pogonura rugosa gen. et sp. nov., adult female, paratype A right antenna B exopod of right 
antenna, other side C gnathobase on right mandible D, e right mandible F, G praecoxa and coxa of left 
maxillule h basis, endopod, and exopod of left maxillule. Scale bars: 0.1 mm.

Mandible (Fig. 2C–E) having gnathobase with triangular ventralmost tooth, 5 
chitinized teeth, 16 long setules and dorsal seta; palp with basis having 3 inner setae; 
endopod 2-segmented; proximal endopodal segment bearing 1 seta, distal segment 
with 9 setae; exopod 5-segmented, with setal formula of 1, 1, 1, 1, 2.

Maxillule (Fig. 2F–H) with 9 terminal and 4 posterior setae on praecoxal arthrite; 
coxal endite with 3 setae; coxal epipodite with 9 setae; proximal and distal basal endites 
having 3 and 5 setae, respectively; proximal and distal segments of endopod with 3 and 
8 setae, respectively; exopod with 8 setae; rows of setules on arthrite, basis and exopod.
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Figure 3. Pogonura rugosa gen. et sp. nov., adult female, paratype A right maxilla B right maxilla, other 
side C right maxilliped D rows of setulae on right maxilliped. Scale bars: 0.1 mm.

Maxilla (Fig. 3A, B) with 2 praecoxal and 2 coxal endites having 5, 3, 3, and 3 se-
tae, respectively; basis with 1 well-chitinized and 3 slender setae; endopod 3-segment-
ed, with 3 sclerotized and 5 brush-like setae of various length, proximal segment with 
3 brush-like setae (1 slender, 1 short and stout, 1 moderate), middle segment with 2 
brush-like setae (1 short and stout, 1 moderate), distal segment with 3 sclerotized setae.
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Maxilliped (Fig. 3C, D) with syncoxal endites having 1, 2, 3 and 3 setae; row of 
fine setules at syncoxal distal corner and along basal inner margin; basis with 3 setae 
midway; first endopodal segment almost incorporated into basis; first to sixth endopo-
dal segments with 2, 4, 4, 3, 3+1, and 4 setae, respectively.

Seta and spine formulae of legs 1–4 are shown in Table 1. Leg 1 (Fig. 4A) with 
medial long setules on coxa and basis; von Vaupel Klein organ (Vaupel Klein 1972) 
distinct on anterior surface of endopod; distal seta of basis twice as long as endopod; 

Table 1. Setal formula of legs 1–4 of Pogonura rugosa gen. et sp. nov. Roman numeral: spine, Arabic 
numeral: seta.

Coxa Basis Exopod Endopod
1 2 3 1 2 3

Leg 1 0-0 0-1 I-0; I-1; I, 1 ,3 0, 2, 3
Leg 2 0-1 0-0 I-1; I-1; III, I ,4 0-1; 1, 2, 2
Leg 3 0-1 0-0 I-1; I-1; III, I, 4 0-1; 0-1; 1, 2, 2
Leg 4 0-1 0-0 I-1; I-1; III, I, 4 0-1; 0-1; 1, 2, 2

Figure 4. Pogonura rugosa gen. et sp. nov., adult female, paratype A leg 1, anterior side B leg 2, posterior 
side C leg 3, posterior side D leg 4, posterior side e leg 5. Scale bar: 0.1 mm.
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distal segment of exopod with outer row of setules. Leg 2 (Fig. 4B) with coxa having 
row of fine setules midway and row of fine spinules at distal outer corner; first exopodal 
segment with 1 large and 1 minute prominence on posterior surface; distal endopodal 
segment having 3 large prominences on posterior surface. Leg 3 (Fig. 4C) with basis 
having row of minute setules at base of endopod on posterior surface; second endopo-
dal segment having 3 large prominences on posterior surface. Leg 4 (Fig. 4D) with 
first and second segments of both rami having small prominences on posterior surface.

Leg 5 (Fig. 4E) uniramous; coxae and intercoxal sclerite fused to form common 
base; basis broad, about 1.3 times as long as wide; exopod 1-segmented, ca. 4.4 times 
as long as wide, with 3 lateral processes and 1 terminal bipinnate spine.

Description of adult male. Body (Fig. 5A, B) weakly sclerotized like the female; 
fusion between cephalosome and first pediger and between fourth and fifth pedigers 

Figure 5. Pogonura rugosa gen. et sp. nov., adult male, allotype A lateral habitus B dorsal habitus C urosome, 
lateral view, left side D urosome, ventral view e right antennule F left antennule; ae, aesthetascs. Scale bars: 
0.1 mm.
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Figure 6. Pogonura rugosa gen. et sp. nov., leg 5 of adult male, allotype A anterior side B posterior side 
C left endopod, anterior side D left endopod, posterior side e proximal segment of left exopod, posterior 
side F distal segment of left exopod, anterior side G distal segment of left exopod, posterior side. Bs: basis, 
En: endopod, Ex1: proximal segment of exopod, Ex2: distal segment of exopod, pp1: proximal posterior 
plate, pp2: distal posterior plate, lp: lateral plate, ls1: proximal lateral spinule, ls2: distal lateral spinule, ap1: 
proximal anterior plate, ap2: distal anterior plate, ms: medial spinules, tp: terminal plate. Scale bars: 0.1 mm.

similar to those of female; posterolateral corners of prosome rounded, not extending 
posteriorly. Rostrum similar to that of female. Urosome (Fig. 5C, D) 5-segmented; 
gonopore located on the left side; small plate covering around gonopore; caudal rami 
similar to those of female.

Antennule asymmetrical in fusion patterns. Right antennule (Fig. 5E) 22-segment-
ed; ancestral segments II–IV, X–XII, XXII–XXIII and XXVII–XXVIII fused; armature 
elements as follows: I–1, II–3 (2+1ae?), III–1+1ae, IV–2+1ae,V–2+2ae, VI–1+ae, VII–
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Figure 7. Schematic diagram of armatures on left leg 5 of male Pogonura rugosa gen. et sp. nov. Cx: coxa 
(with dots), Bs: basis (dark gray), En: endopod (black), Ex1: proximal segment of exopod (light gray), 
Ex2: distal segment of exopod (white), pp1: proximal posterior plate, pp2: distal posterior plate, lp: lateral 
plate, ls1: proximal lateral spinule, ls2: distal lateral spinule, ap1: proximal anterior plate, ap2: distal ante-
rior plate, ms: medial spinules, tp: terminal plate.

2+1ae, VIII–2, IX–1+1ae, X–1, XI–2+1ae, XII–2, XIII–1, XIV–2, XV–1, XVI–2+1ae, 
XVII–1, XVIII–3, XIX–2, XX–2, XXI–2, XXII–1, XXIII–1, XXIV–1+1, XXV–1+1, 
XXVI–1+1, and XXVII–1, and XXVIII–2+1ae. Left antennule (Fig. 5F): 23-segmented; 
ancestral segments II-IV, X-XII and XXVII-XXVIII fused; armature elements as follows: 
I–1+1ae, II–2+1ae, III–2+ae, IV–2+1ae, V–3, VI–3, VII–2+1ae, VIII–2, IX–2, X–2, 
XI–2+1ae, XII–1, XIII–1, XIV–2, XV–1, XVI–1, XVII–1, XVIII–1, XIX–1, XX–1, 
XXI–1, XXII–1, XXIII–1, XXIV–1, XXV–1+1, XXVI–1+1, XXVII–2, and XXVIII–2.

Other appendages similar to those of the female, except leg 5.
Right leg 5 (Fig. 6A, B) uniramous; endopod absent; coxa small; basis robust, 2.2 

times as long as wide; exopod 2-segmented, proximal segment plate-like, distal seg-
ment spiniform. Left leg 5 (Figs 6A–G, 7) biramous; coxa small; basis smaller than 
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Figure 8. Ventral views of genital double-somite of female Pogonura rugosa gen. et sp. nov., paratype. 
Arrows indicate twin spiniform setae. Scale bar: 50 µm.

right basis and slender, 2.5 times as long as wide; endopod 1-segmented, plate-like, 
and having baculiform plate and semicircular plate; exopod 2-segmented and highly 
complex in structure; proximal segment of exopod having proximal plate without ar-
mament (“pp1” in Figs 6, 7) and distal plate, larger, semicircular plate with 4 setules 
(“pp2” in Figs 6, 7); distal segment of exopod elongate, 9.0 times as long as proximal 
segment; proximal part of distal segment having 6 medial spinules (“ms” in Figs 6, 7), 
lateral spinule (“ls1” in Figs 6, 7) and anterior plate with 9 spinules (“ap1” in Figs 6, 
7), midpoint of segment having thin, curved plate (“ap2” in Figs 6, 7) anteriorly, and 
distal part having spinule (“ls2” in Figs 6, 7) and thin plate with crest (“tp” in Figs 6, 7).

Remarks. Pogonura rugosa gen. et sp. nov. has a symmetrical pair of spiniform 
setae on the genital double-somite of the female (Figs 1E, 8). Diaixis centrura Con-
nell, 1981, D. gambiensis Andronov, 1979, and D. trunovi Andronov, 1979 also have 
armatures on the counterparts [figs 39 and 94 in Andronov (1979); fig. 4 in Connell 
(1981)]; however, those of Diaixis are asymmetrical and consist of fine spinules.

Etymology. The specific name of the new species is derived from a Latin word rugo-
sa, meaning “rugose”, to denote leg 5 of the adult male with many foliaceous armatures.

Discussion

The females of Pogonura rugosa gen. et sp. nov. have a ventrolateral pair of spiniform 
setae on their genital double-somite (Figs 1, 8). These armatures are similar to leg 6 
possessed by females of podoplean copepods in the position (symmetrical armatures 
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on the ventrolateral of the genital double-somite) (cf. Huys and Boxshall 1991). How-
ever, these spiniform setae do not seem to be a homologue of leg 6. Generally, leg 6 
comprises a symmetrical pair of basal processes with a few elements at the tip (at most 
3 setae or spines on each process) and is connected to the inner muscles at the base 
(Boxshall 1982; Huys and Boxshall 1991). However, the spiniform setae of P. rugosa 
gen. et sp. nov. lack basal processes and are not connected with inner muscles like the 
podoplean’s leg 6. Some groups of calanoids generally have the genital operculum on 
their genital double-somite of adult females, which is considered a homologue of leg 6 
(Bradford-Grieve et al. 2010).

Pogonura gen. nov. has 3 setae on the terminal exopodal segment of the maxilla, al-
though almost all copepods have at most 2 setae on this segment (Ferrari and Ivanenko 
2008). In the Clausocalanoidea, however, some genera of the family Aetideidae have 3 
setae on their counterparts (cf. Pseudeuchaeta vulgaris Markhaseva, Mohrbeck & Renz, 
2017; Paracomantenna profunda Markhaseva & Renz, 2019). This retention in setae 
can be considered as an ancestral state in the clausocalanoideans.

Markhaseva and Ferrari (2005) and Laakmann et al. (2019) attempted to mor-
phologically classify the Bradfordian genera into three main groups by considering 
the setations of the maxillary endopods, the antennary exopods and the maxillipedal 
praecoxal endites [=syncoxal endites sensu Huys and Boxshall (1991)], viz., Group 
A (Diaixidae and Tharybidae), Group B (Phaennidae and Parkiidae), and Group C 
(Scolecitrichidae). Laakmann et al. (2019) simultaneously conducted a molecular 
phylogenetic analysis of the Bradfordian genera but failed to assign different families 
or genera into any robust group except for Procenognatha and Tharybis. Pogonura 
gen. nov. shares some plesiomorphies with Group A sensu Markhaseva and Ferrari 
(2005) in the setation of the maxillipedal syncoxa. In addition, members of Group 
A have the following other plesiomorphies: all setae on the ancestral segments I–IV 
of the antennary exopod are retained and no specialized chemosensory seta is ob-
served on the maxillipedal syncoxa. As mentioned in Remarks, Pogonura gen. nov. 
shares the following synapomorphies with some diaxid genera: with Procenognatha, 
posterior spinules are present on legs 2 and 3 (Markhaseva and Schulz 2010) and 
with Anawekia and Diaixis, a row of spinules is found on the left exopod of male leg 
5 (Andronov 1979; Connell 1981; Othman and Greenwood 1994). These synapo-
morphies of Pogonura gen. nov. imply their close relationships with these diaixids. 
According to Laakmann et al.’s (2019) molecular analysis, Procenognatha comprises 
a robust clade with Tharybis (Tharybidae). In the present study, an assignment of 
Pogonura gen. nov. to any Bradfordian family should be pending until the taxonomy 
of this family group is clearly settled.
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Abstract
Ash-free dry mass (AFDM) values are presented for the adult stage of 63 caddisfly species common-
ly found throughout the northcentral US. Weights ranged from 0.01 mg for the smallest species to 
7.22 mg for the largest. These values represent the first published data on the AFDM of the adult stage of 
Trichoptera, and can be used in other studies for more precise assessments of stream conditions without 
destruction of specimens. This increased precision is demonstrated herein by re-analyzing a previously 
published data set.
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introduction

The organic biomass of organisms is one of the most important quantifiable variables 
in ecological studies. Measurements of biomass are informative about ecosystem pro-
duction, metabolism, food web ecology, and the overall health and biotic integrity 
of the community (Enquist and Niklas 2001; Gruner et al. 2008; Eklöf et al. 2017). 
For aquatic ecosystems, biomass measurements are also indicative of the relative con-
tribution of different functional feeding groups (FFGs), which can be used to assess 
ecosystem continuity, types and availability of organic carbon, and anthropogenic dis-
turbance (Vannote et al. 1980; Barbour et al. 1999).
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There are several measurements used to express the biomass of organisms, including 
wet mass, dry mass, and ash-free dry mass (AFDM). To determine AFDM, specimens 
are incinerated at temperatures high enough to volatilize organic tissue but not inorganic 
tissue. The difference between pre-incineration and post-incineration weights reflects 
the mass of the organic tissue volatized. AFDM is considered the most accurate measure-
ment of biomass since it encompasses the biologically active tissue (Eklöf et al. 2017).

Various parameters of immature aquatic insect assemblages, including their 
AFDM, have been used for many years to assess the functioning and biotic integrity 
of aquatic ecosystems. Some challenges to using the immature stage, such as the dif-
ficulty of sampling all aquatic microhabitats representatively and identifying specimens 
to the species level, can be alleviated by using the winged adult stage, particularly that 
of taxonomically and ecologically diverse groups such as the caddisflies (Trichoptera) 
(Gerth and Herily 2006; Chessman et al. 2007; Cao and Hawkins 2011; Houghton 
et al. 2011). Assemblages of caddisfly adults, particularly the relative abundance of 
specimens within different FFGs, have been shown in several studies to be indicative of 
stream conditions (Dohet 2002; Houghton 2007; Blinn and Ruiter 2013; Houghton 
et al. 2018). Such studies, however, treated all specimens equally and did not reflect the 
differences in biomass between different species. Since the largest caddisfly species are 
>100× heavier than the smallest species, not accounting for this difference results in a 
loss of precision. Because measurements of FFG biomass directly relate to the biomass 
of available carbon sources and, thus, habitat differences, increasing precision in these 
FFG biomass measurements is of substantial importance.

Due to the necessity of maintaining museum collections of the taxonomically im-
portant caddisfly adults, most researchers are understandably reluctant to destroy them 
in order to obtain AFDM values. Indeed, while many studies have published data on 
caddisfly larvae (Johnston and Cunjak 1999), we have been unable to find a single 
one measuring the AFDM of the adult stage, although several have reported dry mass 
(Svensson 1975; Peterson 1989; Wagner 2002; Wagner 2005; Jannot et al. 2007) or 
wet mass (Wallace and Howard 1992). The purpose of this study, therefore, was to 
determine and publish AFDM values of common and abundant caddisfly species in 
our collection for future ecological studies using adult caddisflies.

Materials and methods

We have been collecting caddisfly adults in the northcentral US since 2000, mostly uti-
lizing an 8-watt ultraviolet light placed over a white pan filled with 80% EtOH. Such 
devices can capture 1000s of specimens during a single evening of heavy flight activity. 
Collected specimens are preserved in 80% EtOH for long-term storage, which limits 
decomposition and loss of organic biomass over time (Wetzel et al. 2005).

Species were chosen for biomass determination largely due to practical consid-
erations. The weight of single specimens of most species is lower than the detection 
limit of most standard balances. Thus, specimens needed to be weighed in groups of 
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5 to 500 depending on the size of the species. This limitation meant that we could 
only determine biomass for abundant species for which we had ample extra speci-
mens. Likewise, the specimen collecting localities that we chose were simply the ones 
with the most available specimens. Most of these specimens were from Michigan, with 
some from Indiana, Minnesota, and Wisconsin (Figure 1). Each determined species 
was from a single collection of a single locality. We generally determined only male 
specimens, except for some species (e.g., Psychomyia flavida Hagen) where females were 
highly abundant and males were rare. All females were carefully dissected before weigh-
ing to confirm they had already oviposited. In no case were both sexes weighed.

To determine organic biomass, specimens of each tested species were taken from 
their vials of EtOH and placed into pre-dried porcelain crucibles. Crucibles containing 
the specimens were dried at low heat over a hot plate for several h until all of the EtOH 
had evaporated and the specimens appeared completely dry. The crucibles and speci-
mens were then further dried for 2 h at 60 °C in a drying oven and then slowly cooled 
to room temperature before weighing. Crucibles and specimens were then transferred 
to a muffle furnace and incinerated at 500 °C for 3 h. After cooling to room tempera-
ture in the muffle furnace, the resulting material was transferred back to the drying 
oven, dried for 1 h at 60 °C, cooled to back room temperature, and weighed. AFDM 
was calculated as the final mass of material remaining after incineration subtracted 
from the mass of specimens before entering the muffle furnace. Total AFDM per sam-
ple divided by the number of specimens in that sample calculated the mean AFDM per 
specimen. This procedure was repeated 2–5× for each species, depending on how many 
specimens were available for incineration. Global mean AFDM ± SE for each species 
was then determined from these data.

results

Resultant AFDM values are in Table 1. We determined the organic biomass of 63 com-
mon caddisfly adults. This total represented 17% (63 of 366) of the known caddisfly 
species of Indiana, Michigan, Minnesota, and Wisconsin, 58% (47 of 81) of known 
genera, and all 20 known families. Determined species represented 78% (448589 of 
574928) of all caddisfly specimens from the four states in our collection. AFDM values 
ranged from 7.217 mg for Ptilostomis semifasciata (Say) (Phryganeidae) to 0.011 mg for 
Orthotrichia aegerfasciella (Chambers) (Hydroptilidae). Mean familial weight was high-
est in the Phryganeidae, followed by the Limnephilidae and the Rhyacophilidae. Glos-
sosomatidae, Psychomyiidae, and Hydroptilidae were the lightest families (Figure 2).

Discussion

The lack of previous research on the AFDM weights of adult caddisflies renders di-
rect comparisons to other results impossible. Even indirect comparisons are difficult. 
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Minnesota 
Wisconsin Michigan 

Indiana 

N 46° 

W 85° N 

Figure 1. The northcentral US, showing localities from where our AFDM-determined specimens 
were collected.

Of the caddisflies previously weighed via dry mass calculation, none are of the same 
species that we weighed. Four species: Agrypnia deflata (Milne) (Jannot et al. 2007), 
Apatania fimbriata (Pictet) (Wagner 2005), Mystacides azureus (L) (Peterson 1989), 
and Rhyacophila fasciata Hagen (Wagner 2005), are within a genus that includes a spe-
cies that we tested. The four species were 1.3–3.3× heavier than their congeners in our 
study. Some of that difference is attributable to the different method—dry mass will 
always be heavier than AFDM because it also includes inorganic matter. Some differ-
ence may be due to inherent size difference between congeneric species. Subtle differ-
ences in experimental procedure or storage medium may also have led to differences in 
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Figure 2. The Log10 high, low, and mean biomass values for each of the 20 different caddisfly families 
measured. Number of species measured within each family above each bar.

measured weight. Such differences have frequently been noted in studies of immature 
aquatic insects (Johnston and Cunjak 1999).

Some weight differences between our specimens and those of other studies may 
also be due to actual variation between specimens. Several studies have reported 
2–5× differences in dry mass between conspecific specimens in the same study due 
to differences in environmental conditions, larval food quality, or emergence tim-
ing (Svensson 1975; Wagner 2002; Wagner 2005). We did not address these top-
ics in our study, instead choosing our specimens based on practical considerations 
only. Further, our procedure included weighing only one sex per species, weighing 
specimens of a single collection for each species, and weighing specimens in groups 
and then calculating standard error based on global means of tested groups. All of 
these aspects intentionally homogenized biomass variability between specimens. Also, 
the age of our specimens ranged <1–19 years (Table 1), so some unknown level of 
decomposition and biomass loss could have taken place in some of the specimens. 
Thus, our AFDM values should still be considered fairly coarse. Even so, the >500× 
difference in biomass between the largest and smallest species measured emphasized 
the increased precision in utilizing AFDM values in ecological calculations instead of 
simple specimen counting.
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Table 1. The 63 species of caddisfly adults for which ash-free dry mass (AFDM) (± SE) was determined. 
Key: Year, year collected. #, number of specimens tested per incineration. N, the number of incinerations 
per species. M/F, whether male or female specimens were measured.

Taxon Site Year # N M/F AFDM (mg) ± SE
APATANIIDAE
Apatania zonella (Zetterstedt, 1840) MI: Lk. Superior, 46.9083, -87.9225 2019 50 3 M 0.628 0.149
BRACHYCENTRIDAE
Brachycentrus americanus (Banks, 1899) MI: Fairbanks Cr., 44.0481, -85.6586 2014 50 3 M 0.745 0.104
Micrasema wataga Ross, 1938 MN: Straight R., 46.8745, -95.0586 2000 300 3 F 0.094 0.026
DIPSEUDOPSIDAE
Phylocentropus placidus (Banks, 1905) MI: Nunn’s Cr., 46.0572, -84.5639 2010 35 3 M 0.418 0.064
GLOSSOSOMATIDAE
Glossosoma nigrior Banks, 1911 MI: Fairbanks Cr., 44.0481, -85.6586 2011 100 3 F 0.284 0.140
Protoptila maculata (Hagen, 1861) MI: Manistee R., 44.2836, -85.8614 2010 500 3 F 0.030 0.008
GOERIDAE
Goera stylata Ross, 1938 MI: Fairbanks Cr., 44.0481, -85.6586 2011 100 6 M 0.495 0.074
HELICOPSYCHIDAE
Helicopsyche borealis (Hagen, 1861) MI: Black R., 45.1664, -84.3264 2015 250 6 M 0.223 0.042
HYDROPSYCHIDAE
Cheumatopsyche campyla Ross, 1938 MI: Tittabawasee R., 43.4811, -84.0931 2011 150 6 M 0.346 0.062
C. speciosa (Banks, 1904) MN: Pine R., 46.5717, -94.0281 2000 150 3 F 0.245 0.054
Diplectrona modesta Banks, 1908 MI: Fairbanks Cr., 44.0481, -85.6586 2014 50 3 M 0.502 0.071
Hydropsyche betteni Ross, 1938 MI: Fairbanks Cr., 44.0481, -85.6586 2014 75 6 M 0.685 0.123
H. morosa (Hagen, 1861) MI: Au Sable R., 44.6599, -84.1292 2011 100 3 M 0.392 0.110
H. simulans Ross, 1938 MN: Chippewa R., 45.9408, -95.7383 2000 50 3 M 0.712 0.104
H. sparna Ross, 1938 MI: Mountain St., 46.8692, -87.8933 2019 100 3 M 0.452 0.099
Macrostemum zebratum (Hagen, 1861) WI: Peshtigo R., 45.2325, -88.0136 2015 50 3 M 0.884 0.159
Parapsyche apicalis (Banks, 1908) MI: Fairbanks Cr., 44.0481, -85.6586 2011 50 3 M 0.472 0.066
Potamyia flava (Hagen, 1861) IN: Ohio R., 37.7783, -87.9468 2018 200 6 M 0.399 0.072
HYDROPTILIDAE
Agraylea multipunctata Curtis, 1834 IN: Ohio R., 37.7783, -87.9468 2018 500 3 F 0.029 0.004
Hydroptila xera Ross, 1938 MI: Two-hearted R., 46.6419, -85.4792 2011 500 3 M 0.017 0.003
Orthotrichia aegerfasciella (Chambers, 1873) MI: Manistee R., 44.2836, -85.8614 2010 500 4 M 0.011 0.003
LEPIDOSTOMATIDAE
Lepidostoma bryanti (Banks, 1908) MI: Fairbanks Cr., 44.0481, -85.6586 2011 50 6 M 0.452 0.115
L. togatum (Hagen, 1861) MI: Black R., 45.1664, -84.3264 2015 50 6 M 0.469 0.108
LEPTOCERIDAE
Ceraclea arielles (Denning, 1942) MI: Pine R., 44.1339, -85.6956 2010 150 3 M 0.318 0.054
C. resurgens (Walker, 1852) MI: Mountain St., 46.8692, -87.8933 2019 75 3 M 0.712 0.459
C. tarsipunctata (Vorhies, 1909) MI: Manistee R., 44.2836, -85.8614 2010 100 6 M 0.681 0.409
C. transversa (Hagen, 1861) MN: North Brule R., 48.0076, -90.4169 2001 100 3 M 0.695 0.140
Leptocerus americanus (Banks, 1899) MI: Saint Joseph R., 41.8361, -84.4772 2015 100 6 M 0.235 0.035
Mystacides interjecta (Banks, 1914) MI: Benton Lk., 43.6718, -85.8916 2011 100 3 M 0.321 0.055
Nectopsyche candida (Hagen, 1861) MI: Manistee R., 44.2836, -85.8614 2010 100 3 M 0.594 0.107
N. pavida (Hagen, 1861) IN: Elkhart R., 41.5815, -85.8439 2018 100 3 F 0.254 0.116
Oecetis avara (Banks, 1895) MI: Sturgeon R., 46.5689, -88.6564 2011 100 6 M 0.418 0.135
O. inconspicua (Walker, 1852) MI: Bush Lk., 45.1919, -84.3177 2015 100 6 M 0.453 0.145
Setodes incertus (Walker, 1852) MI: Big Sable R., 44.1176, -86.2010 2014 150 3 M 0.192 0.035
Triaenodes tardus Milne, 1934 MN: Bush Lk., 45.1919, -84.3177 2015 50 3 M 0.595 0.166
LIMNEPHILIDAE
Anabolia bimaculata (Walker, 1852) MI: Silver Lk., 45.2042, -84.3117 2015 15 3 M 2.413 0.531
A. consocia (Walker, 1852) MI: Fairbanks Cr., 44.0481, -85.6586 2011 15 3 M 1.849 0.407
Hydatophylax argus (Harris, 1869) MI: Fairbanks Cr., 44.0481, -85.6586 2010 5 6 F 6.521 1.655
Limnephilus indivisus Walker, 1852 MI: Fairbanks Cr., 44.0481, -85.6586 2012 10 3 M 2.295 0.487
Nemotaulis hostilis (Hagen, 1873) MI: Fairbanks Cr., 44.0481, -85.6586 2012 7 3 F 5.515 0.827
Onocosmoecus unicolor (Banks, 1897) MI: Salmon Trout R., 46.8485, -87.7989 2019 25 3 M 2.357 0.604
Platycentropus radiatus (Say, 1824) MI: Fairbanks Cr., 44.0481, -85.6586 2013 8 3 M 3.973 0.596
Pycnopsyche antica (Walker, 1852) MI: Fairbanks Cr., 44.0481, -85.6586 2013 25 6 M 2.263 0.354
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Taxon Site Year # N M/F AFDM (mg) ± SE
P. guttifera (Walker, 1852) MI: Fairbanks Cr., 44.0481, -85.6586 2012 25 6 M 2.199 0.396
P. lepida (Hagen, 1861) MI: Mountain St., 46.8692, -87.8933 2019 25 3 M 2.095 0.342
MOLANNIDAE
Molanna blenda Sibley, 1926 MI: Fairbanks Cr., 44.0481, -85.6586 2011 50 3 M 0.686 0.099
M. uniophila Vorhies, 1909 MI: Howe Lk. 46.8932, -87.9436 2019 50 3 M 0.715 0.122
ODONTOCERIDAE
Psilotreta indecisa (Walker, 1852) MI: Mountain St., 46.8692, -87.8933 2019 50 3 M 0.702 0.179
PHILOPOTAMIDAE
Chimarra obscurra (Walker, 1852) MI: Livermore Cr., 42.4457, -84.0420 2009 200 6 M 0.354 0.026
C. socia (Hagen, 1861) MI: Sturgeon R., 46.5689, -88.6564 2011 200 6 M 0.402 0.082
Dolophilodes distinctus (Walker, 1852) MI: Fairbanks Cr., 44.0481, -85.6586 2013 100 3 M 0.394 0.067
PHRYGANEIDAE
Agrypnia improba (Hagen, 1873) MI: Goose Pond, 45.7434, -84.8975 2011 7 3 M 3.059 0.551
Banksiola crotchi Banks, 1844 MI: Fairbanks Cr., 44.0481, -85.6586 2013 25 6 M 1.371 0.412
Phryganea cinerea Walker, 1852 MI: Fairbanks Cr., 44.0481, -85.6586 2011 5 6 M 6.846 1.504
Ptilostomis ocellifera (Walker, 1852) MI: Fairbanks Cr., 44.0481, -85.6586 2011 5 6 M 7.169 1.367
P. semifasciata (Say, 1828) MI: Slapneck Cr., 46.3331, -86.9369 2011 5 6 M 7.217 2.073
POLYCENTROPODIDAE
Holocentropus interruptus Banks, 1914 MI: Rockwell Lk., 44.0445, -85.6476 2011 50 3 M 0.511 0.982
Nyctiophylax affinis (Banks, 1897) MI: Benton Lk., 43.6718, -85.8916 2011 200 3 M 0.105 0.018
Polycentropus pentus Ross, 1941 MI: Fairbanks Cr., 44.0481, -85.6586 2014 75 3 M 0.418 0.092
PSYCHOMYIIDAE
Psychomyia flavida Hagen, 1861 WI: Red R., 44.8022, -88.6711 2015 500 6 F 0.038 0.005
RHYACOPHILIDAE
Rhyacophila fuscula (Walker, 1852) MI: Miners R., 46.4747, -86.5314 2011 75 6 M 1.402 0.355
SERICOSTOMATIDAE
Agarodes distinctus (Ulmer, 1905) MI: Howe Lk. 46.8932, -87.9436 2019 25 6 M 0.795 0.127
THREMMATIDAE
Neophylax concinnus MacLachlan, 1871 MI: Miners R., 46.4747, -86.5314 2019 75 3 M 0.329 0.071

This increased precision of using AFDM instead of specimen counting in eco-
logical calculations can be observed when analyzing a previously published data set 
(Houghton and Wasson 2013). In this study, 13 sets of blacklight samples of adult 
caddisflies were collected from June to August 2012 at five sites along the continuum 
of a first order stream in Michigan (USA). The local habitat at the majority of these 
sites was dense forest, except for a single ~500m stretch of open meadow. The purpose 
of the study was to assess differences in FFG composition between the forest sites and 
the meadow site. Based on specimen counting, the authors observed shredders as the 
dominant FFG at the forested sites, filtering collectors as the dominant FFG at the 
meadow site, and no change in scrapers throughout the continuum (Figure 3). When 
substituting the AFDM values per specimen reported herein, biomass of shredders, 
scrapers, and filtering collectors were approximately equal at the meadow site. This 
difference is due to the larger body weight of shredders relative to the other FFGs, and 
the change in dominant scraper taxa along the continuum from the relatively small 
Glossosoma nigrior Banks to the larger Molanna blenda Sibley. While not a stark differ-
ence from the original conclusions of the study, utilizing AFDM values does allow for 
a more precise analysis of stream conditions.

These data allow, for the first time, the use of biomass data when assessing stream 
conditions using adult Trichoptera. Further research will be needed on intra- and in-
ter-population biomass variation within a region. Further, the weights of the fairly 
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Site 1 (Forest) Site 2 (Forest) Site 3 (Meadow) Site 4 (Forest) Site 5 (Forest) 

Mean relative  
abundance  
of specimens 

Mean relative  
abundance  
of AFDM biomass  

Shredders Scrapers Filtering collectors 

Direction of stream flow 

Figure 3. Comparison of mean specimen abundance (% of total specimens) and AFDM biomass (% of 
total biomass) for the caddisfly FFGs of a Michigan first order stream, based on 13 blacklight samples 
from each of 5 sites collected weekly from June to August 2012 (Houghton and Wasson 2013). AFDM 
biomass determined by multiplying determined AFDM values reported herein for each species by the 
number of specimens of that species in each sample.

high-latitude populations measured in our region may be different than lower latitude 
populations of the same species. It is our hope that similar studies are conducted in 
other areas of the US and elsewhere to further increase the value of the adult caddisflies 
as a biological monitoring taxon.
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Abstract
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introduction

The genus Leiodontocercus was described by Chopard (1954) together with its type-
species L. angustipennis from Mt. Nimba (Guinea, tropical Africa). Ragge (1962), sub-
sequently revised the genera of the tribe Phlaurocentrini Karsch, 1889, describing two 
new species within this genus, L. condylus from the Democratic Republic of Congo 
and L. malleus from Ghana; Ragge’s new descriptions were based on the shape of the 
male cerci. Since these initial works, very few specimens were studied: Chopard (1954) 
examined only one specimen, Ragge (1962) studied a further 12 specimens, while 
Massa (2013) examined another seven specimens, recorded from the Central African 
Republic; finally, Massa et al. (2020) listed 21 specimens. The present author studied 
a total of 30 specimens for this revision, most of which were collected during different 
entomological expeditions to the Côte d’Ivoire, Central African Republic, Cameroon 
and Gabon, respectively.

Material and methods

The species currently grouped in Leiodontocercus were, until recently, recognized only 
by the shape of the male cerci; no other characters have hitherto been known or pro-
posed to separate the species. In this paper, the stridulatory file under the male’s left 
forewing and the associated number and arrangement of teeth have been used as di-
agnostic characters. They are useful characters that determine whether species are bio-
acoustically separated from another one (Ragge 1980, Heller 2006).

Specimens studied for this contribution were collected at night time, attracted 
to a light trap (UV) that was set up both on the ground and in the canopy (35 
to 55 meters high) in central-western countries of tropical Africa (Côte d’Ivoire, 
Gabon, Cameroon and the Central African Republic). Before mounting the speci-
mens, the left wing of every male characterized by different cerci was spread in 
a manner that allowed a clear examination of the stridulatory file under the fore 
wing. Some specimens were dissected to inspect organs as well as to extract eggs 
from female specimens. Characters of specimens, stridulatory area, stridulatory 
file, cerci in frontal and lateral views were photographed with a Nikon Coolpix 
4500 digital camera, mounted on a Wild M3 Stereomicroscope. Photographs were 
integrated using the freeware CombineZP (Hadley 2008). Mounted specimens 
were measured with a digital caliper (precision 0.01 mm); the following measure-
ments were taken (in mm): body length: dorsal length from the head to the apex of 
the abdomen; pronotum length and height; tegmina: length and maximum width; 
hind femora length.

In view of the difficulty to distinguish between females of different species, in the 
present paper they are listed together with male specimens that were collected in the 
same locality and on the same date. For the same reason, no females are listed within 
the paratypes of new species, but merely as material examined. Thus, the description of 
female characters is reported within that of the genus.
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results

Characters of Leiodontocercus Chopard, 1954 (species-type: L. angustipennis 
Chopard, 1954)

The word Leiodontocercus derives from the Greek and means “cercus with a smooth tooth” 
(λέιος = smooth, ὀδόντος genitive of ὀδούς = tooth). Leiodontocercus is characterized by a 
strongly compressed fastigium of vertex which slopes to the frons and is sulcate above; teg-
mina are very narrow, obliquely truncate apically; male last sternite without styli, and cerci 
stout and enlarged apically. Like in the other Phlaurocentrini, the 10th abdominal tergite 
of the female is hood-like and conceals the supra-anal plate; the ovipositor is very similar 
to that of Buettneria Karsch, 1889, it is much reduced and with smooth and short valves. 
Ventral valves are short, upward and apically pointed, dorsal valves longer than ventral ones, 
straight like two short fingers; the subgenital plate of the female lacks diagnostic characters, 
in all specimens examined it is triangular with a central fine keel (Figs 1–3). Thus, like in the 
other genera of the tribe Phlaurocentrini the valves of the ovipositor are not flattened later-
ally. This indicates that the eggs are not inserted between the layers of the leaf epidermis, as 
in most Phaneropterinae, but possibly they are laid between cracks of tree bark. The eggs of 
Leiodontocercus species are not flat, like most species of Phaneropterinae, but nearly round 
and thick, similarly to species of Phlaurocentrum Karsch, 1889. Very likely this shape con-
veys a high resistance to desiccation (very thick chorionic layers that reduce the rate of water 
loss). The number of eggs found within the female oviduct was low (between 10 and 15).

Annotated list of species

Leiodontocercus angustipennis Chopard, 1954
Figs 14, 16, 16a

Leiodontocercus angustipennis Chopard 1954. Mem. Inst. franc. Afr. Noire 40(2): 84; 
type locality: Mt. Nimba, Guinea (MNHN).

Material examined. Guinea, Mt. Nimba (♂ holotypus) (MNHN)
Distribution. After the description by Chopard (1954), Ragge (1962) recorded 

another specimen from Sierra Leone. Massa (2013) recorded L. angustipennis also from 
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the Central African Republic, but later Massa et al. (2020) stated that the specimens 
were erroneously identified and actually they belong to L. condylus; in addition, they 
wrote that other specimens belong to another two undescribed species, described below.

Leiodontocercus philipporum sp. nov.
http://zoobank.org/18E7A412-0C64-44B7-808C-C250EA4479BF
Figs 1, 7, 12, 19, 20

Material examined. Côte d’Ivoire, Lamto Nature Scientific Reserve, Bandama River, 
4.IX.1982 (♂ holotypus) (BMPC); Côte d’Ivoire, Taï National Park, Research Station, 
22.III–4.IV.2017, P. Moretto & P. Annoyer (3♀) (BMPC).

Description. Male. General habitus and colour. Predominantly green-brown, 
two lateral black spots on fore margin of pronotum and corresponding hind margin 
of head, black stripe interrupted on the hind margin of pronotum, abdomen yellow, 
last abdominal tergite orange, antennal segments reddish, legs yellowish, hind tibiae 
yellowish with black rings. Head and antennae. Eyes oval-roundish, prominent, an-
tennae long and thin. Thorax. Anterior margin of pronotum slightly concave, poste-
rior margin straight. Lower margin of pronotal lobes rounded. Tegmina very narrow. 
Central part of the stridulatory file consists of ca 60 teeth (Fig. 7). The stridulatory 
area of the left tegmen wider than the rest of tegmen (Fig. 12). Right tegmen without 
mirror. Legs. Fore coxae armed. Tympana on fore tibiae open on outer, closed on in-
ner side. Fore femora with 8 inner ventral spines, fore tibiae with 4 inner and outer 
ventral spines. Mid femora armed with 7 outer ventral spines, mid tibiae dorsally 
with 2 inner spines, 7 spines on outer and inner ventral margins. Hind femora with 
8–9 outer and inner ventral spines, hind tibiae straight with many ventral spines. Two 
pairs of small spines on the outer and inner knees of hind femora. Abdomen. Cerci 
stout and hairy, in frontal view apically triangular with serrated margins; ventrally 
they have a long-tipped appendage (Figs 19, 20). Hind margin of the subgenital plate 
nearly straight, styli absent.

Measurements (mm). Body length: 19.4; length of pronotum: 3.0; depth of prono-
tum: 3.2; length of hind femora: 20.0; length of tegmina: 24.4; width of tegmina: 3.3.

Etymology. Leiodontocercus philipporum sp. nov. is named after Philippe Annoyer 
and Philippe Moretto, who organized a one-month entomological mission to Taï Na-
tional Park and Mt. Tonkoui of the Côte d’Ivoire, helping me in the night trapping 
and generously providing all Orthoptera collected there.

Leiodontocercus spinicercatus sp. nov.
http://zoobank.org/F34AB84D-BFF9-4505-8CCE-C35AAB07FCCE
Figs 2, 3, 5, 10, 23, 24

Material examined. Central African Republic, Dzanga-Sangha Special Reserve, Camp 
5, 15–16.II.2005, P. Annoyer (♂ holotypus); Dzanga-Sangha Special Reserve, Camp 5, 
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Figures 1–3. Female ovipositor of Leiodontocercus: 1 10th abdominal tergite concealing the supra-anal 
plate in the female of L. muticus sp. nov. from Gabon 2 ventral view of the ovipositor of L. spinicercatus 
sp. nov. from Central African Republic 3 lateral view of the ovipositor of L. spinicercatus sp. nov. from 
Central African Republic.
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7–8.II.2005 (light), P. Annoyer (1♀); Dzanga-Sangha Special Reserve, 15–16.X.2008 
(light), P. Annoyer (1♀) (BMPC).

Description. Male. General habitus and colour. Predominantly green-brown, 
two lateral black spots on fore margin of pronotum and corresponding hind margin 
of head, black stripe interrupted on the hind margin of pronotum, abdomen yellow, 
last abdominal tergite orange, antennal segments reddish, legs yellowish, hind tibiae 
yellowish with black rings. Head and antennae. Eyes oval-roundish, prominent, an-
tennae long and thin. Thorax. Anterior margin of pronotum slightly concave, poste-
rior margin straight. Lower margin of pronotal lobes rounded. Tegmina very narrow. 
Central part of the stridulatory file consists of ca 55 teeth (Fig. 5). The stridulatory 
area of the left tegmen wider than the rest of tegmen (Fig. 10). Right tegmen without 
mirror. Legs. Fore coxae armed. Tympana on fore tibiae open on outer, closed on in-
ner side. Fore femora with 7 inner ventral spines, fore tibiae with 4 inner and outer 
ventral spines. Mid femora armed with 9 outer ventral spines, mid tibiae dorsally with 
2 inner spines, 7 spines on outer and inner ventral margins. Hind femora with 8–9 
outer and inner ventral spines, hind tibiae straight with many ventral spines. 2 pairs of 
small spines on the outer and inner knees of hind femora. Abdomen. Cerci stout and 
apically incurved, with an apical ventral pointed tip (Figs 23, 24). Hind margin of the 
subgenital plate nearly straight, styli absent.

Measurements (mm). Body length: 14.2; length of pronotum: 2.9; depth of prono-
tum: 2.5; length of hind femora: 19.7; length of tegmina: 23.4; width of tegmina: 3.2.

Etymology. Leiodontocercus spinicercatus sp. nov. is named after the ventral spine 
on the male cerci.

Distribution. It is known from the Dzanga-Sangha Special Reserve (Central Af-
rican Republic).

Leiodontocercus vicii sp. nov.
http://zoobank.org/6F371136-432D-4F01-B6AD-4FDDC631CB2C
Figs 4, 9, 21, 22

Material examined. Central African Republic, Dzanga-Ndoki NP, Lake 1, 8–10.
II.2012, SANGHA2012 Team (♂ holotypus) (BMPC); Dzanga-Ndoki NP, Lake 1, 20–
23.II.2012 (hand catching and light), SANGHA2012 Team (1♂ paratypus) (BMPC).

Description. Male. General habitus and colour. Predominantly green-brown, 
two lateral black spots on anterior margin of pronotum and corresponding hind mar-
gin of head, black stripe interrupted on the posterior margin of pronotum, abdomen 
yellow, last abdominal tergite orange, antennal segments reddish, legs yellowish, hind 
tibiae yellowish with black rings. Head and antennae. Eyes oval-roundish, prominent, 
antennae long and thin. Thorax. Anterior margin of pronotum slightly concave, poste-
rior margin straight. Lower margin of pronotal lobes rounded. Tegmina very narrow. 
Central part of the stridulatory file consists of ca 50 teeth (Fig. 4). The stridulatory 
area of the left tegmen less protruding backwards than in the other species (Fig. 9). 
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Figures 4–8. Stridulatory file and detail of teeth in the following species of Leiodontocercus: 4 L. vicii 
sp. nov. 5 L. spinicercatus sp. nov. 6 L. condylus 7 L. philipporum sp. nov. 8 L. muticus sp. nov.

Right tegmen without mirror. Legs. Fore coxae armed. Tympana on fore tibiae open 
on outer, closed on inner side. Fore femora with 8 inner ventral spines, fore tibiae with 
4 inner and outer ventral spines. Mid femora armed with 7 outer ventral spines, mid 
tibiae dorsally with 2 inner spines, 7 spines on outer and inner ventral margins. Hind 
femora with 7–8 outer and inner ventral spines, hind tibiae straight with many ventral 
spines. 2 pairs of small spines on the outer and inner knees of hind femora. Abdomen. 
Cerci stout and apically swollen, with the apex down curved and its margins serrated 
(Figs 21, 22). Posterior margin of the subgenital plate nearly straight, styli absent.

Female. Unknown.
Measurements (mm). Body length: 13.5–15.5; length of pronotum: 3.1–3.2; 

depth of pronotum: 2.8–2.9; length of hind femora: 20.0–20.1; length of tegmina: 
24.7–24.8; width of tegmina: 2.3–2.4.

Etymology. Leiodontocercus vicii sp. nov. is named after the nickname of my son-
in-law Vincenzo Cigna, as sign of his esteem and sincere friendship.
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Distribution. Presently it is only known from the Dzanga-Ndoki National Park 
(Central African Republic).

Leiodontocercus condylus Ragge, 1962
Figs 6, 13, 15, 15a, 16, 27

Leiodontocercus condylus Ragge. 1962. Bull. Br. Mus. (Nat. Hist.) Ent. 13: 15; type 
locality: Kibali-Ituri, Yindi (Democratic Republic of Congo) (NHM).

Material examined. Central African Republic, Dzanga-Ndoki National Park, 
Dieké 25.XI.2010, P. Annoyer (1♂, 1♀); Dzanga-Ndoki National Park, Lake 1, 
31.I–2.II.2012 (1♀), 12–13.II.2012 (1♂), 13–14.II.2012 (3♂), 17.II.2012 (1♀); 
20–23.II.2012 (1♀), 22–23.II.2012 (1♀); 28–29.II.2012 (1♂) (hand catching 
and light), SANGHA2012 Team; Lake 3, 25–26.II.2012 (light), P. Annoyer (1♀) 
(BMPC & PAPC); Central African Republic, La Maboké, M’Baiki II.1964, M. 
Pavan (1♂) (MSNP).

Remarks. Leiodontocercus condylus has the central part of the stridulatory file with 
ca 50 thick teeth, that appear just deeper than in the other species (Fig. 6). The stridu-
latory area of the left tegmen is a little backwards protruding, more than in the other 
species (Fig. 13). This species is characterized by cerci stout with an apical swelling 
with the outer margin serrated and the inner part with two pointed black tipped teeth 
(Figs 15, 16).

Distribution. Leiodontocercus condylus has been described from Zaire (= Dem-
ocratic Republic of Congo) and has been reported from Central African Republic 
(Dzanga-Ndoki National Park) by Massa et al. (2020); it is here recorded also from 
the M’Baiki forest in Central African Republic. Presently females are not recognized 
at species level and were identified as L. condylus because they were collected together 
with the males of this species.

Leiodontocercus muticus sp. nov.
http://zoobank.org/10E50D8E-F830-4D8D-B231-A74919255CB5
Figs 8, 11, 25, 26

Material examined. Gabon, Mikongo (Rougier), Mts de Cristal (secondary forest) 
(430 m) 0°29'47"N, 11°10'42"E, 28.VII–12.VIII.2019 (MV Light Trap), Albert, 
Aristophanous, Bie Mba, Dérozier, Moretto (♂ holotypus, 1♂ paratypus) (ANHRT); 
Gabon, Mikongo (Rougier), Mts de Cristal (secondary forest) (430 m) 0°29'47"N, 
11°10'42"E, 28.VII–12.VIII.2019 (Actinic Light Trap), Albert, Aristophanous, Bie 
Mba, Dérozier, Moretto (1♀) (ANHRT); Gabon, Nyonié (lowland forest) 0°2'22"S, 
9°20'25"E (10 m) 23–28.VIII.2019 (LepiLED Light Trap), Albert, Aristophanous, 
Bie Mba, Dérozier, Moretto (1♂ paratypus) (BMPC); Gabon, Lope National Park 
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Figures 9–14. Dorsal view of the head, pronotum and the stridulatory area of the following species of Lei-
odontocercus: 9 L. vicii sp. nov. 10 L. spinicercatus sp. nov. 11 L. muticus sp. nov. 12 L. philipporum sp. nov. 
13 L. condylus 14 L. angustipennis (holotypus).



Bruno Massa  /  ZooKeys 951: 47–65 (2020)56

Figures 15–20. Frontal and lateral view of cerci of the following species of Leiodontocercus: 15, 16 L. condylus 
(inset 15a: cercus after Ragge 1962), 17 L. angustipennis (holotypus; inset 17a cercus after Ragge 1962) 
18 L. malleus (holotypus; inset 18a cercus after Ragge 1962) 19, 20 L. philipporum sp. nov. 17 and 18 after 
OSFonline (http://orthoptera.speciesfile.org/Common/basic/Taxa.aspx?TaxonNameID=1136208).
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Figures 21–26. Frontal and lateral view of cerci of the following species of Leiodontocercus: 21, 22 L. vicii 
sp. nov. 23, 24 L. spinicercatus sp. nov. 25, 26 L. muticus sp. nov.
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Figure 27. Multi-stratified can opy of the forest of the Dzanga-Ndoki National Park (Central African Re-
public), where Leiodontocercus species may occur exploiting different ecological niches (Photo by P. Annoyer).

4.IV.2014 (light), N. Moulin (1♀) (BMPC); Cameroon, Campo Ma’an National 
Park (lowland rainforest) (950 m) 10–22.III.2018 (MV Light Trap), Fotsing, Ishmael, 
Miles, Safian (1♂ paratypus, 1♀) (ANHRT); Cameroon, Mundame (1♀) (NHW).

Description. Male. General habitus and colour. Green-brown, tegmina brown-
ish, abdomen yellow, last abdominal tergite brown, cerci brown, antennal segments 
reddish, legs yellowish. Head and antennae. Eyes oval-roundish, prominent, antennae 
long and thin. Thorax. Anterior margin of pronotum slightly concave, posterior mar-
gin rounded. Lower margin of pronotal lobes rounded. Tegmina very narrow. Central 
part of the stridulatory file consists of ca 100 teeth (Fig. 8). The stridulatory area of 
the left tegmen wider than the rest of tegmen (Fig. 11). Mirror absent on the right 
tegmen. Legs. Fore coxae armed. Tympana on fore tibiae open on outer, closed on 
inner side. Fore femora with 9 inner ventral spines, fore tibiae with 6 inner and outer 
ventral spines. Mid femora armed with 8 outer ventral spines, mid tibiae dorsally with 
2 inner spines, 6 spines on outer and inner ventral margins. Hind femora with 9–10 
outer and inner ventral spines, hind tibiae straight with many ventral spines. 2 pairs of 
small spines on the outer and inner knees of hind femora. Abdomen. Cerci stout and 
hairy, in frontal view slightly incurved with an apical bulge just serrated on inner mar-
gin (Figs 25, 26). Posterior margin of the subgenital plate nearly straight, styli absent.
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Female. Interestingly, the females collected with males of L. muticus sp. nov. have 
black spots on the pronotum and black rings on the hind legs, like the other species of 
the genus. In addition, an alive female specimen photographed by P. Moretto (Fig. 29) 
shows alternate black and white abdominal sternites. In the males of L. muticus sp. nov. 
these black markings are absent. The female from Mundame (Cameroon) at NHW is 
tentatively identified, in absence of males.

Measurements (mm). Body length: 12.9–14.9; length of pronotum: 2.9–3.2; 
depth of pronotum: 3.0–3.2; length of hind femora: 19.6–19.7; length of tegmina: 
24.4–24.6; width of tegmina: 3.4–3.5.

Etymology. Leiodontocercus muticus sp. nov. is named after the complete absence 
of any spine or appendage on the male cerci.

Distribution. This species is known from some forested areas in Gabon and in 
Cameroon, situated about 300 km apart.

Leiodontocercus malleus Ragge, 1962
Fig. 18, 18a

Leiodontocercus malleus Ragge. 1962. Bull. Br. Mus. (Nat. Hist.) Ent. 13: 14; type lo-
cality: Western Region, near Wiawso (Ghana) (NHM).

Notes. This species is presently known only from the male holotype, another male 
paratype from Tafo (Ghana) and one female paratype from Ashanti (Ghana), localities 
not far to the north-east of Wiawso. Cerci are shown in Fig. 18 and 18a.

Discussion

The structure of the stridulatory file

The song produced by species of this genus is, to date, still unknown. Nonetheless, 
the stridulatory file (the structure that allows most Orthoptera to produce a song) was 
examined in detail for any discernable morphological differences. All the species of Lei-
odontocercus have a very short stridulatory file under the male’s left forewing, no longer 
than 0.5 mm (Figs 4–8). At first glance, even at very high magnification, it appears 
identical in all the males. However, a closer and more detailed examination revealed 
differences in the number of teeth, but not in their arrangement. The stridulatory file 
consists of very thick central teeth, that vary in number in the different species; in ad-
dition, the distal and the proximal parts of the stridulatory file have a small number 
of evenly-spaced small teeth. Evidently, the difference in the number of teeth (even 
though their structural arrangement is similar) and their different depth will produce a 
different song, which permits the male to attract a female of the same species. Among 
the examined species, the highest number of teeth in the central part of the stridula-
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tory file (ca 100) has been found in L. muticus sp. nov., while a lowest number (ca 50) 
has been found in L. condylus, L. spinicercatus sp. nov. and L. vicii sp. nov., and an 
intermediate number (ca 60) was noted in L. philipporum sp. nov. Very likely, the song 
is produced using both central, distal and proximal teeth. It is remarkable to note that 
the three species with similar stridulatory files co-occur in the same areas of Central 
African Republic.

The stridulatory area

The left and right tegmina of males bear the stridulatory area; this body portion is 
generally well characterized for each species. However, species of Leiodontocercus do 
not show great differences: the right forewing lacks the characteristic mirror, while the 
left forewing has an evident arched bulge that corresponds to the stridulatory file un-
der the wing (Figs 9–14). Small diagnostic characters are recognizable in the different 
taxa: L. vicii sp. nov. has the left tegmen particularly narrow also in the stridulatory 
area, while the other species described in the present work have a deeper stridulatory 
area compared with the rest of the wing. In addition, L. muticus sp. nov., the species 
with the highest number of teeth in the stridulatory file, has a matching area on the 
dorsal left tegmen that is longer compared to other species. Furthermore, L. condylus 
has a stridulatory area that protrudes further backwards than that of the other species, 
while L. malleus has a brownish stridulatory area, sharply contrasting with the rest of 
the green-coloured tegmina (Ragge 1962); this brownish stridulatory area may also be 
observed in L. condylus.

The shape of male cerci

The shape of the male cerci is the best diagnostic character of this genus; currently 
three different species have been described on the basis of the different cerci, and fur-
ther, four new species are here described, mainly based on the shape of the cerci. The 
best way to observe cerci is through frontal and lateral views (Figs 15–26); this allows 
visibility of a possible ventral appendage, not otherwise visible through a dorsal view. 
Cerci are used by males during mating; many species of Tettigoniidae have been ob-
served to use their cerci as a pincer that immobilizes the female’s ovipositor or abdo-
men (e.g., Vahed et al. 2014). It is highly likely that the shape of the male cerci and 
mating modality are congruent and that a female would recognize the male of the 
same species by the song it emits. Thus, we may presume that the female reacts to the 
stimulus originating from the song of a male of the same species and, subsequently, the 
male cerci could act as a second stimulus during mating.

Habitat and habits of Leiodontocercus species

The Guineo-Congolian region, the tropical forest region of Central and West Africa, 
covers about 90% of the total forest surface in central Africa, but merely 6% in West 
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Africa (Malhi et al. 2013). Most species of tropical African Tettigoniidae live in the 
multi-stratified canopy, and are nocturnal. All the species of Leiodontocercus have been 
found (generally single individuals) in multi-stratified and well-preserved primary for-
ests (Fig. 27), and, in some cases, in secondary forests.

One live male specimen of L. condylus was photographed by Samuel Danflous in 
the Central African Republic (Dzanga-Ndoki National Park) in 2010 and one female 
of L. muticus sp. nov. was photographed by Philippe Moretto in Gabon (Figs 28, 29). 
They show a peculiar leg posture, with the femora more or less vertically positioned 
in respect to the body, similar to the posture of a spider or some grasshoppers of the 
Eumastacidae (C. Hemp, pers. comm.). The dark rings on hind tibiae, when exposed 
(as in these cases), and dark spots and markings on the body (including the abdomen 
of the female), may function in disruptive mimicry. Dark markings on the wings or on 
the legs are common within those species occurring inside the canopy (e.g., Enochletica 
ostentatrix Karsch, 1896, Myllocentrum species, some Arantia and Eurycorypha species, 
among others); it is very likely an adaptation to minimise predation by birds or other 
forest vertebrates, as well as invertebrates through mimicry.

Speciation in Leiodontocercus

Leiodontocercus specimens are scarce in museums and collections, and this is probably 
the reason why their diversity has not been appreciated earlier. In addition, the species 
belonging to this genus are very small and delicate, with a body length that does not 
exceed 20 mm (15 mm on average) and a stridulatory file of no more than 0.5 mm; 
this makes it all the more difficult to study the very few existing, previously mounted 
specimens, accurately. Figure 30 shows the distribution of the currently known seven 
species of Leiodontocercus; interestingly, only the Central African Republic (protected 
areas Dzanga-Ndoki and Dzanga-Sangha) holds three species, which very likely occur 
syntopically. This finding probably results from more intensive research carried out in 
those areas, mainly through the use of light traps (UV), both on the forest floor and 
in the canopy (35 to 55 meters high) (cf. Massa 2013, Massa et al. 2020). The co-
occurrence of different species distinguished by their different songs, different court-
ship behaviour, and small morphological differences including male cerci indicates the 
existence of reproductive barriers between them.

The high local biodiversity in central-western tropical African forests is shown by 
the high number of species of insects, Orthoptera being a case point. Generally, African 
Phaneropterinae are considered a taxonomic group with a great propensity to speciate; 
probably it is the forest ecosystem that facilitated speciation of most African Phan-
eropterinae. Leiodontocercus species, under a selective regime, may have acquired ad-
vantageous traits, that have increased local differentiation rate (cf. Simões et al. 2016). 
The case of speciation in Leiodontocercus is similar to that of Tetraconcha Karsch, 1890 
(Phaneropterinae, Otiaphysini) (Massa 2017). Both genera show multiple speciation 
within tropical forest ecosystems of central and western Africa. Concerning Leiodon-
tocercus, the small morphological disparity is very likely the effect of an evolutionary 
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Figures 28, 29. Mimicry of Leiodontocercus condylus Ragge, 1962, Central African Republic, Dzanga-
Ndoki National Park, 25th November 2010 (Photo by S. Danflous) (above) and of L. muticus sp. nov., 
Gabon, Mikongo, 12th August 2019 (Photo by P. Moretto) (below).

radiation, which may depend on local isolation. In the case of Tetraconcha, the mor-
phological character observed to distinguish species is the stridulatory system, and in 
the case of Leiodontocercus, the main differences lie in the shape of the male cerci. Both 
the stridulatory system and cerci shape are linked to courtship and mating.
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Figure 30. Updated distribution of the seven currently known species of the genus Leiodontocercus.

Climatic radiation is a type of geographic radiation in which allopatric speciation 
in the region is driven by changes in climate (Simões et al. 2016). In accordance with 
Maley (1996), African rainforests retreated during dry periods after the Ice Age, and 
climate fluctuations would have favored the dispersion of species. The climate of tropi-
cal Africa following the Ice Age was warmer and wetter than present (African humid 
period; Willis et al. 2013); in most Central African areas it shifted to a drier regime 
between 4000 and 2000 years BP, when the forest cover retreated (Willis et al. 2013). 
This may have allowed local isolation of populations that evolved in the absence of gene 
flow. Speciation events are often correlated with humid and dry periods; forest expan-
sion during humid periods and retraction during dry periods are considered the best 
explanation for the patterns of geographical species distribution found on East African 
mountains (Schultz et al. 2007, Hemp et al. 2015); this climatic episode has also been 
proposed for Tetraconcha by Massa (2017) and is here proposed also for Leiodontocercus.
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Abstract
Worldwide pollinator declines have dramatically increased our need to survey and monitor pollinator 
distributions and abundances. The giant honey bee, Apis laboriosa, is one of the important pollinators 
at higher altitudes of the Himalayas. This species has a restricted distribution along the Himalayas and 
neighbouring mountain ranges of Asia. Previous assessments of its distribution, published more than 20 
years ago, were based on museum specimens. Since then, 244 additional localities have been revealed 
through field trips by the authors, publications, and websites. We present a revised distribution for 
A. laboriosa that better defines its range and extends it eastward to the mountains of northern Vietnam, 
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southward along the Arakan Mountains to west-central Myanmar, into the Shillong Hills of Meghalaya, 
India, and northwestward in Uttarakhand, India. This species is generally found at elevations between 
1000–3000 m a.s.l.. In northeastern India A. laboriosa colonies occur during summer at sites as low as 
850 m a.s.l. and some lower elevation colonies maintain their nests throughout the winter. Finally, we 
report three regions in Arunachal Pradesh, India, and nine locations in northern Vietnam, where we 
observed workers of A. laboriosa and A. dorsata foraging sympatrically; their co-occurrence supports the 
species status of Apis laboriosa.

Keywords
Apidae, Apis dorsata, conservation, Himalayas, pollinator, sympatry

introduction

The Himalayan giant honey bee A. laboriosa is a spectacular but poorly understood 
species, in large part because it usually nests on inaccessible cliff faces in the Hima-
laya Mountains (Cronin 1979; Sakagami et al. 1980; Roubik et al. 1985; Underwood 
1990a; Joshi et al. 2004; Gogoi et al. 2017). The first specimen was collected in the 
mountainous regions of western Yunnan and named by Frederick Smith (Moore et 
al. 1871), who noted several characteristics that he felt distinguish A. laboriosa from 
lowland A. dorsata. This taxon was subsequently ignored until Maa (1953) undertook 
his reassessment of honey bee taxonomy. He stated its distribution as “India (Sikkim; 
Assam); China (western Yunnan). Probably also occurring in N. Burma”. Sakagami 
et al. (1980) provided the first detailed descriptions of the morphology, biology, and 
geography of A. laboriosa and provided strong evidence that it should be recognized 
as a distinct species different from the lowland giant honey bee A. dorsata. They also 
presented a range map depicting 22 localities along several rivers that extend into 
the Himalayas of Nepal. They noted that records outside Nepal were “scarce” and 
provided just one locality in “Tibet” and four in Arunachal Pradesh (Sakagami et al. 
1980: p. 63). Interestingly, Sakagami et al. (1980) mentioned one site (Denling For-
est, Kameng Div., Arunachal Pradesh, 229 m a.s.l.) from which both A. laboriosa and 
A. dorsata had been collected, indicating that in some parts of Asia these two forms 
occur sympatrically.

The most recent range map of A. laboriosa (Otis 1996) was published more than 20 
years ago. Although Otis (1996) compiled all locality data available at that time, there 
were obvious gaps (e.g., in Bhutan, northeastern India, northern Myanmar, Laos, and 
Vietnam). Since then, the number of verified reports has increased rapidly due to ad-
ditional fieldwork, new publications and postings of photos and videos by naturalists 
on iNaturalist and other websites.

We present here an updated distribution map of A. laboriosa and present addi-
tional evidence that A. laboriosa and its sister species A. dorsata co-occur in several 
locations in Asia.
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Materials and methods

Identification of Apis laboriosa

The Himalayan giant honey bee A. laboriosa differs significantly from the giant honey 
bee A. dorsata of mainland Asia in many characters noted by Sakagami et al. (1980). 
Sakagami et al. (1980) could always distinguish the two taxa on the basis of thoracic 
hair colour, which was “tawny yellow” in laboriosa and “mostly dark” in dorsata. Ad-
ditionally, the first two gastral tergites of laboriosa are black (grey in callow adults); 
in dorsata of mainland Asia, they are orange-brown (pale yellow in callows; Fig. 1). 
Several genetic analyses indicate these two taxa have diverged sufficiently to consider 
A. laboriosa to be a distinct species (Arias and Sheppard 2005; Raffiudin and Crozier 
2007; Lo et al. 2010; Chhakchhuak et al. 2016; Takahashi et al. 2018). Despite these 
many differences, Engel (1999), in the most recent reassessment of Apis taxonomy, 
considered A. laboriosa to be a subspecies of A. dorsata that may be deserving of spe-
cies status. Because of substantive differences in drone morphology (NK and GWO, 
unpubl. data) and distinct morphometric differences (NK, unpublished data) between 
the two taxa collected sympatrically in northeastern India (this study), we are confident 
that A. laboriosa is a distinct species and refer to it as such below. For this study, we 
identified specimens and photos of the bees on the basis of thoracic hair and abdomi-
nal colour (Sakagami et al. 1980).

Data collection

The starting point for this project was the list of collection localities reported by Otis 
(1996) who summarized the 105 records available from museum specimens and litera-
ture up to that time (Maa 1953; Sakagami et al. 1980; Kuang and Li 1985; Roubik et 
al. 1985; Underwood 1990a; Batra 1996).

Subsequently, Trung et al. (1996) remarkably extended the distribution of A. labo-
riosa well into Vietnam. Additional localities in Vietnam have been detected in seven 
northern provinces by THP. Between 2001–2008 he sought information on cliff-
nesting honey bees at high elevations (> 900 m a.s.l.) in northern Vietnam from bee-
keepers, honey-hunters, and others living in those regions. For those who responded 
positively, he visited the region and showed informants photos and specimens of A. la-
boriosa and A. dorsata. If the information suggested the bees were A. laboriosa, then he 
contacted them to visit the nesting cliff to observe the colonies and collect specimens, 
if possible, for verification.

CPB collected specimens from many parts of Nepal to analyze genetic variability 
within A. laboriosa; he contributed 17 additional localities in Nepal. Joshi et al. (2004) 
reported numerous localities (N = 54) in the Kaski District of Nepal.

TN contributed 29 new localities in Bhutan in addition to the two localities he 
and his colleague had reported earlier (Nidup and Dorji 2016).
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Figure 1. Apis laboriosa and Apis dorsata worker bees. A. laboriosa (left) has a completely dark abdomen 
and long golden thoracic hairs. A. dorsata (right) has several orange or yellow anterior abdominal segments 
and dark thoracic hairs. Details for the specimens photographed: A. laboriosa, collected by BA Under-
wood, Kaski District, Nepal, 1860 m, 8 v 1984 (Nest 6–8); A. dorsata, collected by GW Otis, Serdang, 
Selangor, Malaysia, 3.00 N, 101.68 E, 8 ii 1989. Scale bar: 1 cm. 

Within India, a team (NK, MVP, KM, JC, and AB), in their fieldwork on A. la-
boriosa, have added numerous localities from northern and northeastern India. Several 
authors have reported sites where this bee species occurs in Uttarakhand, India (Gupta 
2004; Joshi et al. 2008; Joshi et al. 2016). Additional localities were reported from 
Arunachal Pradesh, India, by Gogoi and colleagues (Gogoi et al. 2017; Tayeng and 
Gogoi 2018). The Nagaland Beekeeping and Honey Mission (NBHM) has collated 
information on the “Rock bee” within the state of Nagaland (Team NBHM 2015). 
Similarly, Chhakchhuak et al. (2016) reported a nesting cliff in Murlen in Mizoram. 
Vivek Sarkar (pers. comm.) shared three localities in the highlands of Meghalaya.

Hliang Min Oo (pers. comm.) located cliffs inhabited by ~50 colonies of A. labo-
riosa in the mountains of western Myanmar. He shared photos that are clearly of that 
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species. Anne Schooffs (pers. comm.) and Kevin Kamp (pers. comm.) contributed 
their observations in Laos. Similarly, Xin Zhou and Li Fei Qui (pers. comm.) shared 
details of their 2019 collection locality in Yunnan, China. Cao and colleagues already 
reported two localities in Yunnan in 2012 (Cao et al. 2012).

We recognize that some records are stronger than others. Consequently, we have 
distinguished four categories of records:

1. Observations by the authors. These include observations of nests on rock cliffs and 
of foragers (many of which were collected for further study) at flowers and human urine.

2. Internet records. GWO searched the internet extensively for photographs of 
bees and bee nests that could be definitively identified as A. laboriosa based on abdomi-
nal and thoracic hair colour. This search included websites and images retrieved from 
Google searches of “Apis laboriosa”, “cliff bee”, “giant honey bee + (country name)”, 
and “honeyhunting + (country name)”, with the search including all mountainous 
countries in Asia from Pakistan east to Vietnam; records of A. laboriosa posted to iN-
aturalist (www.inaturalist.org), all of which were verified as A. laboriosa by John Ash-
cher, National University of Singapore; and the Nature Picture Library (www.naturepl.
com). When details were lacking in the post (locality, date, etc.), the people who had 
posted the sightings were contacted directly.

3. Records from published reports. Scientists who mentioned A. laboriosa in their 
works were presumably aware of the differences between A. laboriosa and A. dorsata. 
We trusted their identifications, i.e., in most cases we did not attempt to contact them 
to verify their ability to distinguish A. laboriosa.

4. Personal observations of naturalists and honey-hunters that cannot be veri-
fied by other means. Honey-hunters, through their extensive experiences, generally 
distinguish between A. laboriosa (the “cliff bee” with a black abdomen) and A. dorsata 
(the “tree bee” with the orange abdomen). In cases where they differentiated these 
two forms, we included the localities they reported. We have used different coloured 
symbols for these different categories of information on our revised distribution map, 
with category 1 records being the uppermost layer on the map. Some lower category 
localities are obscured by stronger higher category records.

We obtained additional bee localities by searching for photos on the internet and 
literature about the yellow-rumped honeyguide (Indicator xanthonotus). The honey-
guides (Indicatoridae) are one of the few taxa of animals known to be able to digest 
wax (Downs et al. 2002). Males of this Himalayan species defend empty combs of A. 
laboriosa, then mate with females that arrive to feed on beeswax (Cronin and Sherman 
1976; Cronin 1979; Underwood 1992). The geographic and elevational distributions 
of the yellow-rumped honeyguide (Bird Life International; www.birdlife.org) closely 
match those of A. laboriosa (this study). We performed Google and iNaturalist searches 
for “yellow-rumped honeyguide” and “Indicator xanthonotus”. Localities for the hon-
eyguide at elevations >1500 m a.s.l. that included depictions or descriptions of them 
associated with open-nesting honey bees have been included.
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In our personal field work, we used global positioning system (GPS) instruments 
(i.e., eTrex 20, Garmin Ltd, Olathe, Kansas, USA) to document locations. When that 
was not possible or we had only a locality name (e.g., many of the localities reported in 
publications), we searched for them using Google Maps. Occasionally due to changes 
in names or spellings, we undertook lengthy web searches to find the current names. 
Not all records could be located (e.g., “Pamir, Arunachal Pradesh” reported by Sak-
agami et al. 1980). Latitude and longitude coordinates are presented in degrees and 
decimal degrees (Suppl. material 1: Table S1).

We plotted locality records using ArcGIS Desktop 10.3 of ESRI (Environmental 
System Research Institute, www.esri.com). The boundary maps of the region of inter-
est were extracted from Google Earth Pro (v7.3) as a Keyhole Markup language Zipped 
(kmz) file and imported into ArcGIS.

results

Revised distribution of Apis laboriosa

We have compiled a list of 349 localities of Apis laboriosa foragers or nests (Suppl. ma-
terial 1), of which we were able to locate and map 345 (see Fig. 2). The mapped locali-
ties are as follows: Bhutan (57), China (48), India (92), Laos (3), Myanmar (4), Nepal 
(132), and Vietnam (13). The species is distributed almost continuously over a dis-
tance of >2500 km along the Pan-Himalaya region from Uttarakhand, India, eastward 
through Nepal, Sikkim and northern West Bengal (Darjeeling), Bhutan, northeastern 
India, Yunnan and southern Tibet in China, and the northern portions of Myanmar, 
Laos, and Vietnam. We report for the first time numerous records southward along the 
Arakan Mountains in eastern Arunachal Pradesh, Nagaland, Manipur, and Mizoram 
(India) to Matupi in west-central Myanmar. We have also verified that it occurs in the 
Shillong Hills of Meghalaya.

Elevational distribution of Apis laboriosa

Localities range in elevation from approximately 230–4270 m a.s.l. Nearly all records 
(94%) fall within the altitudinal range of 500–3500 m a.s.l., and 77.2% were between 
1000–3000 m a.s.l. (Fig. 3). We confirmed the observation of Sakagami et al. (1980) that 
A. laboriosa occurs at lower elevations in Arunachal Pradesh than at sites further west in 
Bhutan, Nepal, and Uttarakhand, India. The lowest recorded elevation was reported by 
Sakagami et al. (1980), at 229 m a.s.l. in “Denling Forest”, western Arunachal Pradesh, 
India. We were unable to find that locality to map it. However, we (NK, KM, and GWO) 
observed foragers at a similar elevation (233 m a.s.l.) in central Arunachal Pradesh. Rela-
tively few records are from sites higher than 3000 m a.s.l. and the records from Trubuk-
ing Kharka, Nepal (4100 m a.s.l.; Sakagami et.al.1980) and a specimen in the Natural 
History Museum, London (4267 m a.s.l.) are the only observations above 4000 m a.s.l.
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Figure 2. Geographical distribution of Apis laboriosa. Each circle indicates a locality at which a nest of A. 
laboriosa or workers foraging on flowers were found. The color indicates the source of information. Dark 
red: information collected by one or several of the authors; orange: photos published on websites; tan: 
information from published papers; and grey: oral reports by colleagues or local people. Scale bar: 250 km.

Sympatric occurrence of Apis laboriosa with Apis dorsata

In their field trips, the Indian team discovered five sites in three regions of Arunachal 
Pradesh in northeastern India where A. laboriosa foraged together with its sister species 
A. dorsata. The regions and sites were: (1) Western Arunachal: West Kameng District, 
Nag Mandir; (2) Central Arunachal: West Siang District, Tumbin and Siang District, 
Modi; and (3) Southeast Arunachal: Tirap District, Kala Pahar and Tutnyu (Fig. 4). 
Additionally, THP observed both species in close proximity at nine sites in northern 
Vietnam. These are located in five provinces: Hoa Binh, Lao Cai, Lai Chau, Son La, 
and Yen Bai. The details of these records are presented in Suppl. material 1.

Discussion

Apis laboriosa inhabits a 2500 km swath along the southern edge of the Pan-Himalaya 
region. We have added considerably to the distribution of this species as last presented 
by Otis (1996). First, we have added many additional localities for this species in Ut-
tarakhand in northern India, the eastern portion of Nepal, all of Bhutan, and much of 
Arunachal Pradesh in northeastern India, demonstrating that this species is widespread 
over that region. More importantly, the records we have compiled show range exten-
sions eastward to several provinces in northern Vietnam (first reported there by Trung 
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Figure 3. Elevational distribution of A. laboriosa records for Uttarakhand, Nepal, Bhutan and Arunachal 
Pradesh. 94% of all records were found between 500–3500 m a.s.l.. The lowest occurrence of A. laboriosa 
was observed in Arunachal Pradesh (229 m a.s.l.), and the highest in Nepal (4267 m a.s.l.). Uttarakhand 
(N = 17; range: 1008–2743 m a.s.l.; mean: 1927 ±131 m), Nepal (N= 60; range: 800–4100 m a.s.l.; 
mean: 2036 ±103 m), Bhutan (N = 43; range: 631–3399 m a.s.l.; mean: 2077 ±124 m), Arunachal 
Pradesh (N = 17; range: 229–3649 m a.s.l.; mean: 1620 ±143 m).

et al. 1996) and southward for 600 km in the Arakan Mountains (Patkai Range, Naga 
Hills, and Mizo Hills of Nagaland, Manipur, and Mizoram) to 21.7N latitude in the 
Chin Hills of Myanmar. We also report for the first time A. laboriosa from the Shillong 
Plateau in Meghalaya, India.

Very few (N = 10; 6.2%) collections and observations have been made at locations 
situated at elevations below 500 m or above 3500 m a.s.l. (Fig. 3). Roubik et al. (1985) 
reported the mean elevations of their observations in central Nepal to be 3143 m a.s.l. 
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Figure 4. Sites of sympatric occurrence of Apis laboriosa and Apis dorsata in Arunachal Pradesh, India. 
All five localities (black dots) where we found A. laboriosa and A. dorsata foraging together were below 
1500 m a.s.l. (1) West Kameng District, Nag Mandir, 27.203N, 92.561E, 1164 m a.s.l; (2) West Siang 
District, Tumbin, 28.456N, 94.684E, 356 m a.s.l; (3) Siang District, Modi, 28.487N, 95.087E, 534 m 
a.s.l; (4) Tirap District, Kala Pahar, 26.934N, 95.576E ,1470 m a.s.l; (5) Tutnyu, 26.962N, 95.631E, 
1060 m a.s.l. Scale bar: 100 km.

(range from 1800–3800 m a.s.l), which is much higher than the mean of 2036 m a.s.l. 
(range from 800–4100 m a.s.l.) determined from our more complete data set. Our 
new observations have confirmed the initial observation of Sakagami et al. (1980) that 
this species occurs at lower elevations in northeastern India than in Nepal (Fig. 3). 
However, simply mapping localities of nests and foraging bees is static and fails to rec-
ognize the dynamic elevational migrations of colonies. Underwood (1990a) reported 
that A. laboriosa colonies abandon most nesting cliffs in fall and spend the winter in 
combless swarms at lower elevations. By April they have generally recolonized lower 
elevation nesting cliffs. As the season progresses, colonies continue to move higher in 
elevations along river valleys during the summer, before they retreat downhill for the 
winter. The records we have reported (Suppl. material 1) lack sufficient elevational and 
temporal details to reconstruct patterns of seasonal migrations. However, preliminary 
observations by NK in Arunachal Pradesh suggest that both A. laboriosa and A. dorsata 
migrate considerable distances along river valleys leading into the mountains during 
summer months. Detailed observations throughout the seasons along elevational tran-
sects are warranted.

Earlier research reported that the altitudinal ranges of A. laboriosa and its sister 
species A. dorsata differ substantially (Sakagami et al. 1980; Roubik et al. 1985; Ol-
droyd and Wongsiri 2006; Hepburn and Radloff 2011). However, Sakagami et al. 
(1980) commented that these species were both collected at the Denling Forest in 
Kameng Division, West Arunachal, at an elevation 229 m a.s.l. on 5 May. This rela-
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tively late date in spring suggests these bees were nesting near that site. We have con-
firmed the sympatric occurrence of these two species in five additional locations within 
three widely separated regions of Arunachal Pradesh (Fig. 3) and five provinces within 
northern Vietnam. All of these locations were at altitudes below 1500 m a.s.l. Inter-
estingly, Joshi and colleagues (Joshi et al. 2008; Joshi et al. 2016) reported these two 
species as temporally occurring sympatrically at elevations of 2100–2800 m a.s.l. in 
Uttarakhand, India; and THP found them co-occurring in nine locations in northern 
Vietnam. Thus, depending on the environments, both species show variation in their 
altitudinal range (Underwood 1990a; Woyke et al. 2001; Joshi et al. 2008). More 
detailed collections and observations of A. laboriosa and A. dorsata at such sites will 
be required to verify whether these honey bees hybridize where they occur sympatri-
cally (McEvoy and Underwood (1988). However, till today there is no evidence of 
intermediate forms where the two species co-occur (Sakagami et al. 1980; Roubik et 
al. 1985); rather, preliminary morphometric analyses of the specimens from the areas 
of sympatry in Arunachal Pradesh confirm their differences in size, shape, and colour 
(NK, unpublished data). If further collections confirm the preliminary conclusion that 
they maintain their distinctive species-specific characters in sympatry, that will provide 
additional support for the status of A. laboriosa as a distinct species.

Separate from its species status, A. laboriosa shows several unique characters that 
seem to be specific adaptations to living in mountainous habitats. Comparative studies 
of A. laboriosa and A. dorsata have shown that they differ in behaviour such as ther-
moregulation of thoracic temperature during flight (Underwood 1991); minimum tem-
perature for foraging flight activity (Woyke et al. 2012); dorso-ventral abdomen flipping 
to stabilize body temperature (Woyke et al. 2008) and mating flight times, i.e., early af-
ternoon in A. laboriosa (Underwood 1990b) compared to after sunset in A. dorsata (Tan 
et al. 1999; Otis et al. 2000). They also differ in other behaviours that may be related 
to living in high elevation, such as dance communication (Kirchner et al. 1996), phero-
monal chemistry (Blum et al. 2000) and defensive body movements (Woyke et al. 2008).

Apis laboriosa is notably absent from the western third of Nepal, from 80.5N to 
82.6E longitude. This may reflect the relatively dry climate of western Nepal, a lack of 
collections, or habitat degradation. Field work in several other mountainous portions 
of Asia may detect this species. These include:

1. northeastern Myanmar (Kumon Range and Gooligong Mountains), eastern 
Myanmar (much of Shan State), northern Laos (e.g., Annam Highlands and Xiang-
khoang Plateau), and possibly extreme northern Thailand (e.g., Doi Pha Hom Pok 
National Park);

2. the valleys of the Mekong, Yangtze, Yalong, and Dadu rivers that extend into 
the southeastern edge of the Tibetan Plateau.

3. northeastern Punjab, Pakistan, and western Jammu, India.

Several lines of evidence point to the existence of A. laboriosa in Pakistan. Khan et al. 
(2014) reported several specimens of giant honey bees they collected in Murree, Pakistan 
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(33.92N, 73.40E) at an elevation of ~2300 m a.s.l. as “A. dorsata”, despite the general 
understanding that A. dorsata lives below 1200 m a.s.l. elevation in Pakistan (Muzaffar 
and Ahmed 1990). Unfortunately, the specimens from that study were not retained. 
Historically, the yellow-rumped honeyguide (Indicator xanthonotus), a bird with an in-
timate association with A. laboriosa combs (Cronin and Sherman 1976, Underwood 
1992, Inskipp et al. 2008), has been observed in Murree (Magrath 1909). Just 60 km 
to the east of Murree, giant honey bees collected in Poonch, Jammu, India (33.82N, 
74.12E), differed markedly in morphometric analyses from other A. dorsata specimens 
from Jammu and the rest of India (Mutharaman et al. 2013). Finding Apis laboriosa in 
this region would extend its distribution another 400–500 km northwestward.

Conclusion

Worldwide pollinator declines have increased the urgency to survey abundances of pol-
linators and to study their biology and ecology for their conservation. Asian honey bees 
and in particular species like A. laboriosa, with a restricted distribution in areas difficult 
to access, are dramatically understudied. Our study provides a revised description of the 
distribution of the Himalayan giant honey bee, Apis laboriosa. This is a necessary step 
to revitalize studies on this important pollinator species in the Himalayas (Batra 1996).

Numerous reports on A. laboriosa indicate that this honey bee shows specific adap-
tations to living in high elevation mountainous areas compared to other more tropical 
honey bee species. Detailed studies on its biology promise to provide interesting insights 
into the evolutionary history and plasticity of honey bee physiology and social behavior. 
Locations where A. laboriosa and A. dorsata co-occur temporally, like those we report 
in Arunachal Pradesh and Vietnam, are particularly suitable regions for future studies.
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Abstract
A new species, Caissa yunnana  sp. nov. is described from Yunnan Prov., China. The new species is illus-
trated with images of the adult habitus and male genitalia, and compared with the similar species C. caissa 
Hering, 1931. A world checklist of the genus Caissa Hering, 1931 is provided

Keywords
Caissa, China, Lepidoptera, Limacodidae, new species

introduction

The genus Caissa Hering, 1931, a member of the family Limacodidae, is based on the 
type species C. caissa Hering, 1931. Hering (1931) first established the genus Caissa, 
which included two newly described species, C. caissa and C. gambita from India. 
Later, Yoshimoto (1994) described another species, C. medialis from Nepal; Orhant 
(2000) described C. parenti from Myanmar; Solovyev and Witt (2009) described two 
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species, C. aurea and C. bezverkhovi from Vietnam; Solovyev and Saldaitis (2014) pro-
vided several images of adults and genitalia in their paper, including of the type species. 
The species C. fasciatum (Hampson, 1893) was originally described as Ceratonema 
fasciatum by Hampson (1892), then Solovyev (2009) moved it to the genus Caissa. Re-
cently, Irungbam et al. (2017) reported the distribution of C. fasciatum in Bhutan. In 
China, the first recorded species of this genus was C. gambita (Cai 1981). Subsequent-
ly, three new species (C. longisaccula Wu & Fang, 2008, C. caii Wu & Fang, 2008 and 
C. staurognatha Wu, 2011) and one newly recorded species (C. parenti Orhant, 2000) 
were reported (Wu and Fang 2008; Wu 2011). In 2013, another species, C. kangdinga 
Solovyev & Saldaitis, 2013, was described from Kangding in Sichuan, China.

The features common to the genus are filiform male antennae, labial palpus some-
what appressed and upcurved, not quite reaching the vertex. The forewing has an 
obvious dark medial band, and the hindwing has a dark tornal spot. The species of the 
genus are diverse in external morphological characters, in wing venation, and in male 
genitalia. According to Solovyev and Witt (2009), three species groups can be distin-
guished within the genus by external characters and male genitalia. The first group 
contains the type species C. caissa and the new species C. yunnana sp. nov. This group 
is characterized by the following characters: forewing ground color is dark brown, with 
unequal-sized white patches; the tornus contains 2 to 4 whitish spots; the terminal area 
is white, forming a nearly right triangle; in the male genitalia, the bifurcation of the 
sacculus process is thin, and the terminal part of the juxta is strongly sclerotized, with 
dense black spurs; the phallus is slightly curved, and the coecum is very short.

The second group includes C. fasciatum, C. gambita, C. longisaccula, C. aurea and 
C. bezverkhovi. This group is characterized as follows: the forewing ground color is pale 
yellow, with an oblique pale medial line, which is embedded in the black-brown me-
dial band, running from 1/2 costal margin to 1/3 inner margin; the postmedial line is 
very indistinct or almost absent; there are 1 or 2 small black spots near the apex of the 
terminal line and a dark spot near the base of vein CuP; in the male genitalia, the cu-
cullus is round; the sacculus is significantly inflated, about half the length of the valva; 
the broad bifurcation of the sacculus process is triangular blade shaped or finger-like; 
the phallus is curved, and the coecum is short.

The third group includes C. medialis, C. parenti, C. caii, C. staurognatha and C. kang-
dinga. This group is characterized as follows: the forewing medial band is black or brown, 
without an embedded pale medial line; the inner border of the medial band runs from 
1/3 the distance from the wing base on the costal margin, to 2/5 from the wing base on 
the inner margin, and the outer border runs from 2/5 from the wing base on the costal 
margin, to 3/5 from the wing base on the inner margin; the arcuate postmedial line is dis-
tinct; in the male genitalia, the gnathos is varied, well developed or reduced; the terminal 
part of the juxta has a distinct elongation; the inflated part of the sacculus is short, about 
1/3 length of the valva; the sacculus process is not forked; the phallus is straight, and the 
coecum is rather longer than in the other two groups, over 1/3 length of the phallus.

Here we describe a new species from Yunnan Province in southwest China. Based 
on the features of the forewing with unequal-sized white patches, the white terminal 
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area forming a nearly right triangle, and the terminal part of juxta strongly sclerotized, 
U-like, with dense black spurs, it is assigned to the first group. The genus now includes 
11 species, six of which are distributed in China.

Material and methods

The specimens were collected at 220 V/450 W mercury light and DC black light 
in Yunnan Province, China. Standard methods for dissection and preparing of the 
genitalia slides were used (described by Kononenko and Han 2007). Specimens were 
photographed using a Nikon D700 camera; the genitalia slides were photographed us-
ing an Olympus photo microscope aided by the Helicon Focus software, and further 
processed in Adobe Photoshop CS6. The type material of the new species is deposited 
in the collection of Northeast Forestry University, Harbin, China (NEFU).

Taxonomic account

Genus Caissa Hering, 1931

Caissa Hering, 1931, in Seitz, Macrolep. World, 10: 670, 700. Type species: Caissa 
caissa Hering, 1931 [India: Khasis Hills].

Caissa yunnana sp. nov.
http://zoobank.org/2BE08BA2-B4B7-4711-B2F0-D6BF26899AF5
Figures 1, 3

Holotype. ♂, China, Yunnan Province, Lvchun County, Mt. Huanglian, 27–31.
VII.2018, leg. HL. Han, J. Wu, MR. Li [NEFU], genit. prep. WuJ-069-1.

Paratypes. 3♂, same data as holotype [NEFU], genit. prep. for one dissected para-
type WuJ-068-1.

Description. Adult (Fig. 1). Wingspan 29–31 mm in male. Head white, labial pal-
pus and patagium brown. The male antennae filiform, brown; the thorax mixed white 
and brown, the tegula white with brown margin; dorsally abdomen yellowish brown to 
dark brown, ventrally white or yellowish brown. Forewing ground color dark brown, 
with unequal-sized white patches; light-colored basal patch small, not connected with 
inner patch; orbicular spot large, broadly connected to the larger inner patch; two 
medium-sized white patches lie in the middle of the forewing, near the inner margin, 
distal to the medial line which runs from the costal margin at 1/2 the distance from 
the wing base, to the inner margin at 1/3 from the wing base; arcuate postmedial line 
from the costal margin at 2/3 from the wing base to the tornus; postmedial area with 
4 large whitish spots, the tornus with 2 whitish spots; subterminal line curved strongly 
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inward, from apex to the outer margin at 3/5 from the apex, combined with postme-
dial line on R5; terminal area white, forming a nearly right triangle. Hindwing brown 
and mixed with a small amount of red, anal area light brown with oblong dark blotch 
with a white spot inside. The white spot is much smaller than the encircling brown.

Male genitalia (Fig. 3). Uncus slender, with a small subapical spur. Gnathos well 
developed, very straight rod-shaped terminal part with slightly curved apex. The base 
of valva wider than middle; the cucullus wide and round; costa simple, slightly shorter 
than valve; sacculus sclerotized and shorter than costa, sacculus process bifurcated, 
distinctly incurved and hook-shaped. Juxta asymmetrical, the right side of terminal 
part strongly sclerotized, U-like, with dense black spurs. Saccus inconspicuous. Phal-
lus curved, weakly sclerotized, bent into an obtuse angle in the middle; 1/2 of the 
terminal part with a strongly sclerotized wedge-shaped area; the terminal part of carina 
sclerotized, short, cone-shaped; vesica with big cyst, surface covered with small spines, 
with a big, sclerotized cornutus.

Female genitalia. Unknown.

Figures 1–4. Caissa spp., adults: 1 C. yunnana sp. nov., male, holotype 2 C. caissa Hering, 1931, male, 
holotype (after Solovyev and Saldaitis 2014); male genitalia: 3 C. yunnana sp. nov., holotype 4 C. caissa 
Hering, 1931, holotype (after Solovyev and Saldaitis 2014). Scale bars: 1 mm. (BP: basal patch; IP: inner 
patch; ML: medial line; OS: orbicular spot; PL: postmedial line; SL: subterminal line; TA: terminal area).
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Diagnosis. The new species is similar in appearance to C. caissa (Fig. 2), but 
can be distinguished from the latter by the characters of the forewing and male 
genitalia, as follows. In C. yunnana the light-colored basal patch is small, not con-
nected with the inner patch; orbicular spot large, connected with the inner patch 
(Fig. 1); in C. caissa, the basal patch is bigger than in C. yunnana, and it is broadly 
connected with the inner patch, but not connected with the small orbicular spot. 
Also, the tornus of C. yunnana contains only 2 whitish spots, but the same location 
in C. caissa contains 4 whitish spots. The color of the hindwing in C. yunnana is 
darker than in C. caissa.

In the male genitalia, the new species clearly differs from C. caissa (Fig. 4) by the 
sclerotized area of the sacculus being wider than the same area in C. caissa; in C. yun-
nana the sacculus process is bifurcate, distinctly incurved and hook-shaped, whereas in 
C. caissa it is short, and although bifurcate, barely hooked. The phallus of C. yunnana 
differs from that of C. caissa by the middle being bent into an obtuse angle, 1/2 of the 
terminal part with a strongly sclerotized wedge-shaped area, and the vesica with a big 
cyst and a big sclerotized cornutus. The phallus of C. caissa is smoothly curved, and the 
vesica is membranous, without a cyst or cornutus.

Distribution. China (Yunnan Province: Mt. Huanglian) (Fig. 5).
Etymology. The species is named for its type locality in Yunnan Province, China.
Bionomics. The moths fly in July. The specimens were collected with a light trap 

close to a broad-leaved forest with ferns and shrubs (Fig. 6).

Figures 5, 6. Map and habitat of C. yunnana sp. nov. 5 Collecting site of C. yunnana sp. nov.: Yunnan 
Prov., Mt. Huanglian (red dot) 6 Collecting site close to a broad-leaved forest with ferns and shrubs.
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World checklist of the genus Caissa, with type localities

Group 1:

C. caissa Hering, 1931 (India: Khasis Hills)
C. yunnana Wu, Wu & Han, sp. nov. (China: Yunnan)

Group 2:

C. fasciatum (Hampson, 1893) (India: Nágas)
C. longisaccula Wu & Fang, 2008 (China: Fujian)
C. gambita Hering, 1931 (India: Travancore)
C. aurea Solovyev & Witt, 2009 (Vietnam: Lao Cai)
C. bezverkhovi Solovyev & Witt, 2009 (Vietnam: Nghe An)

Group 3:

C. kangdinga Solovyev & Saldaitis, 2013 (China: Sichuan)
C. caii Wu & Fang, 2008 (China: Shaanxi)
C. parenti Orhant, 2000 (Myanmar: Maymyo)
C. medialis Yoshimoto, 1994 (Nepal: Kathmandu)
C. staurognatha Wu, 2011 (China: Sichuan)
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Abstract
Rhinogobius formosanus Oshima, 1919 has long been considered an amphidromous goby. However, a 
landlocked population recently found in the Jingualiao Creek upstream of the Feitsui Reservoir in Taipei 
suggests that R. formosanus may complete its life in the river. This study aims to verify the habitat use of 
the landlocked population of R. formosanus collected from the Feitsui Reservoir and an amphidromous 
population collected in Malian Creek using otolith Sr:Ca ratio analysis. The hypothesis that early life his-
tory varies between the landlocked and migratory gobies was also tested. Genetic analyses show that the 
Feitsui Reservoir and Malian Creek populations are not genetically different. Rhinogobius formosanus from 
Malian Creek showed high-to-low otolith Sr:Ca ratios suggesting that these specimens spent a planktonic 
larval stage in the sea followed by a freshwater life at later stages. In contrast, R. formosanus from the Feit-
sui Reservoir showed constant lower otolith Sr:Ca ratios, implying a landlocked life history of fish in the 
creek upstream of the reservoir. In addition, the analysis of growth increments showed a longer pelagic 
larval duration for the fish in the Malian Creek (58.8 days) than those in the Feitsui Reservoir (38.8). 
Variation of pelagic larval duration in two genetically homogenous populations implies acclimatization to 
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the reservoir by the landlocked gobies. This study shows that R. formosanus, like some other congeners, is 
capable of adapting to a freshwater landlocked environment in its early developmental stage and supports 
the hypothesis that landlocked populations may have a shorter pelagic larval duration.

Keywords
COI sequences, diadromous, goby, landlocked, otolith

introduction

Amphidromy is a diadromous behavior that applies to larvae living in the estuary or 
sea followed by the post-larvae return to a river where the fish are hatched (McDowall 
2007). Amphidromous fishes are more common in the tropics and their planktonic 
larvae in the sea may facilitate distant dispersal (Lester and Ruttenberg 2005). Am-
phidromous gobies showed diverse life history traits, distribution ranges and genetic 
structure among populations. Sicyopterus japonicus Tanaka, 1909 and S. lagocephalus 
Pallas, 1770, for example, are two small amphidromous gobies with a long pelagic 
larval duration (PLD) of 133 to 266 days and distributed across ranges of c. 2400 and 
18000 km, respectively (Shen and Tzeng 2002; Hoareau et al. 2007; McDowall 2007). 
The dispersal of the former is documented by genetic homogeneity across the distribu-
tion range (Watanabe et al. 2006; Ju et al. 2013), but the later shows high population 
structure across the Indo-Pacific Barrier (Lord et al. 2012). Narrowly endemic species, 
such as Sicyopterus aiensis Keith, Watson & Marquet, 2004 and S. sarasini Weber & de 
Beaufort, 1915 have relatively shorter PLD’s of c. 80 days and do not display genetic 
structure across their distribution areas in Vanuatu and New Caledonia, respectively 
(Lord et al. 2010, 2012).

The reconstruction of ontogenetic life stages of fish at different habitats usually 
relies on the analysis of otolith microstructure and chemical compositions. Fish otolith 
is a biomineralized structure that accretes with time by adding a growth increment on 
the surface (Campana and Neilson 1985; Rogers et al. 2019). Counting otolith daily 
growth increments can reconstruct ontogenetic stages, such as PLD and demersal life 
stage. In addition, otolith strontium:calcium (Sr:Ca) ratios are extensively applied to 
study the migration between the sea and rivers for various fishes (Tzeng et al. 2002; 
Shiao et al. 2016; Lozys et al. 2017; Tran et al. 2019). This is because the higher Sr 
concentration in sea water than in fresh water allows marine fish to deposit relatively 
higher Sr contents in the otolith (Campana 1999; Brown and Severin 2009).

The genus Rhinogobius Gill, 1859 is a group of small fishes distributed in East Asia. 
Species of this genus are splendid and colorful and becoming popular in the aquarium 
trade. Various life histories are observed in Rhinogobius, including amphidromous and 
landlocked forms (Tsunagawa and Arai 2008; Shiao et al. 2015; Yamasaki et al. 2015), 
while some species, such as R. candidianus (Regan, 1908) and three undescribed spe-
cies from Japan were considered facultatively amphidromous, and either migratory 
or landlocked depending on whether passage to the sea is possible (Tsunagawa and 
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Arai 2008). Rhinogobius formosanus Oshima, 1919 (Fig. 1) is a colorful goby easily 
distinguished from its syntopic congeners by numerous irregular stripes on the cheek. 
This species is sexually dimorphic with an extended first dorsal fin, longer snout, and 
intensive coloration in adult males while gravid females have a bluish abdomen (Chen 
and Fang 1999). Rhinogobius formosanus is distributed in northern Taiwan and Fu-
jian, China (Chen and Fang 1999; Yuan et al. 2012) and has long been considered 
an amphidromous fish (Chen and Fang 1999), inhabiting running water close to the 
tidal reach of small tributaries and creeks directly connected to the sea. Chen and 
Fang (1999) stated that R. formosanus could be landlocked, but detailed information 
was not provided. Recently, a population of R. formosanus was found upstream of the 
Feitsui Reservoir (FR) in Taipei. This population may be landlocked, since the dam 
of 122.5 m height completely blocks upstream migration of aquatic life. Even if the 
fish larvae survive the downstream passage from the reservoir, the juvenile and adult 
fish cannot return upstream of the dam (Chang et al. 1999). The Feitsui Reservoir was 
built at the upper reaches of Tamsui River in 1987, so the FR population has probably 
been landlocked since then if this species was native to that area, or afterwards if it was 
artificially released.

Based on the above facts, this study aims to test two hypotheses. First, R. for-
mosanus upstream of FR reside in the river for their whole life while conspecifics not 
blocked by dams are amphidromous. Secondly, we hypothesize that the landlocked 
goby will have a shorter larval planktonic stage than amphidromous conspecifics 
since the later may spend more time drifting to the sea during the early larval stage, 
dispersing away from the coasts, then returning to the estuary at the post-larval stage. 
To test the hypotheses, the early life history of the fish was reconstructed by read-
ing daily growth increments and analyzing otolith Sr:Ca ratios. In addition, mito-
chondrial cytochrome oxidase subunit I (COI) fragments were sequenced to provide 
molecular data of genetic differentiation between landlocked and amphidromous 
populations in order to infer the landlocked life history, if any, as a consequence of 
acclimation or adaptation.

Material and methods

Samplings

A total of 20 specimens of R. formosanus were collected from two creeks in north-
ern Taiwan:Jingualiao Creek, which flows into the upstream area of FR, representing 
a landlocked population with syntopic congeners R. candidianus and R. similis Gill, 
1859; and Malian Creek (MLC), representing an amphidromous population with syn-
topic congener R. similis, directly connected to the sea (Fig. 2; Table 1). The FR dam is 
approximately 50 km away from the Tamsui River mouth and the sampling site at the 
Jingualiao Creek was approximately 20 km upstream of the reservoir dam. Sampling 
sites for MLC were approximately 1 km away from stagnant water and 2 km away 
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Figure 1. Rhinogobius formosanus. Male; approximately 7 cm TL, specimen not preserved.

Figure 2. Sampling localities of Rhinogobius formosanus in Taiwan. Location codes are given in Table 1. 
FR, Feitsui Reservoir (GPS: 24°55'46.8"N, 121°41'29.6"E), representing a landlocked population; MLC, 
Malian Creek (GPS: 25°10'17.2"N, 121°40'47.7"E), representing an amphidromous population.
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from the river mouth while sampling site for FR was 10–20 m away from the lentic 
reservoir. Both sampling sites were lotic. All specimens were collected using a hand 
net and anesthetized immediately after capture. They were brought back to the lab for 
further molecular and otolith analyses. All specimens were preserved in 95% ethanol, 
cataloged and deposited in the collection of the Department of Oceanography, Na-
tional Sun Yat-sen University (DOS), Kaohsiung. The voucher numbers of specimens 
are as follow: FR, DOS 03534–2, –11, –14, –15, –16, –19, –33, –35, –36, –37; 
MLC, DOS 02416–1, –2, –5, –6, –7, –12, –13, –15, –20, –22. All the procedures 
in this study were approved by the “Institutional Animal Care and Use Committee of 
National Taiwan University”.

Molecular analyses

DNA was extracted from fin clips using GeneMark DNA Purification Kit (GMbi-
olab, Taichung, Taiwan). The mitochondrial COI gene was amplified by polymer-
ase chain reaction (PCR) with universal primers designated by Ward et al (2005): 
FishF1 (5’-TCAACCAACCACAAAGACATTGGCAC-3’) and FishR1 (5’- 
TAGACTTCTGGGTGGCCAAAGAATCA-3’). The total reaction volume of the 
PCR was 25 µL, containing 1 µL of template DNA (50–200 ng µL-1), 3 µL of 10× 
buffer, 2 µL of dNTPs (2.5 mM), 1.2 µL of each primer (10 µM), 0.13 µL of Pro-
Taq Plus polymerase (Protech, Taipei) and 16.47 µL of deionized water. PCR cycling 
conditions included an initial denaturation at 94 °C for 5 min, followed by 36 cycles 
of denaturing at 94 °C for 30 sec, annealing at 50 °C for 30 sec, and extension at 
70 °C for 1 min, and a final extension at 72 °C for 8 min. After checking qualities 
by electrophoresis, PCR products were purified using the SAP-Exo purification kit 
(Jena Bioscience, Jena) according to the manufacturer’s protocols. Sequencing was 
conducted by an ABI 3730 automated sequencer. Newly generated sequences were ed-
ited manually using MEGA version X (Kumar et al. 2018) and translated into amino 
acids to ensure absence of insertions, deletions, or stop codons. All sequences used 
in this study were submitted to the GenBank online database (Accession numbers 
MN187015–MN187034).

The genetic diversity indexes of haplotype diversity (h) and nucleotide diversity (π) 
were calculated in DnaSP version 6 (Rozas et al. 2017). A minimum spanning network 
of haplotypes was reconstructed by PopART version 1.7 (Leigh and Bryant 2015) to 
infer the interrelationships among the haplotypes.

Table 1. Sampling locations and diversity indices of COI fragment of Rhinogobius formosanus. N for 
sample size of molecular analyses; n for sample size of otolith study; h for haplotype diversity; π for nu-
cleotide diversity.

Locality Abb. N n COI sequence/ haplotypes h ± SD π ± SD
Feitsui Reservoir FR 10 8 10/2 0.200 ± 0.154 0.00036 ± 0.00028
Malian Creek MLC 10 5 10/5 0.800 ± 0.100 0.00244 ± 0.00064

Total 20 13 20/6 0.574 ± 0.122 0.00161 ± 0.00046
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Measurement of otolith Sr:Ca ratios and growth increments

Sagittal otoliths were extracted from eight and five specimens from the FR and MLC pop-
ulations, respectively. The otoliths were cleaned and embedded in Epofix resin (Struers, 
Denmark) before repeated grinding and polishing along the sagittal plane until the core 
was revealed on the surface. The otoliths were coated with a layer of carbon (Q150TE, 
Quorum Technologies Ltd., UK) to increase the electron conductance when the otoliths 
were analyzed by the electron probe microanalyzer (EPMA, JEOL JXA-8900R, JEOL, 
Japan). Quantitative analyses of Sr and Ca were conducted along a transect from the 
otolith core to the edge at 10 µm intervals. Electron beam conditions were 15 kV for the 
acceleration voltage and 3 nA for the current, with a 5 × 4 µm rectangular scanning beam 
size. The wavelength dispersive spectrum at the Sr Lα peak position was measured for 80 s 
and each of the upper and lower baselines for 20 s. The peak concentration of Ca Kα was 
measured for 20 s and each of the upper and lower baselines for 10 s. Synthesized stron-
tianite [(Sr0.95Ca0.05) CO3; NMNH R10065] and aragonite (CaCO3) were used as stand-
ards to calibrate the concentration of Ca and Sr, respectively, in the otoliths. The Sr:Ca 
ratios were calculated after a correction using the PRZ (phi‐rho‐z) method (Goldstein et 
al. 1992). The detection limits were better than 500 ppm for Ca and Sr and the analytical 
errors were smaller than 0.05 wt% in Sr (Iizuka 2012). The otolith Sr:Ca ratios < 4 × 10-3 
and > 5 × 10-3 were regarded as freshwater and marine residences, respectively. The values 
between 4 × 10-3 and 5 × 10-3 represent the transition between river and marine habitats.

After the analysis of otolith Sr:Ca ratios, the otoliths were polished to remove the car-
bon coating and etched with 0.1 M HCl for 10–15 s to enhance the contrast of growth 
increment observed under a compound light microscope (Olympus BX 51, Japan). Two 
experienced researchers counted the otolith growth increments from the core to a high‐
contrast growth increment (an otolith check), or to a structural transition from clear con-
centric rings to ambiguous growth increments. This otolith check, appearing at the transi-
tion of high-to-low otolith Sr:Ca ratios, represented the ontogenetic change from pelagic 
larvae to demersal juvenile living in the river. If the two counts differed, the otolith was 
examined once more and final age was determined after discussion. The maximal distance 
from the core to the otolith check, or to a structural transition was also measured, which 
was further divided by the number of the growth increments to estimate the mean otolith 
growth rate during the pelagic larval stage of the gobies. One-way ANOVA was used to 
compare the otolith Sr:Ca ratios representing marine and freshwater life stages. The stu-
dent’s t-test was used to compare the PLD and otolith growth increment width between 
the landlocked and amphidromous gobies. Statistical significance was set at α = 0.05.

results

Molecular analyses

A fragment of mtDNA COI (555 bp) from 20 specimens obtained from two localities 
(Fig. 2) was analyzed. In total, six haplotypes were identified with two collected in FR 
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and five in MLC. Among the six haplotypes, only one was shared by both populations 
and the rest were unique to either population. Both haplotype (π) and nucleotide 
(h) diversities of FR were lower than those of MLC (mean ± SD; h: 0.200 ± 0.154 
and π: 0.00036 ± 0.00028 vs. h: 0.800 ± 0.100 and π: 0.00244 ± 0.00064). Total 
haplotype and nucleotide diversity were 0.574 ± 0.122 and 0.00161 ± 0.00046, 
respectively (Table 1).

The haplotype network showed that all COI sequences obtained from the two 
populations were mixed. Monophyly of either population was not recovered, with the 
shared haplotype comprising 13 individuals and the rest of the five haplotypes each 
consisting of not more than three fish (Fig. 3).

Otolith Sr:Ca ratios and pelagic larval durations of the gobies

For the gobies collected in MLC, five individuals showed high Sr:Ca ratios (approxi-
mately 5–10 × 10-3) from the otolith core to around 200 to 300 µm, followed by low 
otolith Sr:Ca ratios (approximately 0–5 × 10-3) to the edge (Fig. 4a–e). The high-to-
low variations of otolith Sr:Ca ratios suggested that the fish had a planktonic stage in 
the sea followed by a freshwater residence as found in other species (e.g., Shen et al. 
1998; Shiao et al. 2015). A high‐contrast growth increment, namely an otolith check, 
appeared at the transition of high-to-low otolith Sr:Ca ratios (Fig. 5a). The mean 
(± standard deviation) otolith Sr:Ca ratios before the otolith check varied between 5.1 
± 2.4 × 10-3 and 6.6 ± 2.0 × 10-3 among the fish, which were significantly larger than 
the values (2.0 ± 1.3 × 10-3 to 2.5 ± 1.2 × 10-3) beyond the otolith check (one-way 
ANOVA, F = 389.9, P < 0.01). It is likely that the otolith check was formed when the 
gobies migrated from the sea into the river during the post-larval or early juvenile stag-
es as found in other amphidromous goby species (Shen and Tzeng 2002). Therefore, 
the growth increments before the otolith check were defined as the marine PLD, which 
varied from 38 to 89 rings with the mean value of 58.8 ± 18.7 rings (Table 2; N = 5).

A different pattern of consistently low Sr:Ca ratios from the otolith core to the edge 
was found in all the gobies collected in the Jingualiao Creek although some fish showed 
one or two relatively higher Sr:Ca ratios (Fig. 6). In addition, the high-contrast growth 
increment otolith check was not observed in the early life stage of these gobies (Fig. 5b). 
These results suggested that these gobies did not migrate to the sea and spent their 
whole life in the creeks. The gobies examined showed clear and concentric growth incre-
ments in the inner part of the otolith then the growth increments became inconspicu-
ous in the outer area. The transition from clear to ambiguous growth increments were 
regarded as the end of PLD, as observed in many species (e.g., Victor 1986; Raventós 
and Macpherson 2001). The otolith growth increments from the core to the structural 
transition varied between 24 and 46 rings with a mean of 38.8 ± 7.1 rings. These results 
suggested that the landlocked gobies might have a PLD between 24 and 46 days (Ta-
ble 2; N = 8), which was significantly shorter than the PLD of the amphidromous gob-
ies (student’s t-test, t = 2.79, P = 0.018). However, the mean otolith growth rate before 
the settlement was similar between FR (5.5 ± 1.1 µm d-1) and MLC (5.3 ± 1.3 µm d-1) 
populations and not statistically significant (student’s t-test, t = 0.26, P = 0.80).
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Figure 3. Minimum spanning network built from 20 COI sequences of Rhinogobius formosanus with six 
haplotypes. Colors represent correspondent sampling sites; pie chart sizes are proportional to the number 
of individuals; short bars represent haplotypes not collected in this study. FR, Feitsui Reservoir, represent-
ing a landlocked population; MLC, Malian Creek, representing an amphidromous population.

Table 2. Otolith growth increments (days) and growth rate (µm d-1) corresponding to the pelagic larval 
duration of Rhinogobius formosanus. FR, Feitsui Reservoir, MLC, Malian Creek. SL for standard length in 
mm. na for data not available due to damage of specimens.

Locality Catalog number SL Otolith growth increments Otolith growth rates
FR DOS03534-11 31.0 44 4.3

DOS03534-14 na 46 3.9
DOS03534-15 na 45 5.2
DOS03534-16 32.6 36 6.3
DOS03534-19 na 39 5.9
DOS03534-33 na 24 7.4
DOS03534-35 31.0 40 5.5
DOS03534-37 31.5 36 5.3
average ± SD 31.5 ± 0.8 38.8 ± 7.1 5.5 ± 1.1

MLC DOS02416-6 31.3 57 4.8
DOS02416-7 33.5 89 3.4
DOS02416-12 29.4 58 5.6
DOS02416-13 30.2 52 6.1
DOS02416-15 na 38 6.7
average ± SD 31.1 ± 1.8 58.8 ± 18.7 5.3 ± 1.3
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Figure 4. Analyzed transects of otolith Sr:Ca ratios from the core to the edge of sagittal otoliths of Rhi-
nogobius formosanus collected in the Malian Creek of northern Taiwan. The arrows represent the formation 
days of the otolith check mark counted from the core. a-e represent their catalog numbers.

Discussion

Molecular analyses show haplotypes of FR and MLC populations are mixed with-
out reciprocal monophyly (Fig. 3), implying that gobies of these two populations are 
conspecific and the observed otolith differences can be considered intraspecific vari-
ations. Results of the present study support our first hypothesis that the population 
of R. formosanus in the creek discharging into the reservoir is landlocked based on the 
data of consistently low otolith Sr:Ca ratios throughout life (Fig. 6; Tsunagawa and 
Arai 2008), rather than artificially released founders with an amphidromous signature. 
Otolith Sr:Ca ratios were mainly related to the water Sr concentration or salinity (Tran 
et al. 2019). However, physiological and water temperature might also affect otolith 
Sr:Ca ratios (Elsdon and Gillanders 2002). Therefore, one or two analyzed spots with 
Sr:Ca ratios > 5 ×10-3 in the otoliths of FR goby were not regarded as a marine signal 
but might be an analytical artifact due to the microstructure defects such as cracks, an 
unsmooth otolith surface or being influenced by the organic composition (Goldstein 
et al. 1992; McFadden et al. 2015). This result is in line with expectations since the 
dam of the FR is too high to be ascended by the fish. Various kinds of dam construc-
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Figure 5. Otolith microstructure of an amphidromous goby (DOS02416-7, panel a and c) and a land-
locked goby (DOS03534-19, panel b and d). Panel c and d illustrate the clear growth increments during 
the pelagic larval duration of the goby. The white arrows in panel a and b indicate the transect of otolith 
Sr:Ca ratio analysis. The black arrows indicate the otolith check mark where otolith Sr:Ca ratios drop from 
marine to freshwater signatures (panel a) and structural transition from clear concentric ring to ambigu-
ous rings (panel b), respectively. Scale bars: 500 µm for panel a, b; 100 µm for panel c, d.”

tions have become major impediments to freshwater fish for the upstream migration 
in the rivers of Taiwan (Chang et al. 1999). In contrast, the gobies collected in MLC 
were all amphidromous (Fig. 4). These results imply that R. formosanus, like other goby 
species namely, Rhinogobius spp., the cross-band type, the large-dark type, the dark 
type, the cobalt type, the orange type (Sakai et al. 2004; Tsunagawa and Arai 2008), is 
a facultatively amphidromous goby, which can develop normally, grow, and complete 
their life cycle in freshwater environments.
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Figure 6. Sr:Ca ratios along transects from the core to the edge of sagittal otolith of Rhinogobius formosa-
nus collected in the Feitsui Reservoir. a-h represent their catalog numbers.

To the best of our knowledge, very little comparative data, if any, between the 
amphidromous and landlocked gobies has been reported. The present study found 
that the PLD of R. formosanus were on average 20 days longer in the amphidromous 
population compared with the landlocked population based on the assumption that 
the otolith growth increments were deposited in a daily cycle as found in many goby 
species (e.g., Hoareau et al. 2007; Maeda et al. 2007; Taillebois et al. 2012; Shiao et al. 
2015). Our results are different from previous studies that found prolonged exposure 
to freshwater may postpone development of goby larvae (Lindstrom and Brown 1994; 
Yokoi and Hosoya 2005). Variations of PLD between populations have been found 
and the mechanisms examined in many fish species (Sponaugle and Cowen 1994; 
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Sponaugle et al. 2002; Huang et al. 2018). The timing of larval metamorphosis may 
be either size-, age-, or habitat-dependent (Benoît and Pepin 1999; Shen and Tzeng 
2008). In the case of amphidromous R. formosanus, there are large variations in PLD 
of 38–89 days while the landlocked R. formosanus has shorter and less variable PLD of 
24–46 days. Therefore, the triggering of metamorphosis of this species is probably not 
age-dependent. The size of larvae, freshwater discharge and suitable benthic habitats 
may be the vital factors triggering metamorphosis. However, all our specimens are 
either adult or juvenile, and it is not possible to evaluate size at metamorphosis. Nev-
ertheless, otolith growth was usually closely related to somatic growth (Campana and 
Neilson 1985). The otolith growth rate was very similar between the FR and MLC 
populations, suggesting a similar somatic growth rate of the larval gobies either in the 
sea or in the river discharging into the reservoir. This implies that size may not be a 
concern since gobies of FR and MLC undergo metamorphosis at different PLDs and 
therefore supposed to be of different sizes. The habitats or environments experienced 
by R. formosanus larvae may explain the different PLD between the amphidromous 
and landlocked populations. The longer PLD of amphidromous gobies is likely due to 
the time needed for hatched larvae to drift downstream from the creek to the sea, the 
feeding and growth to post-larvae in the sea, and the time for actively searching and 
swimming to the estuary (Keith 2003). Although amphidromous larval gobies tend to 
stay in coastal areas (Sorensen and Hobson 2005), larval transportation into the open 
ocean may occur in extreme situations. It is likely that the gobies experiencing longer 
dispersion will need more time to come back to the estuaries in the original or nearby 
areas. However, long dispersion may also lead to the death of the larval gobies if a 
suitable benthic habitat is not encountered when the maximal plasticity of the PLD is 
reached. Therefore, a longer and more variable PLD (38–89 days) is likely due to the 
complex amphidromous life history of R. formosanus. On the other hand, the stable 
environment in the creek or in the reservoir (Kolding and Zwieten 2012) may facilitate 
the larval development in a shorter and less variable time for the landlocked popula-
tion. Furthermore, a shorter PLD can facilitate an earlier habitat change of larval fish 
from the upper water column to settlement in benthic habitats where shelter is more 
abundant. Therefore, a shorter PLD may enhance the survival rate of a pelagic larval 
goby living in a creek connecting to the reservoir.

Pelagic larval duration, usually considered a measure of dispersal potential, has 
been shown to be positively correlated to range size and negatively correlated to species 
richness, implying that PLD may regulate speciation rate as an evolutionary mecha-
nism (Lester and Ruttenberg 2005). Selkoe and Toonen (2011) provide new insight 
at the molecular level and conclude that PLD is negatively correlated to isolation by 
distance, further supporting the concept of an evolutionary mechanism. Rhinogobius 
formosanus may have a PLD as long as three months as observed in this study, which 
may allow the larvae to disperse over hundreds of kilometers, depending on the cur-
rent speed and ocean hydrodynamics, and explain the wide distribution of this species 
in the southeastern coast of China and the northern coast of Taiwan. Due to lack of 
genetic differentiation between FR and MLC populations, the variation in the PLD 
of R. formosanus is probably a consequence of acclimatization rather than adaptation.
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Molecular analyses show haplotypes of FR and MLC populations are mixed with-
out reciprocal monophyly and the genetic diversity of the former is much lower than 
the latter (Table 1). Lower genetic diversity might be a consequence of a founder effect 
and imply an artificial released population in FR (Tzeng et al. 2005; Hamner et al. 
2007). On the other hand, a small native population isolated after the construction 
of the dam may also result in the same genetic pattern. However, the present data is 
not able to answer the origin of the FR population and range wide population genetic 
study on this species may be needed to provide more information.
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introduction

Since pre-Hispanic times the Basin of Mexico, upon which Mexico City (former-
ly Mexico, Distrito Federal) sits, caught the attention of the inhabitants of central 
Mexico. This large lake surrounded by fertile land was the location of important 
human settlements that, at the arrival of the Spaniards, were represented mainly by 
Tenochtitlan, which along with a large number of villages located around the basin 
reached over a million inhabitants (Wikipedia: https://es.wikipedia.org/wiki/Ciudad_
de_M%C3%A9xico – accessed 27 December 2019). At the arrival of the Spaniards, in 
1519, the basin was occupied by a well-developed civilization whose economy revolved 
around the Chinampas that surrounded the lake (Fig. 1). With the Spanish conquest 
of Mexico, cattle were introduced to the basin and a radical transformation began, 
including the drying of the Basin and the felling of the forests that surrounded it. The 
population around the Basin began to decline to such extent that at the end of the 18th 
century the number of inhabitants in Mexico City was only 120,000. It was not until 
the middle of the 20th century that the population explosion began creating diverse 
and complex problems that today overwhelm Mexico City (Imaz 1989). Currently the 
population of Mexico City is approximately 8.9 million inhabitants; however, includ-
ing the metropolitan area of the Valley of Mexico, which extends over the Basin of 
Mexico, the population totals 22 million inhabitants, the ninth most populated urban 
area in the world, and the largest in the Americas (Wikipedia: https://es.wikipedia.org/
wiki/Ciudad_de_M%C3%A9xico – accessed 27 December 2019).

The urban area of Mexico City covers almost the whole northern half of Mexico City 
sensu lato (previously Distrito Federal) and is rapidly expanding (e.g., Hernández-Flores 
et al. 2017), including through illegal development (Rodríguez López et al. 2017). The 
southern half of Mexico City sensu lato is occupied by mountains and ravines covered by 
extensive forests and grasslands, some of them highly fragmented by housing develop-
ments and cultivated fields. The air pollution is such that the governments of Mexico 
City and the State of Mexico created a program at the end of 1989 that limits motor 
vehicle use in the city. However, air pollution continued to increase despite the ini-
tial restrictions, and currently there are increased limitations on vehicle use. Spaces for 
new residential development within the city are fewer and the population continues to 
grow and demand more resources, increasing the production of waste, the emission of 
greenhouse gases, the number of fires, the illegal occupation of protected areas, and the 
depletion of available natural resources (Santibáñez-Andrade et al. 2015; SEMARNAT 
2016; Heider et al. 2018). Increased urbanization around Mexico City proper has also 
affected rivers and streams (Caro-Borrero et al. 2016). This considerable modification of 
the natural habitat exerts a constant pressure on the biological diversity of Mexico City. 
Amphibians and reptiles are strongly affected by these changes, and there are species 
whose presence in Mexico City is known only from their original records (e.g., Geophis 
bicolor and G. petersi), or whose conservation status is quite tenuous (e.g., Eleutherodac-
tylus grandis, Rana tlaloci, Ambystoma mexicanum, and Crotalus transversus).

Herein, we present an updated list of amphibians and reptiles that inhabit Mexico 
City in an effort to disseminate important information about its herpetofauna to help 
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Figure 1. Basin of Mexico, circa 1519. Source: https://upload.wikimedia.org/wikipedia/commons/9/99/
Basin_of_Mexico_1519_map-en.svg

in their conservation. Previous recent efforts to catalog the herpetofauna of Mexico 
City reported a list of 18 species of amphibians and 39 species (one of them intro-
duced) of reptiles from Mexico City (García-Vázquez and Méndez-de la Cruz 2016; 
García-Vázquez et al. 2016).
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Physiographic characteristics

Mexico City is one of 32 federal entities in Mexico. It is the capital of the country. It 
is located between 19°35'34"N and 19°2'54"N, and 98°56'25"W and 99°2154'W. It 
is bordered by the State of Mexico to the north, east, and west, and by Morelos to the 
south (Fig. 2). It covers 1,485 km2, which represents 0.1% of the total area of Mexico. 
The urban area of Mexico City is in the Valley of Mexico, a large valley in the high 
plateaus in the center of Mexico, at an altitude of 2,240 m (Figs 2, 3; INEGI 2017; 
https://en.wikipedia.org/wiki/Mexico_City – accessed 17 December 2019).

The topography of Mexico City is highly variable, including an extensive high 
plateau in the northern half of the city, where the urban area sits, and mountains and 
volcanoes that reach up to 3,930 m of altitude (Volcán Ajusco) that surround the 
urban area mainly on its southern and western sides (Fig. 3). Mexico City is located 
in the physiographic province of the Neovolcanic Axis, sub-province of Lagos and 
Volcanes of Anahúac. Mexico City is divided into an urban development area, usu-
ally referred to as urban land (41% of the territory, mostly on the northern half of the 
city), and an ecological conservation area, referred to as conservation land (59% of 
the territory, mostly on the southern half of the city). Urban land primarily consists 
of the urbanized plain area of the city, whereas conservation land includes areas with 
natural ecosystems (Reygadas-Prado 2016). Natural vegetation is primarily distributed 
in the conservation land, and in general terms it is represented by forests (55.6%), ag-

Figure 2. Map of Mexico with Mexico City shown in red (modified from INEGI 2018).
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Figure 3. Topographical map of Mexico City, Mexico (Source: CONABIO 1997).

ricultural areas (35.8%), grasslands (7.17%), and scrublands (1.43%) (Fig. 4; INEGI 
2017). According to the Köppen climate classification modified by García (1998), the 
climate of Mexico City is broadly divided into Subhumid Temperate with summer 
rains, covering much of the city (Fig. 5). A Semicold Subhumid climate with sum-
mer rains is present in the highest parts of the mountains that surround the city, from 
the west-central part running diagonally to the southeastern end on the border with 
Morelos; and Semiarid Temperate with summer rains present in the east-northeast end 
of the city, including the Sierra de Santa Catarina in the eastern part of the city and a 
considerable portion of the northeastern end of the city in the boroughs of Gustavo A. 
Madero, Venustiano Carranza, and Iztacalco (Fig. 5).

Reygadas-Prado (2016) provided a regionalization of Mexico City based on bio-
physical characteristics that consists of six regions. The Forests and Ravines region is 
made up of the largest and best-preserved forest massifs and ravines found in the south 
and southwest of the city, occupying an area of 532.4 km2. The principal forests in this 
region are oak, pine-oak, and pine forests, with some cloud forest relics in the vicinity 
of the Dínamos de Contreras. The Wetlands of Xochimilco and Tláhuac region is found 
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Figure 4. Vegetation map of Mexico City, Mexico (modified from Dirección General de Geografía; 
INEGI 2016).

in the Chinampas area of Xochimilco, San Gregorio, San Luis Tlaxialtemanco, Tláhuac 
and the lowlands of Tláhuac, occupying an area of 60.3 km2. This region is located in 
the east-central parts of the city. The Urban Parks and Gardens region includes parks, 
gardens, forests, protected natural areas, and areas of environmental value located on 
urban land, and occupies an area of 607.3 km2. It is found in the northern half of the 
city, except for the Sierra de Guadalupe, and two areas in the central and eastern parts 
of the city that represent the Sierra de Santa Catarina region. This region includes the 
urbanized area of Mexico City. The Mountains of Xochimilco and Milpa Alta region is 
found between the Urban Parks and Gardens and the Forests and Ravines regions, and 
it occupies an area of 237.5 km2. It runs from west-central to eastern Mexico City. It 
consists of an area of forests fragmented by housing developments; however, important 
areas of oak, pine-oak, and pine forests are located in this region. The Sierra de Guada-
lupe region is located in northern Mexico City and includes the protected natural areas 
of Sierra de Guadalupe, La Armella, and Tepeyac National Park and occupies an area of 
12.9 km2. Its characteristic vegetation is xerophilous scrub. The Sierra de Santa Catarina 
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Figure 5. Climate map of Mexico City, Mexico (modified from García and Comisión Nacional para el 
Conocimiento y Uso de la Biodiversidad 1998).

region, located in eastern and central Mexico City, occupies an area of 31.4 km2. The 
vegetation here is similar to the Sierra de Guadalupe, with an important area of grassland 
and a greater number of tree species for reforestation (Fig. 6; Reygadas-Prado 2016).

Materials and methods

We compiled our list of amphibians and reptiles for Mexico City using our field-
work, a thorough examination of the literature, records from VertNet.org and Servicio 
de Descarga de Ejemplares del Sistema Nacional de Información sobre Biodiversidad 
(SNIB-CONABIO): Amphibians Ciudad de México and Reptiles Ciudad de México 
data bases. We included species in the list if they had confirmed records, either by di-
rect observation, literature report, or through documented museum records or vouch-
ers. We follow Frost (2020) and AmphibiaWeb (2020) for amphibian names and Uetz 
and Hošek (2019) for reptile names.
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Figure 6. Satellite map showing the topographic features of Mexico City (source: Comisión Nacional 
para el Conocimiento y Uso de la Biodiversidad 2003) and Regions of Mexico City according to Reygadas-
Prado (2016): 1) Forests and Ravines; 2) Wetlands of Xochimilco and Tláhuac; 3) Urban Parks and Gar-
dens; 4) Mountains of Xochimilco and Milpa Alta; 5) Sierra de Guadalupe; 6) Sierra de Santa Catarina.

We did not include some of the species in the Rüthling collection (AMNH) for 
Mexico City, as that collection includes specimens from a German School Collection, 
from Mexico City. These were donated to Rüthling, namely Sonora michoacanensis 
mutabilis Stickel, 1943 (paratypes: AMNH R-19714-6), Trimorphodon tau tau (Cope, 
1870) (AMNH R-19718), Micrurus elegans elegans (Jan, 1858) (AMNH R-19720), 
and Thamnophis proximus (Say, 1823) (AMNH R-19809-10), but do not occur in 
Mexico City. In addition, some of the specimens in the German School Collection 
obtained by Rüthling were most likely not collected in Mexico City (Zweifel 1959). 
However, some of the specimens in the German School Collection donated to Rüth-
ling could have been collected in Mexico City (e.g., Senticolis triaspis (Cope, 1866) 
[AMNH R-19838]), as there are two more records of this species in other collections: 
BMNH 1868.4.7.16 collected by Doorman and reported by Günther (1894: 115) and 
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ENCB-IPN 7398 from San Gregorio, Xochimilco). Other specimens from the Rüth-
ling collection donated by the German School are likely to occur in Mexico City (e.g., 
Tantilla bocourti (Günther, 1895) [AMNH R-19735]), but as no other records of the 
species are available, we decided not to include this species in our list.

We created species accumulation curves for the total herpetofauna, as well as 
amphibians and reptiles separately, using the year of the first recorded observation 
for each species. Such species accumulation curves likely provide a good estimate 
of potential herpetofaunal richness (see Raxworthy et al. 2012). In addition, we re-
corded the conservation status of each species based on the IUCN Red List 2019-2 
(IUCN 2019), SEMARNAT (2019), and Environmental Vulnerability Scores from 
Wilson et al. (2013a, b) and Johnson et al. (2015). We determined the number of 
overlapping species with the two states that neighbor Mexico City using recent state 
lists (State of Mexico, Lemos-Espinal and Smith in press; Morelos, Lemos-Espinal 
and Smith in 2020).

results and discussion

Mexico City harbors 65 species of amphibians and reptiles, which represent 21 fami-
lies (two introduced: Typhlopidae Merrem, 1820 and Emydidae [Rafinesque, 1815]) 
and 33 genera (two introduced: Indotyphlops Hedges, Marion, Lipp, Marin & Vidal, 
2014 and Trachemys Agassiz, 1857) (Tables 1, 2). These include 18 species of amphib-
ians (nine anurans and nine salamanders) and 47 reptiles (14 lizards, 30 snakes [one 
introduced], and three turtles [one introduced]). It appears that this list of amphibian 
and reptile species is likely fairly complete given the shape of the species accumulation 
curves (Fig. 7). The species accumulation curves indicate a rapid accumulation of spe-
cies in the late 1800s, followed by a slow gradual increase in species throughout the 
20th and early 21st centuries, with a leveling off in recent years.

The two introduced species are Brahminy Blindsnake, Indotyphlops braminus 
(Daudin, 1803), and Huastecan Slider, Trachemys venusta (Gray, 1855). Two of the 63 
native species are endemic to Mexico City: Great Piping Frog, Eleutherodactylus grandis 
(Dixon, 1957), and Axolotl, Ambystoma mexicanum (Shaw & Nodder, 1798). The lat-
ter species originally inhabited lakes in the State of Mexico and Mexico City but is cur-
rently only known from the remnants of Lake Xochimichilco (Frost 2020). The most 
species-rich amphibian family is Plethodontidae Gray, 1850, and the most species-rich 
reptile family is Phrynosomatidae Fitzinger, 1843 (Table 1).

We compiled a list of eight species (six amphibians, two reptiles: Table 3) that 
potentially occur in Mexico City based on their distribution along the border with 
Morelos and the State of Mexico. We used distributional records in Vertnet.org and 
the Sistema Nacional de Información sobre Biodiversidad (SNIB-CONABIO) for the 
two neighboring states and Mexico City to generate this list. As more herpetological 
work is done near the borders with the neighboring states, we believe that these “likely 
to occur” species will be recorded for Mexico City.
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General distribution

Fifteen of the 18 species of amphibians found in Mexico City are endemic to Mexico. 
Two species are endemic to Mexico City (Eleutherodactylus grandis and Ambystoma 
mexicanum), one species has a spotty distribution in Mexico City and the State 
of Mexico, seven are distributed in central Mexico (Dryophytes plicatus [Brocchi, 
1877], Ambystoma altamirani Dugès, 1895, Aquiloeurycea cephalica [Cope, 1865], 
Chiropterotriton orculus [Cope, 1865], Pseudoeurycea altamontana [Taylor, 1939], 
P. leprosa [Cope, 1869], and P. tlilicxitl Lara-Góngora, 2003), two are distributed 
in central Mexico and the Mexican Altiplano (Rana montezumae Baird, 1854, and 
Anaxyrus compactilis [Wiegmann, 1833]), one occurs in central Mexico, the Mexican 
Altiplano, the Sierra Madre Occidental, and the Sierra Madre Oriental (Dryophytes 
eximius [Baird, 1854]), and one occurs along the Neovolcanic Axis, the Sierra Madre 
Occidental, the Sierra Madre Oriental, and the Sierra Madre del Sur of Guerrero 
(Isthmura belli [Gray, 1850]). The three amphibian species not endemic to Mexico 
that inhabit Mexico City are species found in the United States and Mexico (Table 1). 
Twelve of the 14 species of lizards that occur in Mexico City are endemic to Mexico, 
six of the endemic species are restricted to a small area in the State of Mexico and 
Morelos and Mexico City, and in some cases the states of Puebla or Oaxaca (Sceloporus 
aeneus Wiegmann, 1828, S. anahuacus Lara-Góngora, 1983, S. mucronatus Cope, 
1885, S. palaciosi Lara-Góngora, 1983, S. sugillatus Smith, 1942, and Plestiodon copei 
[Taylor, 1933]), and the other six endemics are widely distributed in the Neovolcanic 
Axis, including parts of the Sierra Madre Occidental, the Sierra Madre Oriental, 
and in some cases the Mexican Altiplano (Barisia imbricata [Wiegmann, 1828], 
Phrynosoma orbiculare [Linnaeus, 1758], Sceloporus scalaris Wiegmann, 1828, S. 
spinosus Wiegmann, 1828, S. torquatus Wiegmann, 1828, and Plestiodon brevirostris 
[Günther, 1860]). One of the non-endemic species ranges widely from southeastern 
United States, south through most of Mexico to southern Oaxaca (Sceloporus 
grammicus Wiegmann, 1828), and the other species ranges from central United 
States to Central America (Aspidoscelis gularis [Baird & Girard, 1852]) (Table 1). 
Twenty-one of the 29 species of snakes that inhabit Mexico City are endemic to 
Mexico. Of the eight snake species not endemic to Mexico that inhabit Mexico City, 
five are found in Canada and/or the United States and Mexico (Diadophis punctatus 
[Linnaeus, 1766], Micrurus tener Baird & Girard, 1853, Rena dulcis Baird & Girard, 
1853, Thamnophis eques (Reuss, 1834), and Crotalus molossus Baird & Girard, 1853), 
one is found from Mexico to Central America (Pituophis lineaticollis [Cope, 1861]), 
and two range from the southern United States to Central America (Senticolis triaspis 
[Cope, 1866] and Thamnophis cyrtopsis [Kennicott, 1860]).

Habitat types

The most diverse region of the city is the Forests and Ravines region, which is home 
to 43 species (13 amphibians, 30 reptiles), which represents 70.5% of the species 
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Table 1. Amphibians and reptiles of Mexico City with distributional and conservation status. Region: 
(1 = Forests and Ravines; 2 = Wetlands of Xochimilco and Tláhuac; 3 = Urban Parks and Gardens; 4 = 
Mountains of Xochimilco and Milpa Alta; 5 = Sierra de Guadalupe; 6 = Sierra de Santa Catarina) accord-
ing to Reygadas-Prado (2016). Species with asterisk (Geophis bicolor and G. petersii), are records without 
a specific locality, assigned to a region that we consider the best fit, and species with a question mark 
(Lampropeltis polyzona and Micrurus tener) are records without a specific locality representing species with 
a wide range of habitat use, such that is not possible to assign them to a specific region. IUCN Status: 
(DD = Data Deficient; LC = Least Concern, VU = Vulnerable, NT = Near Threatened; EN = Endangered; 
CR = Critically Endangered; NE = not Evaluated) according to the IUCN Red List (The IUCN Red List 
of Threatened Species, Version 2019-2 (www.iucnredlist.org; accessed 29 November 2019); conservation 
status in Mexico according to SEMARNAT (2019): (P = in danger of extinction, A = threatened, Pr = 
subject to special protection, NL = not listed); Environmental Vulnerability Score: (EVS – the higher the 
score the greater the vulnerability: low (L) vulnerability species (EVS of 3–9); medium (M) vulnerability 
species (EVS of 10–13); and high (H) vulnerability species (EVS of 14–20) from Wilson et al. (2013a,b) 
and Johnson et al. (2015); Global Distribution: 0 = Endemic to Mexico City; 1 = Endemic to Mexico; 2 = 
Shared between the US and Mexico; 3 = widely distributed from Mexico to Central or South America; 
4 = widely distributed from the US to Central or South America; IN = introduced to Mexico City. Date 
in which the first record appeared; and Source of the first record.

Region IUCN SEMARNAT EVS Global Year Source
Class Amphibia
Order Anura
Family Bufonidae Gray, 1825
Anaxyrus compactilis (Wiegmann, 
1833)

1, 2, 3, 
4, 5

LC NL H (14) 1 1890 Herrera 1890

Family Craugastoridae Hedges, Duellman, & Heinecker, 2008
Craugastor augusti (Dugès, 1879) 5 LC NL L (8) 2 1981 Méndez de la 

Cruz et al. 1992
Family Eleutherodactylidae Lutz, 1954
Eleutherodactylus grandis (Dixon, 
1957)

3 CR Pr H (18) 0 1957 Dixon 1957

Family Hylidae Rafinesque, 1815
Dryophytes arenicolor (Cope, 1886) 1, 3 LC NL L (7) 2 1919 AMNH A-13254
Dryophytes eximius (Baird, 1854) 1, 2, 3, 

4, 5
LC NL M (10) 1 1853 USNM 3248

Dryophytes plicatus (Brocchi, 1877) 1, 3 LC A M (11) 1 1917 MCZ-A 17702
Family Ranidae Batsch, 1796
Rana montezumae Baird, 1854 2, 3, 4, 5 LC Pr M (13) 1 1854 Baird 1854
Rana tlaloci Hillis & Frost, 1985 1, 2, 3, 5 CR P H (15) 1 1919 AMNH A-12214
Family Scaphiopodidae Cope, 1865
Spea multiplicata (Cope, 1863) 1, 2, 3, 4 LC NL L (3) 2 1890 Herrera 1890
Order Caudata
Family Ambystomatidae Gray, 1850
Ambystoma altamirani Dugès, 1895 1, 3 EN A M (13) 1 1908 Gadow 1908
Ambystoma mexicanum (Shaw & 
Nodder, 1798)

2 CR P H (15) 0 1798 Shaw and 
Nodder 1798

Ambystoma velasci Dugès, 1888 5 LC Pr M (10) 1 1882 USNM 12721
Family Plethodontidae Gray, 1850
Aquiloeurycea cephalica (Cope, 1865) 1, 3 NT A H (14) 1 1941 AMNH A-52026
Chiropterotriton orculus (Cope, 1865) 1, 3, 4 VU NL H (18) 1 1890 Herrera 1890
Isthmura belli (Gray, 1850) 1, 3 VU A M (12) 1 1868 BMNH 

1868.4.7.37-38
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Region IUCN SEMARNAT EVS Global Year Source
Pseudoeurycea altamontana (Taylor, 
1939)

1 EN Pr H (17) 1 2004 MZFC 23438

Pseudoeurycea leprosa (Cope, 1869) 1, 3, 4 LC A H (16) 1 1890 Herrera 1890
Pseudoeurycea tlilicxitl Lara-Góngora, 
2003

1 EN NL H (17) 1 1979 CNAR 3682

Class Reptilia 
Suborder Lacertilia 
Family Anguidae Gray, 1825
Barisia imbricata (Wiegmann, 1828) 1, 2, 3, 4, 

5, 6
LC Pr H (14) 1 1868 BMNH 

1868.4.7.45-47
Family Phrynosomatidae Fitzinger, 1843 
Phrynosoma orbiculare (Linnaeus, 
1758)

1, 3, 4, 
5, 6

LC A M (12) 1 1818 MVZ 43510

Sceloporus aeneus Wiegmann, 1828 1 LC NL M (13) 1 1918 AMNH R-15492
Sceloporus anahuacus Lara-Góngora, 
1983

1 LC NL H (15) 1 1976 Lara-Góngora 
1983

Sceloporus grammicus Wiegmann, 
1828

1, 2, 3, 4, 
5, 6

LC Pr L (9) 2 1892 USNM 18994

Sceloporus mucronatus Cope, 1885 1 LC NL M (13) 1 1944 AMNH R-65701
Sceloporus palaciosi Lara-Góngora, 
1983

1, 4 LC NL H (15) 1 1979 MZFC 790

Scelopours scalaris Wiegmann, 1828 2, 3, 5, 6 LC NL M (12) 1 1896 USNM 46877
Sceloporus spinosus Wiegmann, 1828 5, 6 LC NL M (12) 1 1882 USNM 12720
Sceloporus sugillatus Smith, 1942 1 LC NL H (16) 1 2008 Mendoza-

Hernández et al. 
2008

Sceloporus torquatus Wiegmann, 1828 1, 2, 3, 4, 
5, 6

LC NL M (11) 1 1882 USNM 12719

Family Scincidae Gray, 1825
Plestiodon brevirostris (Günther, 1860) 1 LC NL M (11) 1 ? FMNH w/o 

number
Plestiodon copei (Taylor, 1933) 1 LC Pr H (14) 1 1958 ENCB 810
Family Teiidae Gray, 1827
Aspidoscelis gularis (Baird & Girard, 
1852)

4, 5, 6 LC NL L (9) 4 1919 AMNH R-14221

Suborder Serpentes 
Family Colubridae Oppel, 1811
Conopsis biserialis (Taylor & Smith, 
1942)

3 LC A M (13) 1 1960 ENCB 124

Conopsis lineata (Kennicott, 1859) 1, 3, 4 LC NL M (13) 1 1890 Herrera 1890
Conopsis nasus (Günther, 1858) 3, 5 LC NL M (11) 1 1903 BMNH 

1903.9.30.200
Lampropeltis polyzona Cope, 1860 ? LC NL L (7) 1 1868 BMNH 

1868.4.7.4 
Pituophis deppei (Dumeril, 1853) 1, 2, 3, 4, 

5, 6
LC A H (14) 1 1868 BMNH 

1868.4.7.38
Pituophis lineaticollis (Cope, 1861) 1 LC NL L (8) 3 1932 FMNH 106582
Salvadora bairdi Jan & Sordelli, 1860 1, 3, 5, 6 LC Pr H (15) 1 1919 AMNH R-19528
Senticolis triaspis (Cope, 1866) 2 LC NL L (6) 4 1868 BMNH 

1868.4.7.16
Tantilla calamarina Cope, 1866 1 LC Pr M (12) 1 1919 AMNH R-19750
Family Dipsadidae Bonaparte, 1838
Diadophis punctatus (Linnaeus, 1766) 1, 2, 3, 5 LC NL L (4) 2 1868 Günther 1868
Geophis bicolor Günther, 1868 1* DD Pr H (15) 1 1868 Günther 1868
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Region IUCN SEMARNAT EVS Global Year Source
Geophis petersii Boulenger, 1894 1* DD Pr H (15) 1 1894 Boulenger 1894
Rhadinaea laureata (Günther, 1868) 1,3,6 LC NL M (12) 1 1868 Günther 1868
Rhadinaea taeniata (Peters, 1863) 1 LC NL M (13) 1 1868 BMNH 

1868.4.7.13-14
Family Elapidae Boie, 1827
Micrurus tener Baird & Girard, 1853 ? LC NL M (11) 2 1868 BMNH 

1868.4.7.5
Family Leptotyphlopidae Stejneger, 1892
Rena dulcis Baird & Girard, 1853 3 LC NL M (13) 2 2009 Méndez de la 

Cruz et al. 2009
Family Natricidae Bonaparte, 1838
Storeria storerioides (Cope, 1866) 1, 3, 4 LC NL M (11) 1 1868 BMNH 

1868.4.7.15
Thamnophis cyrtopsis (Kennicott, 
1860)

1 LC A L (7) 4 1890 Herrera 1890

Thamnophis eques (Reuss, 1834) 1, 3, 5, 6 LC A L (8) 2 1860 Kennicott 1860
Thamnophis melanogaster (Wiegmann, 
1830)

2, 3 EN A H (15) 1 1882 USNM 12726

Thamnophis pulchrilatus (Cope, 1885) 1 LC NL H (15) 1 1890 Herrera 1890
Thamnophis scalaris Cope, 1861 1, 3, 5 LC A H (14) 1 1890 Herrera 1890
Thamnohis scaliger (Jan, 1863) 1, 2, 3, 4 VU A H (15) 1 1868 BMNH 

1868.4.7.10
Family Typhlopidae Merrem, 1820
Indotyphlops braminus (Daudin, 
1803)

3 IN NA NA NA 1995 CNAR 11281

Family Viperidae Oppel, 1811
Crotalus aquilus Klauber, 1952 5 LC Pr H (16) 1 2016 García-Vázquez 

and Méndez de la 
Cruz 2016

Crotalus molossus Baird & Girard, 
1853

3, 4, 5, 6 LC Pr L (8) 2 1868 BMNH 
1868.4.7.2

Crotalus polystictus (Cope, 1865) 2 LC Pr H (16) 1 1890 Herrera 1890
Crotalus ravus Cope, 1865 1, 2, 3, 4, 

5, 6
LC A H (14) 1 1944 UMMZ 99847

Crotalus transversus Taylor, 1944 1 LC P H (17) 1 ? ROM 47094
Crotalus triseriatus (Wagler, 1830) 1, 2, 3, 4 LC NL H (16) 1 1868 BMNH 

1946.1.17.70
Order Testudines 
Family Emydidae (Rafinesque, 1815)
Trachemys venusta (Gray, 1855) 3 IN NA NA NA 2009 Méndez de la 

Cruz et al. 2009
Family Kinosternidae Agassiz, 1857
Kinosternon hirtipes (Wagler, 1830) 2,5 LC Pr M (10) 2 1888 Dugès 1888
Kinosternon integrum LeConte, 1854 2 LC Pr M (11) 1 1888 Dugès 1888

pool for the city. This region occupies the second place in the territorial area of the 
city with 534.4 km2 (36.0% of the surface of Mexico City). This region is in the best 
conservation state and is where there is the possibility of rediscovering species known 
only from historical records such as Geophis bicolor Günther, 1868, Geophis petersii 
Boulenger, 1894, and Rhadinaea taeniata (Peters, 1863), or finding new species re-
cords such as for Eleutherodactylus nitidus (Peters, 1870), Exerodonta smaragdina (Tay-
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lor, 1940), and Tantilla bocourti (Günther, 1895). This region also has a high num-
ber of species listed in an IUCN protected category (7 amphibians, 1 reptile), listed 
in a SEMARNAT protected category (6 amphibians, 7 reptiles), and categorized as 
high risk by the EVS (7 amphibians, 15 reptiles). The second most diverse region of 
Mexico City is the Urban Parks and Gardens that hosts 34 species (13 amphibians, 
21 reptiles). This region occupies the largest area of the city with 607.3 km2 (40.9% 
of the surface of Mexico City). It is also the most populated region and is dominated 
by urban habitats, which are generally not suitable for most amphibians and reptiles. 
However, it has two important urban parks, the Pedregal de San Angel Ecological Re-
serve (REPSA) and the Chapultepec Forest, where the largest number of species has 
been recorded for this region. The number of species in this region listed in an IUCN 
protected category (6 amphibians, 2 reptiles), listed as protected by SEMARNAT (6 
amphibians, 7 reptiles), and categorized as high risk by the EVS (6 amphibians, 8 
reptiles) is also high. The Wetlands of Xochimilco and Tláhuac and the Mountains 
of Xochimilco and Milpa Alta, and the Sierra de Guadalupe host similar numbers of 
amphibian and reptile species and also have similar numbers of species included in 
the IUCN and SEMARNAT lists or categorized as high risk by the EVS. In the Wet-
lands of Xochimilco and Tláhuac, 20 species (6 amphibians, 14 reptiles) are present, 
of which four are listed by the IUCN, five by SEMARNAT, and 10 are categorized 
as high risk by the EVS. In the Mountains of Xochimilco and Milpa Alta, 19 species 
(6 amphibians, 13 reptiles) are found, of which two are listed by the IUCN, four 
by SEMARNAT, and nine are categorized as high risk by the EVS. In the Sierra de 
Guadalupe, 23 species (6 amphibians, 17 reptiles) occur, of which one is listed by the 
IUCN, five by SEMARNAT, and eight are categorized as high risk by the EVS. The 
Sierra de Santa Catarina region is like an island, a mountain with disturbed vegeta-
tion surrounded by urban habitats. It has an area of only 31.4 km2 (2.1% of the area 
of Mexico City; Fig. 7) and harbors 13 species of reptiles. However, the government 
of Mexico City mentioned the presence of two amphibians and 14 reptiles, with only 
eight reptile species included in the SEMARNAT list (Gobierno del Distrito Federal 
[= Mexico City] 2005). None of the reptile species in this region are included in the 
IUCN list, three are in the SEMARNAT list, and four are categorized as high risk by 
the EVS. Our observations of the distribution of amphibians and reptiles in Mexico 
City are broadly consistent with the findings of García Vázquez and Méndez de la 
Cruz (2016) and García Vázquez et al. (2016).

Conservation status

Eleven of the 63 species (17.5%) of amphibians and reptiles in Mexico City are in-
cluded in the IUCN Red List (i.e., Vulnerable, Near Threatened, or Endangered), 17 
(27.0%) are placed in a protected category (excluding NL and Pr, this last category is 
equivalent to the LC category of IUCN) by SEMARNAT, and 27 species (42.9%) are 
categorized as high risk by the EVS (Fig. 8; Table 2). For amphibians, 38.9% (7 of 18 
species) are included in the IUCN Red List and are protected by SEMARNAT, and 
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Figure 7. Species accumulation curves for total herpetofauna of Mexico City, Mexico, as well as sepa-
rately for amphibians and reptiles.

Figure 8. Percentage of species included in the IUCN Red List or listed by SEMARNAT, and the Environ-
mental Vulnerability Score (EVS). A Amphibians B reptiles. Green is percentage in Data Deficient and Least 
Concern (IUCN); Not Listed and Subject to Special Protection (we regarded the category of Subject to Special 
Protection in SEMARNAT equivalent to IUCN’s Least Concern) (SEMARNAT); low and medium EVS. 
Red is percentage in protected categories or high EVS. N is the number of species assessed by each agency.
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Table 2. Summary of native species present in Mexico City by class, family, order, and suborder. Status 
summary indicates the number of species found in each IUCN conservation status in the order DD, LC, 
VU, NT, EN, CR (see Table 1 for abbreviations). For mean EVS (Environmental Vulnerability Score), 
scores ≥14 are considered to have high vulnerability (Wilson et al. 2013a, b). Conservation status in 
Mexico are number of species in each category (NL, Pr, A, P; see Table 1 for abbreviations) according to 
SEMARNAT (2019).

Scientific name genera species IUCN x– EVS SEMARNAT
Class Amphibia DD, LC, VU, NT, EN, CR NL, Pr, A, P
Order Anura 6 9 0, 7, 0, 0, 0, 2 11 5, 2, 1, 1
Bufonidae 1 1 0, 1, 0, 0, 0, 0 14 1, 0, 0, 0
Craugastoridae 1 1 0, 1, 0, 0, 0, 0 8 1, 0, 0, 0
Eleutherodactylidae 1 1 0, 0, 0, 0, 0, 1 18 0, 1, 0, 0
Hylidae 1 3 0, 3, 0, 0, 0, 0 9.3 2, 0, 1, 0
Ranidae 1 2 0, 1, 0, 0, 0, 1 14 0, 1, 0, 1
Scaphiopodidae 1 1 0, 1, 0, 0, 0, 0 3 1, 0, 0, 0
Order Caudata 5 9 0, 2, 2, 1, 3, 1 14.7 2, 2, 4, 1
Ambystomatidae 1 3 0, 1, 0, 0, 1, 1 12.7 0, 1, 1, 1
Plethodontidae 4 6 0, 1, 2, 1, 2, 0 15.7 2, 1, 3, 0
Subtotal 11 18 0, 9, 2, 1, 3, 3 12.8 7, 4, 5, 2
Class Reptilia
Order Squamata 19 43 2, 39, 1, 0, 1, 0 12.3 23, 10, 9, 1
Suborder Lacertilia 5 14 0, 14, 0, 0, 0, 0 12.6 10, 3, 1, 0
Anguidae 1 1 0, 1, 0, 0, 0, 0 14 0, 1, 0, 0
Phrynosomatidae 2 10 0, 10, 0, 0, 0, 0 12.8 8, 1, 1, 0
Scincidae 1 2 0, 2, 0, 0, 0, 0 12.5 1, 1, 0, 0
Teiidae 1 1 0, 1, 0, 0, 0, 0 9 1, 0, 0, 0
Suborder Serpentes 14 29 2, 25, 1, 0, 1, 0 12.2 13, 7, 8, 1
Colubridae 6 9 0, 9, 0, 0, 0, 0 11 5, 2, 2, 0
Dipsadidae 3 5 2, 3, 0, 0, 0, 0 11.8 3, 2, 0, 0
Elapidae 1 1 0, 1, 0, 0, 0, 0 11 1, 0, 0, 0
Leptotyphlopidae 1 1 0, 1, 0, 0, 0, 0 13 1, 0, 0, 0
Natricidae 2 7 0, 5, 1, 0, 1, 0 12.1 2, 0, 5, 0
Viperidae 1 6 0, 6, 0, 0, 0, 0 14.5 1, 3, 1, 1
Order Testudines 1 2 0, 2, 0, 0, 0, 0 10.5 0, 2, 0, 0
Kinosternidae 1 2 0, 2, 0, 0, 0, 0 10.5 0, 2, 0, 0
Subtotal 20 45 2, 41, 1, 0, 1, 0 12.2 23, 12, 9, 1
Total 31 63 2, 50, 3, 1, 4, 3 12.4 30, 16, 14, 3

50.0% (9 species) are at high risk according to the EVS (Fig. 8; Table 2). For reptiles, 
4.4% (2 of 45 species) are listed by the IUCN, 22.2% (10 species) are protected by 
SEMARNAT, and 40.0% (18 species) are at high risk according to the EVS (Fig. 8; 
Table 2). These results suggest that the amphibians of Mexico City are considered to be 
of relatively high conservation concern at a global and national scale (IUCN and SE-
MARNAT lists), but there are even greater conservation concerns based on the EVS. 
The limited distribution of half of the amphibian species that inhabit Mexico City, 
coupled with the loss of available habitat, places them in a delicate conservation status. 
For example, the Axolotl, Ambystoma mexicanum, which is listed as Critically Endan-
gered by the IUCN and In Danger of Extinction by SEMARNAT, currently appears 
to be limited to Lake Xochimilco and faces threats such as introduced predators, illegal 
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collection, and pollution (Griffiths et al. 2004; Contreras et al. 2009; Recuero et al. 
2010). On the other hand, reptiles are of lesser conservation concern than amphibians 
according to the IUCN and SEMARNAT lists, but not the EVS list (Fig. 8), which is 
a reflections that EVS uses more variables in determining country-level conservation 
status than either the IUCN or SEMARNAT (see Wilson et al. 2013a, 2013b).

Comparison with neighboring states

Mexico City shares more than 90% of its species (59 of 63 species = 93.7%, Table 
4), with the State of Mexico, such that the herpetofauna of Mexico City is practically 
contained in that of the State of Mexico. Both the city and state are in the Basin of 
Mexico, which is included in the physiographic province of the Neovolcanic Axis, and 
all of Mexico City belongs to the sub-province of Lagos y Volcanes de Anáhuac, which 
also forms a part of the State of Mexico. Thus, the topographic and physiographic 
characteristics shared by these two entities result in a great similarity of their biological 
diversity, including their herpetofaunas. Additionally, the State of Mexico surrounds 
Mexico City on three sides (west, north, and east), and this, coupled with the small 
territorial area of Mexico City, results in a nesting of the species richness of Mexico 
City in the species richness of the State of Mexico. There are four species that Mexico 
City does not share with the State of Mexico. These include Eleutherodactylus grandis, 
which is limited to the Pedregal de San Angel in the Urban Parks and Gardens region; 
Ambystoma mexicanum, currently limited to two wild populations, one in the channels 

Table 3. List of amphibian and reptile species that potentially occur in Mexico City.

Taxon Likely to occur in:
Class Amphibia
Order Anura
Family Bufonidae
Incilius marmoreus (Wiegmann, 1833) southern Mexico City
Incilius occidentalis (Camerano, 1879) southern Mexico City
Family Eleutherodactylidae
Eleutherodactylus nitidus (Peters, 1870) southern Mexico City
Family Hylidae
Exerodonta smaragdina (Taylor, 1940) southern Mexico City
Tlalocohyla smithii (Boulenger, 1902) southern Mexico City
Family Ranidae
Rana spectabilis Hillis & Frost, 1985 southern Mexico City
Class Reptilia 
Order Squamata 
Suborder Lacertilia 
Family Scincidae 
Plestiodon indubitus (Taylor, 1933) southern Mexico City
Suborder Serpentes
Family Colubridae 
Tantilla bocourti (Günther, 1895) southern Mexico City
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Table 4. Summary of the numbers of species shared between Mexico City and neighboring Mexican 
states (not including introduced species). The percent of Mexico City species shared by a neighboring 
state are given in parentheses. Total refers to the total number of species found in Mexico City and two 
neighboring states (i.e., regional species pool) and the number in parentheses in this column is the percent 
of the regional species pool found in Mexico City. – indicates either Mexico City or the neighboring state 
has no species in the taxonomic group, or none of that specific taxon is shared between the states, thus no 
value for shared species is provided.

Taxon Mexico City State of Mexico Morelos Total
Class Amphibia 18 16 (88.9) 14 (77.8) 55 (32.7)
Order Anura 9 8 (88.9) 7 (77.8) 39 (23.1)
Bufonidae 1 1 (100) 1 (100) 5 (20.0)
Centrolenidae – – – 1 (0)
Craugastoridae 1 1 (100) 1 (100) 5 (20.0)
Eleutherodactylidae 1 – – 5 (20.0)
Hylidae 3 3 (100) 3 (100) 10 (30.0)
Leptodactylidae – – – 1 (0)
Microhylidae – – – 3 (0)
Phyllomedusidae – – – 1 (0)
Ranidae 2 2 (100) 1 (50) 7 (28.6)
Scaphiopodidae 1 1 (100) 1 (100) 1 (100)
Order Caudata 9 8 (88.9) 7 (77.8) 16 (56.3)
Ambystomatidae 3 2 (66.7) 1 (33.3) 8 (37.5)
Plethodontidae 6 6 (100) 6 (100) 8 (75.0)
Class Reptilia 45 43 (95.6) 35 (77.8) 125 (36.0)
Order Squamata 43 41 (95.3) 33 (76.7) 120 (35.8)
Suborder Lacertilia 14 14 (100) 12 (85.7) 49 (28.6)
Anguidae 1 1 (100) 1 (100) 5 (20.0)
Dactyloidae – – – 1 (0)
Eublepharidae – – – 1 (0)
Helodermatidae – – – 1 (0)
Iguanidae – – – 1 (0)
Phrynosomatidae 10 10 (100) 9 (90.0) 23 (43.5)
Phyllodactylidae – – – 3 (0)
Scincidae 2 2 (100) 2 (100) 6 (33.3)
Teiidae 1 1 (100) – 8 (12.5)
Suborder Serpentes 29 27 (93.1) 21 (72.4) 71 (40.8)
Boidae – – – 1 (0)
Colubridae 9 9 (100) 9 (100) 24 (37.5)
Dipsadidae 5 4 (80.0) 2 (40.0) 18 (27.8)
Elapidae 1 1 (100) 1 (100) 3 (33.3)
Leptotyphlopidae 1 – – 3 (33.3)
Loxocemidae – – – 1 (0)
Natricidae 7 7 (100) 4 (57.1) 10 (70.0)
Viperidae 6 6 (100) 5 (83.3) 11 (54.5)
Order Testudines 2 2 (100) 2 (100) 5 (40.0)
Emydidae – – – 1 (0)
Geoemydidae – – – 1 (0)
Kinosternidae 2 2 (100) 2 (100) 3 (66.7)
Total 63 59 (93.7) 49 (77.8) 180 (35.0)
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of Lake Xochimilco and a second in the remnants of Lake Chalco, both in southern 
Mexico City, where it faces serious conservation problems (Zambrano González et al. 
2003; Recuero et al. 2010); Geophis petersi, a snake with secretive habits, which is diffi-
cult to find and known only from the type series; and Rena dulcis, reported by Méndez 
de la Cruz et al. (2007, 2009) in the Pedregal de San Angel.

Geophis petersi was collected by H. Doorman in 1868 and its type locality at Mex-
ico City was questioned and restricted to Pátzcuaro, Michoacán by Smith and Taylor 
(1950); however, Downs (1967) pointed out that this restriction was unjustified and 
that the presence of G. petersi at the southern tip of the Mexican Altiplano seems 
reasonable. Due to the secretive habits and presence of similar habitats in the State 
of Mexico, it is possible that G. petersi also inhabits the State of Mexico but not yet 
recorded from there. A similar situation occurs for R. dulcis, the other species not yet 
recorded in the State of Mexico, but due to its secretive habits and tiny size, this snake 
might also likely occur in the State of Mexico.

Mexico City shares 49 of its amphibians and reptiles with Morelos (77.8%; Table 
4). The lower percentage of shared species compared to the State of Mexico is partly 
due to the fact that Morelos is not within the Basin of Mexico; however, part of it is 
included in the physiographic province of the Neovolcanic Axis, subprovince of Lagos 
y Volcanes de Anáhuac. In addition, less temperate forest is present in Morelos, and 
Morelos is smaller compared to the State of Mexico (Lemos-Espinal and Smith 2020). 
These characteristics result in fewer species shared with Morelos than with the State 
of Mexico. Seven of the 14 species that Mexico City does not share with Morelos 
probably inhabit this latter state, but they have not been recorded yet (Ambystoma ve-
lasci, Sceloporus anahuacus, Diadophis punctatus, Geophis bicolor, G. petersi, Thamnophis 
melanogaster, and T. pulchrilatus) (Lemos-Espinal and Smith 2020).
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Appendix 1

Museum collections included in the VertNet.org database records of Mexico City am-
phibians and reptiles that house specimens of the first record of a species in Mexico City.

AMNH Collection of Herpetology, Herpetology Department, American Museum 
of Natural History

BMNH Zoological Collection, Natural History Museum (London)
CNAR Colección Nacional de Anfibios y Reptiles, Instituto de Biología, Universi-

dad Nacional Autónoma de México
ENCB Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional
FMNH Division of Amphibians and Reptiles, Field Museum of Natural History
MCZ Collection of Herpetology, Museum of Comparative Zoology, Harvard 

University Cambridge
MVZ Museum of Vertebrate Zoology at Berkeley, Herpetological Collection
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Abstract
The genus Gephyromantis belongs to the species-rich family Mantellidae and is currently divided in six 
subgenera. Among these is the subgenus Phylacomantis, which currently includes four described species: 
Gephyromantis pseudoasper, G. corvus, G. azzurrae, and G. atsingy. The latter three species are distributed 
in western Madagascar, and two of them (G. azzurrae and G. corvus) occur in the Isalo Massif. Based on 
the analysis of molecular data (a fragment of the 16S rRNA gene), morphological inspection of museum 
specimens, and photographic comparisons, G. azzurrae is synonymised with G. corvus and the second 
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Phylacomantis lineage of Isalo is described as G. kintana sp. nov. This medium-sized frog species (adult 
snout-vent length 35–44 mm) is assigned to this subgenus according to genetic and morphological simi-
larities to the other known species of Phylacomantis. Gephyromantis kintana sp. nov. is known only from 
the Isalo Massif, while new records for G. corvus extend its range to ca. 200 km off its currently known 
distribution. These two taxa seem to occur in syntopy in at least one locality in Isalo, and the easiest way 
to distinguish them is the inspection of the ventral colouration, dark in G. corvus and dirty white in 
G. kintana.

Keywords
Amphibia, Mantellidae, Mantellinae, Phylacomantis, integrative taxonomy

introduction

The biodiversity hotspot of Madagascar hosts a unique, diverse, and imperilled ecosys-
tem (Myers et al. 2000; Goodman and Benstead 2003, 2005). The island’s amphibians 
contribute significantly to its rich biodiversity with 100% of the autochthonous spe-
cies being endemic to the country (Glaw and Vences 2007; Perl et al. 2014; Zimkus 
et al. 2017). All native amphibians of Madagascar are anurans and belong to four dis-
tinct families: Mantellidae Laurent, 1946, Microhylidae Günther, 1858, Hyperoliidae 
Laurent, 1943 and Ptychadenidae Dubois, 1987 (Glaw and Vences 2007; Crottini et 
al. 2012). The family Mantellidae is the most species rich clade with ca. 230 currently 
described species (AmphibiaWeb 2020) and several new species are awaiting formal 
description (Vieites et al. 2009; Perl et al. 2014). Mantellids are divided in three sub-
families, the Boophinae Vences & Glaw, 2001 (with 79 described species), the Lali-
ostominae Vences & Glaw, 2001 (with seven described species), and the Mantellinae 
Laurent, 1946 (with 143 described species) (AmphibiaWeb 2020). Based on signifi-
cant genetic differentiation, habitat requirement and morphology mantellin frogs are 
classified in nine recognised genera: Blommersia Dubois, 1992, Boehmantis Glaw & 
Vences, 2006, Gephyromantis Methuen, 1920, Guibemantis Dubois, 1992, Mantella 
Boulenger, 1882, Mantidactylus Boulenger, 1895, Spinomantis Dubois, 1992, Tsingy-
mantis Glaw, Hoegg and Vences 2006 and Wakea Glaw & Vences, 2006 (Glaw and 
Vences 2006, 2007).

The genus Gephyromantis is currently divided in six subgenera: Gephyromantis 
Methuen, 1920, Laurentomantis Dubois, 1980, Vatomantis Glaw & Vences, 2006, 
Phylacomantis Glaw & Vences, 1994, Duboimantis Glaw & Vences, 2006 and Asp-
eromantis Vences, Köhler, Pabijan, Bletz, Gehring, Hawlitschek, Rakotoarison, Rat-
soavina, Andreone, Crottini & Glaw, 2017.

Gephyromantis are mostly small to medium-sized frogs that, for a long time, most 
of them were thought to be direct developers (not depending on water bodies for their 
larval development). However, and despite development being unknown for the ma-
jority of the species, free-swimming, exotrophic tadpoles have been recorded in some 
of them (Glaw and Vences 2007; Randrianiaina et al. 2011). In addition, endotrophic 
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(non-feeding) nidicolous tadpoles, genetically identified as belonging to the subgenus 
Duboimantis, were recently identified (Randrianiaina et al. 2011). Eggs of these spe-
cies are most probably laid into the leaf-litter and washed into streams where they 
complete the larval development and metamorphosis (Randrianiaina et al. 2011). 
The majority of the Gephyromantis species can be found in the low and mid-altitude 
rainforest of the north and east of Madagascar, with the exception of most species of 
the subgenus Phylacomantis, which primarily occupy western Madagascar (Glaw and 
Vences 2007; Mercurio and Andreone 2007; Crottini et al. 2011a; Andreone et al. 
2014; Cocca et al. 2018).

The subgenus Phylacomantis currently contains four described species distributed 
in the north, west and south-west of Madagascar: G. pseudoasper (Guibé, 1974), G. cor-
vus (Glaw & Vences, 1994), G. azzurrae Mercurio & Andreone, 2007, and G. atsingy 
Crottini, Glaw, Casiraghi, Jenkins, Mercurio, Randrianantoandro, Randrianirina & 
Andreone, 2011. These medium-sized frogs are mostly terrestrial, being active mainly 
in crepuscular and night hours (Glaw and Vences 1994, 2006). With the exception of 
G. pseudoasper, which can be found far from water bodies, all the species are typically 
encountered in rocky habitats along small streams in dry deciduous forest (Glaw and 
Vences 2006, 2007). Males are often heard calling from the ground, from bushes or 
trees at relatively low perch. Some species of the subgenus Phylacomantis are known 
to have exotrophic carnivorous tadpoles capable of emitting sounds, possibly as an 
aggressive signal towards conspecific tadpoles during prey capture (Reeve et al. 2011).

In this paper we combined available evidence (morphological and genetic data, 
photographic material) on the two Phylacomantis species inhabiting the Isalo Massif 
(currently referred to as G. azzurrae and G. corvus) and compared it with recently col-
lected material. The results of this analysis point to the need to synonymise the name 
Gephyromantis azzurrae with G. corvus and describe a new taxon that had for long time 
remained hidden in plain sight (i.e., under the name G. corvus).

Materials and methods

Study sites

The Isalo Massif is situated in the southwestern corner of the Ihorombe region. A 
large portion of the massif is included within the Parc National de l’Isalo, one of the 
largest protected areas in Madagascar (81,540 ha). It consists of a low to mid-altitude 
mountain range (altitudinal range from 500 to 1,300 m a.s.l.), characterised by the 
occurrence of numerous canyons and valleys, varying in size, depth and in the level 
of humidity and water availability. This area hosts numerous patches of dry decidu-
ous forest, which are generally associated to streams within the canyon system (Fig. 1; 
Table 1; Mercurio and Andreone 2007; Mercurio et al. 2008; Cocca et al. 2018).

In addition to Isalo, we surveyed an area close to the Andringitra Massif (in the 
south-east): we found individuals of Phylacomantis in Tsaranoro forest, Anja Reserve 
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and Sakaviro Community Reserve, all within the administrative region of Haute Mat-
siatra (Fig. 1). Tsaranoro forest is a small fragment of ca. 46 ha, ca. 4 km away from 
the western entrance of the Parc National d’Andringitra and it is characterised by a 
semi-deciduous dry forest surrounded by villages and rice fields (Fig. 1; Gould and 
Andrianomena 2015). Anja Reserve is located ca. 13 km south of Ambalavao, and 
is characterised by the presence of forest fragments at the base of some large granitic 
boulders known to host several microendemic species (Crottini et al. 2011b, 2012, 
2015). Sakaviro Community Reserve is a small (ca. 14 ha) remaining fragment of 
semi-deciduous dry forest at the base of a granitic dome, which is located ca. 8 km 
north of Anja Reserve (Fig. 1; Table 1).

Voucher collection

Frogs were searched during the day and night (using headlamps and torches). The 
position of each site was recorded with a GPS device. Special efforts have been in-
vested in collecting specimens at Namazaha (or Namaza) Valley, the type locality of 
G. corvus within the Isalo N.P. Twenty individuals (collected over several years) were 
euthanised by immersion in a solution of MS-222, fixed in 96% ethanol and stored 
in 70% ethanol. From each voucher specimen we collected a tissue sample, which was 
preserved separately in 96% ethanol for genetic analyses. Vouchers were deposited in 
the herpetological collection of the Zoologische Staatssammlung München, Germany 
(ZSM), and of the Mention “Zoologie et Biodiversité Animale” of the University of 

Figure 1. Distribution of Gephyromantis corvus and G. kintana sp. nov. Note that in Sakamalio the two 
species are found in syntopy.
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Antananarivo, Madagascar (UADBA-A) (for detailed information on the collections 
material please refer to Fig. 2). The eight vouchers hosted in the UADBA-A collection 
were analysed genetically but have not been measured. Other institutional abbrevia-
tions used herein are

MRSN Museo Regionale di Scienze Naturali di Torino, Italy
ZFMK Zoologisches Forschungsmuseum Alexander Koenig, Bonn, Germany
SMF Senckenberg Museum Frankfurt, Germany.

Codes ACZC and ACZCV refer to field numbers of A. Crottini and the code 
FAZC refers to field numbers of F. Andreone.

Morphological measurements

Morphological measurements (in mm) were taken with a digital calliper to the nearest 
0.1 mm by W. Cocca (Table 2):

ED horizontal eye diameter,
END eye-nostril distance, measured from the anterior corner of eye to the cen-

tre of the nostril,
FORL forelimb length, measured from the axilla to the tip of the longest (third) 

finger with the forelimb extended,
FOTL foot length including tarsus, measured from the tibio-tarsal articulation 

to the tip of the longest (fourth) toe,

Table 1. List of toponyms and corresponding GPS coordinates and altitudes.

Locality Latitude / Longitude Altitude [m a.s.l.]
Ambovo -22.50800000S, 45.35250000E 999
Andohasahenina -22.83333300S, 45.18800000E 876
Andranombilahy -22.55000000S, 45.41670000E 920
Andranomena -22.74016700S, 45.27500000E 740
Andriamanero 1 -22.36716700S, 45.39200000E 663
Andriamanero 2 -22.37333333S, 45.37850000E 792
Anja -21.85962000S, 46.85827000E 970
Antsifotra Canyon -22.42120000S, 45.27450000E 743
Canyon des Rats -22.47987500S, 45.37663200E 841
Iambahatsy -22.40583300S, 45.26883300E 742
Malaso -22.58850000S, 45.35533333E 966
Namazaha Valley -22.55000000S, 45.41670000E 820
Piscine Naturelle -22.55966700S, 45.37183300E 841
Sakamalio -22.43483300S, 45.25516700E 726
Sakaviro -22.42120000S, 45.27450000E 1018
Tsaranoro -22.08473000S, 46.77515000E 946
Tsiombivositra -22.30250000S, 45.35833300E 900
Tsitorina -22.05816700S, 45.35616700E 465
Zahavola -22.62153610S, 45.35866700E 881
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Figure 2. Phylogenetic consensus tree of the subgenus Phylacomantis. Bayesian majority rule consensus 
tree based on a fragment of the mitochondrial 16S rRNA gene. Numbers at nodes are Posterior Probabil-
ity (PP) values. In bold is highlighted the sequence (AF215320) of the adult male (ZFMK 70494) that 
was used as genetic reference for G. corvus in Vences (2000) and following contributions. Each sequence 
is reported with the following information: GenBank accession number, GenBank taxon identification 
(given in parenthesis when taxon ID does not match with the currently proposed definition), institutional 
catalogue number and/or field number (when specimen was not collected), species ID, locality. G. leuco-
cephalus, G. asper, and G. ambohitra were used as outgroups.
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HAL hand length, measured from the base of the hand to the tip of the longest 
(third) finger,

HIL hind-limb length, measured from the cloaca to the tip of the longest 
(fourth) toe with the foot extended laterally outward from the body,

HIL/SVL ratio between hind-limb length and snout-vent length,
HL head length, measured as the diagonal from the maxillary commissure to 

the snout tip (Note: this is measured along the jaw, and not parallel to the 
longitudinal axis of the animal),

HW head width at widest point,
IMTL length of inner metatarsal tubercle,
NND nostril-nostril distance, measured from the centre of the nostrils,
NSD nostril-snout tip distance, measured from the centre of the nostril,
SVL snout-vent length,
TD horizontal tympanum diameter,
TD/ED ratio between horizontal tympanum diameter and horizontal eye diameter,
TIBL point reached by tibio-tarsal articulation when hindlimbs are adpressed 

along body).

For adult male individuals we also collected measurements for the femoral macro-
gland cluster:

FGL length of the femoral macrogland cluster,
FGW width of femoral macrogland cluster,
GD mean diameter of granules composing the right femoral gland,
NG number of granules composing the right femoral gland.

Granules were counted after having opened and flipped the skin where the gland 
is located. Webbing formula follows Blommers-Schlösser (1979), and femoral glands 
definition follows Glaw et al. (2000). Terminology and description scheme follow 
Mercurio and Andreone (2007). Description of colour in life is based on the holotype, 
with some reference to variation as observed in paratypes.

Molecular analysis

Total genomic DNA was extracted from tissue samples using proteinase K digestion 
(10 mg/ml concentration) followed by a standard high-salt extraction method (Bru-
ford et al. 1992). We amplified a fragment of ca. 550 bp of the 3’ terminus of the 
mitochondrial 16S rRNA gene (hereafter 16S) proven to be suitable for amphibian 
identification (Vences et al. 2005; Vieites et al. 2009). We used the primers 16S-AR 
5’-CGCCTGTTTATCAAAAACAT-3’ and 16S-BR 5’-CCGGTYTGAACTCA-
GATCAYGT-3’, modified from Palumbi et al. (1991), as described in Crottini et al. 
(2011a). Standard polymerase chain reactions (PCR) were performed in a final volume 
of 25 µL and using 0.75 µL each of 10 pmol primer, 0.4 µL of total dNTP 10  mM 
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(Promega), 0.1 µL of 5 U/mL GoTaq, 5 µL 5X Green GoTaq Reaction Buffer (Pro-
mega) and 4 µl of MgCl2 25mM (Promega). Successfully amplified and purified frag-
ments were sequenced using dye-labelled dideoxy terminator cycle sequencing on an 
ABI 3730XL automated sequencer at Macrogen Inc. Chromatograms were checked 
and sequences were manually edited, where necessary, using the sequence alignment 
editor of BIOEDIT (v.7.2.0; Hall 1999). All new sequences have been deposited in 
GenBank (MT043936–MT043948; Table 2).

We aligned the newly generated 16S sequences with all available homologous sequenc-
es of the species of the subgenus Phylacomantis (see Fig. 2 for details of GenBank accession 
numbers), and one sequence each of G. ambohitra (AY848309), G. asper (FJ559160) and 
G. leucocephalus (FJ559171), belonging to different subgenera, for outgroup rooting. This 
alignment contained 86 sequences. We computed matrices of average genetic distance (un-
corrected p-distance values transformed into percent, using the pairwise deletion option) 
within and between individuals belonging to the four Phylacomantis taxa. Distances were 
computed using MEGA, v. 7.0.21 (Kumar et al. 2016) (Table 3).

We conducted Bayesian inference (BI) searches based on 511 bp of the 16S frag-
ment (Fig. 2). The determination of the best-fitting substitution model based on the 
corrected Akaike information criterion (AICc) was determined in jModelTest2 (Dar-
riba et al. 2012). Phylogenetic analyses were conducted in MRBAYES v. 3.2.6 (Ron-
quist et al. 2012) on CIPRES Science Gateway v. 3.3 (Miller et al. 2010). The Markov 
chain Monte Carlo sampling included two runs of four chains each (three heated, one 
cold) sampled every 103 generations for a total of 107 generations. The first 25% of 
generations were discarded as burn-in, and 7.5 million trees were retained post burn-in 
and summed to generate a 50% majority rule consensus tree (Fig. 2).

results

Justification for the synonymisation of G. azzurrae with G. corvus

The 16S sequence deposited in GenBank with the number AF215320 was obtained 
from the amplification of a tissue sample of the specimen ZFMK 70494 (Figs 2, 3; 
Vences 2000). This specimen was collected in Isalo in 1999 when only one Phyla-
comantis species was recognised in the area, and therefore this sequence was associated 
with the specific name “corvus”. No precise locality data are available for the collection 
of this specimen, but after morphological study of this specimen, and of the type series 
of G. corvus and G. azzurrae (Table 2; Figs 2, 3) we conclude that: 1) G. corvus and G. 
azzurrae are conspecific (we did not detect any relevant morphological difference be-
tween the two holotypes; see following sections for the list of diagnostic characters be-
tween the two sympatric Phylacomantis taxa from Isalo; see Fig. 3); 2) specimen ZFMK 
70494 is different from the holotypes of G. corvus and G. azzurrae (see below; Fig. 3) 
and since no name is available for this taxon, it needs to be formally described. ZFMK 
70494 and its sequence should no longer be associated with the specific name “corvus”.
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Mercurio and Andreone (2007) already identified clear morphological differences 
between the two sympatric species of Phylacomantis they found in Isalo (see “Mor-
phological comparison with other species” section in Mercurio and Andreone 2007). 
Unfortunately, at the time, the authors did not inspect the type specimens of G. cor-
vus. The authors detected morphological differences, deep genetic differentiation (> 
7.5% p-distance between the two mitochondrial lineages), and bioacoustic differences 
(based on the comparative analysis of the call of one male from Ambovo and the call 
of G. azzurrae paratype specimen MRSN A5313, now ZSM 0047/2011). Based on 
these differences they described the taxon G. azzurrae. The only Phylacomantis sequence 
available from Isalo at that time was the one obtained from the analysis of the speci-
men ZFMK 70494. The deep genetic difference they observed between the analysed 
sequences of the type series of G. azzurrae and the sequence of the ZFMK 70494 speci-
men convinced Mercurio and Andreone (2007) that the lineage they collected in An-
driamanero, Iambahatsy, and Sakamalio was different from G. corvus and belonged to a 
different, and still undescribed, species. Although Mercurio and Andreone (2007) were 
correct in identifying differences in their comparative analyses, their taxonomic conclu-
sions were erroneous. Moreover, the G. azzurrae paratype MRSN A5313 (now ZSM 
0047/2011) from Sakamalio (KX066634) was not sequenced at the time of the species 
description. This was done by Cocca et al. (2018), who found it to be conspecific with 
ZFMK 70494, but not conspecific with the holotype of G. azzurrae (MRSN A5310). 
Cocca et al. (2018) therefore assigned this specimen to G. corvus because at this time it 
was not yet evident that ZFMK 70494 represented an undescribed species.

Based on these observations, we consider G. azzurrae as a junior synonym of G. cor-
vus. We confirm the existence of two Phylacomantis lineages in the Isalo Massif, and we 
provide the formal description of the unnamed taxon. We follow the integration by the 
congruence approach proposed by Padial et al. (2010) and define species as independent 
evolutionary lineages if two or more independent lines of evidence support their distinct-
ness. This new species forms a monophyletic group based on mitochondrial data and dif-
fers by an uncorrected pairwise sequence divergence (p-distance) > 7.5% in the analysed 
16S fragment from its sister species (Table 3). This value is much higher than the stand-
ard value used as threshold for species-level units in amphibians (Fouquet et al. 2007).

We confirmed the distinctness of the two lineages by mitochondrial DNA se-
quences and morphology, and interpret the concordance between these independent 
lines of evidence as a strong support their specific distinctness (Avise and Ball 1990).

Molecular variation and differentiation

The majority rule consensus tree confirms the occurrence of two Phylacomantis taxa in 
Isalo (Fig. 2) and provides evidence for the first unambiguous record of one of these two 
lineages outside of Isalo (Figs 1, 2). These two lineages are sister taxa (Posterior prob-
ability = 100), and together they are the sister group of G. atsingy (Posterior probability 
= 97), which is currently known only from Tsingy de Bemaraha, in western Madagas-
car. Together, these three Phylacomantis species are the sister group of G. pseudoasper 
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(Posterior probability = 100), which is the only Phylacomantis species found in rainfor-
est habitat and distributed in the north of Madagascar.

The analysed specimens of the two Phylacomantis lineages were genetically uniform 
and showed limited intraspecific divergence (Table 3). All the samples of Phylacomantis 
collected at Anja Reserve, Sakaviro and Tsaranoro cluster together with samples from 
Sakamalio, Iambahatsy and Tsitorina, and show evidences of slight genetic differentia-
tion with the samples collected at Andriamanero, Canyon des Rats and Namazaha Val-
ley. The second Phylacomantis lineage present in Isalo seems to be microendemic to this 
sandstone massif. The genetic distance observed between the different Phylacomantis 
taxa ranges between 9.9% (comparison between the two Phylocomantis taxa occurring 
in Isalo), and 14.9% (comparison between G. corvus and G. pseudoasper). More details 
on 16S genetic distances between species of the Phylacomantis subgenus are provided 
in Table 3.

Taxonomy

Gephyromantis (Phylacomantis) kintana sp. nov.
http://zoobank.org/7E684B14-3C30-48E0-8911-2A3D4501EE94
Figures 3D, 4D

Etymology. Mercurio and Andreone (2007) dedicated G. azzurrae to F. Andreone’s 
second daughter, Kintana Azzurra Andreone. Since this name turned out to be a junior 
synonym of G. corvus, F. Andreone and the other authors of this paper wish to dedi-
cate the new species to honour her with the new name. The Malagasy word "kintana" 
means "star" and is used as a noun in apposition.

Remarks. DNA sequences of this species have been wrongly referred to as Gephy-
romantis corvus by Vences (2000; AF215320), Vieites et al. (2009; AF215320), Crot-
tini et al. (2011a; HQ640422–HQ640425), Kaffenberger et al. (2012; JN664348), 
Cocca et al. (2018; KX066608–KX066637) and all other studies where these accession 
numbers have been used.

Holotype. ZSM 163/2019 (ACZCV_0291; Figs 3D, 4D; tissue sample taken for ge-
netic analysis: MT043942), adult male from Zahavola (Isalo, Ihorombe region, Ranohira 
Fivondronona, southwestern Madagascar), -22.6215361S, 45.358667E , ca. 881 m a.s.l., 
canyon with a narrow gallery forest laying on the edge of the border of Isalo National Park, 
collected on 26 November 2014 by F. Andreone, A. Crottini, and G. M. Rosa.

Table 3. Genetic distances. Uncorrected p-distance (transformed into percent) matrix between and with-
in (on the diagonal and in bold) species of the subgenus Phylacomantis, for the analysed 16S fragment.

G. corvus G. kintana G. atsingy G. pseudoasper
G. corvus 0.38%
G. kintana 9.90% 0.06%
G. atsingy 12.45% 10.68% 0.76%
G. pseudoasper 14.89% 13.42% 12.40% 1.36%
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Paratypes. ZSM 164/2019 (ACZCV_0292; tissue sample taken for genetical 
analysis: KX066612), adult female, collected at the same locality and date and by the 
same collectors of the holotype; MRSN A5324 (FAZC 12758; tissue sample taken for 
genetical analysis: KX066613 and HQ640424), adult male collected at the same lo-
cality as the holotype on 17 November 2004 by F. Andreone; ZSM 1553/2009, adult 
male collected in an imprecise locality within Isalo National Park (original collec-
tion data: “Isalo, zwischen Canyons und Piscine” probably referring to a locality close 
to Piscine Naturelle; Isalo, Ihorombe region, Ranohira Fivondronona, southwestern 
Madagascar), -22.559667S, 45.371833E, ca. 890 m a.s.l., on 5 June 2003 by N. 
Lutzmann; ZSM 165/2019 (FAZC 14355; tissue sample taken for genetical analysis: 
KX066633), adult male, collected at Malaso (Isalo, Ihorombe region, Ranohira Fivon-
dronona, southwestern Madagascar), -22.5885S, 45.35533333E, ca. 966 m a.s.l., a 
shallow canyon with almost no gallery forest and included within Isalo National Park, 
on 30 November 2009 by F. Andreone, A. Crottini and G. M. Rosa; MRSN A5322 
(FAZC 12627), adult male, collected at Malaso (Isalo, Ihorombe region, Ranohira 
Fivondronona, southwestern Madagascar), -22.5885S, 45.35533333E, ca. 966 m 
a.s.l., on 22 November 2004 by F. Andreone; MRSN A5323 (FAZC 12661; tissue 
sample taken for genetical analysis: KX066635, HQ640422), adult female collected at 
Malaso (Isalo, Ihorombe region, Ranohira Fivondronona, southwestern Madagascar), 

Figure 3. Images of preserved specimens of Gephyromantis corvus and G. kintana sp. nov. Comparison 
of dorsal and ventral views of preserved specimens of the two sister species G. corvus and G. kintana sp. 
nov. from Isalo, with particular emphasis on the diagnostic ventral colouration. A holotype of G. corvus 
(ZFMK 57430), adult male from Namazaha Valley; B holotype of G. azzurrae (MRSN A5310), adult 
male from Andriamanero; C adult male (ZFMK 70494) used as genetic reference (AF215320) for G. 
corvus in Vences (2000), from an unknown locality of the Isalo Massif (photographs made available by 
Dennis Rödder and Morris Flecks); D holotype of G. kintana sp. nov. (ZSM 163/2019, ACZCV_0291), 
adult male from Zahavola.
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-22.5885S, 45.35533333E, ca. 966 m a.s.l., on 24 November 2004 by F. Andreone; 
MRSN A5373 (FAZC 12859; tissue sample taken for genetical analysis: KX066632, 
HQ640423), adult male collected at Tsiombivositra (Isalo, Ihorombe region, Rano-
hira Fivondronona, southwestern Madagascar), -22.3025000S, 45.3583330E, ca. 
900 m a.s.l., a locality close to the border but included within Isalo National Park, 
on 11 December 2004 by F. Andreone; MRSN A5325 (FAZC 13000; tissue sample 
taken for genetical analysis: KX066631) and MRSN A5326 (FAZC 13001), adult 
females collected at Ambovo (Isalo, Ihorombe region, Ranohira Fivondronona, south-
western Madagascar), -22.508S, 45.3525E, ca. 999 m a.s.l., within the borders of Isalo 
National Park, on 18 December 2004 by F. Andreone; MRSN A2786 (FAZC 11964; 
tissue sample taken for genetical analysis: HQ640425), adult female collected at An-
dranomena (Isalo, Ihorombe region, Ranohira Fivondronona, southwestern Madagas-
car), -22.740167S, 45.275E, ca. 740 m a.s.l.), a locality close to Ilakaka and situated 
outside of the borders of Isalo National Park, on 25 January 2004 by V. Mercurio and 
J. E. Randrianirina.

Diagnosis. A species assigned to the genus Gephyromantis (sensu Glaw and Vences 
2006), subgenus Phylacomantis, based on genetic and morphological similarities to 
the other known species (G. atsingy, G. corvus, and G. pseudoasper), and recognisable 
by the presence of the following morphological characters and natural history traits: 
(1) medium size (adult male SVL 36–44 mm), (2) webbing between toes present, (3) 
lateral metatarsalia partly connected, (4) inner and outer metatarsal tubercles present, 
(5) presence of femoral glands of “Type 2” (sensu Glaw et al. 2000), (6) presence of a 
paired subgular vocal sac, (7) tongue bifid, (8) enlarged triangular finger tips; (9) dirty 
white throat, belly and thighs, (10) males with white vocal sacs; (11) brownish to olive-
grey dorsal colouration with multiple and irregular brown-olive patches, (12) occur-
rence in young (shallow) canyons with limited (to almost no) vegetation, (13) mostly 
crepuscular/nocturnal activity, (14) advertisement call (see Mercurio and Andreone 
2007 for the description of the advertisement call of specimen MRSN A5313 (ZSM 
0047/2011), now genetically assigned to G. kintana sp. nov.).

The new species differs from the three other species of Phylacomantis by high ge-
netic differentiation (pairwise 16S distance ranging from 9.9% to 13.4%), as well as 
from a combination of morphological and natural history traits.

Gephyromantis kintana sp. nov. is overall similar to the other three species of the 
subgenus Phylacomantis. Distinguished from G. pseudoasper by: (a) dirty white throat 
(vs. darker colouration); (b) ventrally dirty white thighs (vs. orange colouration); (c) 
presence of white vocal sacs (vs. blackish vocal sacs); (d) less granular dorsal skin; (e) 
larger size (maximum SVL in males 43.6 vs. 37.4 mm), (f ) higher maximum number 
of granules in the femoral glands (96 vs. 43), (g) occurrence in young (shallow) can-
yons with limited vegetation (vs. mostly rainforest), (h) advertisement call (15–21 vs. 
3 notes per call and lower dominant frequency, 3,000–3,200 Hz vs. 3,400–5,000 Hz).

Distinguished from the sympatric G. corvus by: (a) brownish to olive grey dorsal 
colouration with multiple and irregular brown-olive patches (vs. darker brown dor-
sal colouration, often with a broad vertebral stripe), (b) dirty white throat (vs. dark 
brown throat), (c) dirty white belly (vs. brown belly), (d) dirty white thighs (vs. brown 
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thighs); (e) presence of white vocal sacs (vs. brown-blackish vocal sacs), (f ) higher max-
imum number of granules in the femoral glands (96 vs. 58), (g) occurrence in young 
(shallow) canyons with limited vegetation (vs. dry deciduous gallery forest in deep 
canyons), (g) advertisement call (15–21 vs. 10–14 notes per call and higher dominant 
frequency, 3,000–3,200 Hz vs. 2,400–2,700 Hz).

Distinguished from G. atsingy by: (a) brownish to olive grey dorsal colouration 
with multiple and irregular brown-olive patches (vs. light brown-beige with a greenish 
shading), (b) less granular dorsal skin; (c) larger size (maximum SVL in males 43.6 vs. 
36.6 mm), (d) higher maximum number of granules in the femoral glands (96 vs. 70), 
e) occurrence in young (shallow) canyons with limited/missing vegetation (vs. “tsingy” 
geological formations).

Description of the holotype (Figs 3D, 4D). Adult male in good state of preserva-
tion, distal phalanx of the 5th toe of the left foot removed as tissue sample and part of 
the ventral surface of thighs cut and opened to count the number of the granules of 
the femoral gland. SVL 38.2 mm; for other measurements see Table 2. Body slender; 
head slightly wider than long; snout slightly pointed in dorsal view, rather rounded in 
lateral view; nostrils directed laterally much nearer to tip of snout than to eye; canthus 
rostralis moderately defined; tympanum distinct, rounded, its horizontal diameter 0.8 
of eye diameter; supratympanic fold well distinct, regularly curved; tongue distinctly 
bifid posteriorly. Arms slender; subarticular tubercles single; outer metacarpal tubercle 
poorly developed, inner metacarpal tubercle relatively well developed; fingers without 
webbing; finger disks triangular and distinctly enlarged; nuptial pads absent. Hind 
limbs slender; tibiotarsal articulation reaching beyond the snout tip when hindlimbs 
are depressed along body; lateral metatarsalia partly connected; inner metatarsal tu-
bercle distinct, outer metatarsal tubercle small but recognisable; webbing of foot 1(1), 
2i(1.75), 2e(0.75), 3i(2), 3e(1), 4i(2), 4e(2), 5(0.5). Skin slightly granular on dorsum 
and belly, ventral skin smooth on throat and chest. Femoral glands are distinctly rec-
ognisable from external view and are arranged in a typical glandular cluster (“Type 
2”, according to Glaw et al. 2000), including 71 single whitish granular glands of ca. 
0.3 mm diameter. The vocal sacs in the male holotype are white and distinct.

Colouration of the holotype (Fig. 3D). After almost six years in 70% ethanol 
the holotype conserves the original colour patterns, although it showed a slightly faded 
dorsal colour (Fig. 3D). Overall grey-brown colouration with distinct darker brown 
markings. Forelimbs dorsally grey-brown with one distinct darker brown cross-band 
on upper arm and three brown cross-bands on lower arm and hand, hands speckled. 
Finger and toe tips are grey-cream and first and second toes are lighter in colour than 
the other toes. Flanks with the same colour of the dorsum but with less distinct darker 
patches. Overall the darker dorsal colour fades into the whitish ventral colour. Nostril 
distinctly surrounded by a cream thin line; lateral head same colour as dorsum. Ventral 
colouration in the preserved specimen is more contrasted than in the living specimen. 
Throat, belly and thighs dirty white, ventral shanks slightly darker than thighs, chest 
flecked with a few distinct and scattered grey-brownish markings; sole of foot brown. 
Colouration of limbs is overall similar to the dorsum, although it has less defined 
markings. Hindlimbs with five dark brown cross-bands on femur, four on tibia, four 
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on tarsus and foot; dorsal foot grey-brown with four slightly defined perpendicular 
darker brown crossbands.

Colouration of the holotype in life (Fig. 4D). The live dorsal colouration, based 
upon photographs, is olive grey with multiple and irregular brown-olive patches with 
some greenish and orangish shades in dorsal surface. These markings are more contrasted 
than in the preserved specimen (Figs 3D vs. 4D). The tympanum is cream with mul-
tiple small light brown markings. Slightly defined interocular bar. Flanks with multi-
ple brown-olive flecks that become increasingly smaller ventrally. Brown-olive irregular 
markings present also in lateral head. Hindlimbs dorsally olive grey with brown-olive 
crossbands and markings and some greenish and orangish shades. Ventral skin coloura-
tion in life unknown. The iris of the holotype is golden with a thin black vertical line in 
the lower portion of the eye, and a mid-horizontal metallic reddish brown broad band.

Variations. Individuals of G. kintana sp. nov. have small variations in colouration 
if compared with the holotype (see Fig. 4B, C, E–G). In life, dorsal colouration can 
have a very variable number of irregular brown-olive patches. The female paratype 
ZSM 164/2019 has a lighter dorsum and the dark spots are more contrasted and more 
visible than in the holotype. The female paratype MRSN A5326 has darker markings 
on the chest. Two juveniles of G. kintana (specimens not collected) showed multiple 
copper markings on dorsum and on forelimbs and hindlimbs (Fig. 4B, E).

The number of granules composing the femoral glands varies among the ana-
lysed specimens. The holotype has 71 granules while specimens MRSN A5322, ZSM 
1553/2009, ZSM 0047/2011 (former MRSN A5313) and ZSM 165/2019 have re-
spectively 24, 35, 29 and 75 granules. Paratype MRSN A5373 has the highest number 
of granules (96; Table 2).

We observed minor variation in the webbing formula in two paratypes, with speci-
men ZSM 164/2019 with 1(1), 2i(1.75), 2e(0.5), 3i(2), 3e(1), 4i(2), 4e(2.25), 5(0.5); and 
ZSM 165/2019 with 1(1), 2i(1.5), 2e(0.5), 3i(2), 3e(0.75), 4i(2), 4e(2.25), 5(0.5).

Distribution. Gephyromantis kintana sp. nov. is currently known from localities in-
side (Piscine Naturelle, Zahavola, Sakamalio, Malaso, Tsiombivositra, and Ambovo) and 
outside (Andranomena, Andranombilahy, Andohasahenina, and possibly Ilakaka) the 
borders of Isalo National Park (Fig. 1). However, this known distributional area remains 
restricted to the southern and western portion of the Isalo Massif. Now that we provided 
a straightforward way to distinguish this species from its sympatric sister species G. cor-
vus more field surveys should be conducted to characterise its distribution in detail. The 
range encompasses elevations from 726–999 m a.s.l. The population densities are not 
known but it can be locally abundant, with several individuals grouping together close 
to remaining water bodies forming ponds in shallow (young) canyons (see Fig. 5C).

Natural history. Gephyromantis kintana can be found in relatively undisturbed 
areas in shallow (young) canyons in the Isalo Massif (Fig. 5A–C). Different from the 
individuals of G. corvus in Isalo, that are generally found calling from low vegetation 
on the lower branches of the trees laying over canyon streams (Fig. 5D), males of G. 
kintana generally call from rocks within the canyon (see Figs 4G, 5C). Most of the 
sampled individuals were found on the walls of the canyons, and most of the times far 
from the trees. Different from old (deeper) canyons, which are characterised by the oc-
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Figure 4. Images of living individuals of Gephyromantis kintana sp. nov. Living individuals of G. kintana 
sp. nov. showing the main developmental stages of the newly described species and its natural environment. 
A UADBA-A uncatalogued (ACZCV_0297), tadpole from Malaso, dorsal view; B ACZC 6920 (indi-
vidual not collected), juvenile from Zahavola, dorsolateral view; C ACZC 6919 (individual not collected), 
adult female from Zahavola, dorsolateral view; D ZSM 163/2019 (ACZCV_0291), adult male holotype 
from Zahavola, dorsolateral view; e ACZC 6921 (individual not collected), juvenile from Zahavola found 
on rocks, dorsolateral view; F ACZC 6919 (individual not collected), adult female from Zahavola on rocky 
substrate, dorsolateral view; G ACZC 1853 (individual not collected), adult from Malaso hiding in a hole 
in the wall of the canyon. Photographs by Angelica Crottini.



Walter Cocca et al.  /  ZooKeys 951: 133–157 (2020)150

currence of a dense gallery forest (Fig. 5D), younger canyons are generally surrounded 
by sparse vegetation (Fig. 5A). In Malaso, G. kintana was often observed sitting on the 
walls, approximately 1 m above the water (Fig. 5C), while in Zahavola the species was 
observed using holes on the sandstone walls as shelters (Figs 4G, 5B). Active individu-
als were found during the day and at dusk, when males start calling quite loudly, but 
also at night.. The tadpoles of G. kintana found at Malaso have a dark fin (Fig. 4A). 
Phylacomantis tadpoles with a reddish fin are also known, but there is no molecular 
taxonomic identification for this material, and it is therefore not yet possible to con-
clude if this colour variation (black vs. red) is a diagnostic character between the two 
Phylacomantis species inhabiting the Isalo Massif. Acoustic communication in tadpoles 
of G. kintana has yet to be recorded, which would not be surprising considering the 
sound repertoire described in G. corvus larvae (see Reeve et al. 2011).

Conservation status. If suitable habitat is considered to encompass all areas with-
in the polygon drawn among the known localities (likely an over-estimate), then the 
EOO (extent of occurrence) totals 563 km2. If plots with a scale of 2 km2 are used 
to estimate AOO (area of occupancy), then this species occurs within 36 km2 of habi-
tat. Based on IUCN Red List guidelines (IUCN Standards and Petitions Subcommittee 

Figure 5. Habitats of Gephyromantis corvus and G. kintana sp. nov. A vegetation within Zahavola Can-
yon, type locality of G. kintana sp. nov.; B vertical walls at Zahavola with multiple holes, which are used as 
shelters by G. kintana; C lentic water at Malaso Canyon. Multiple G. kintana sp. nov. individuals are sit-
ting on the wall of the canyon ca. 1 m above the water (arrows point to the three specimens); D Canyon des 
Rats with its typical dry deciduous gallery forest, habitat of G. corvus. Photographs by Angelica Crottini.
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2019) we propose that G. kintana should be considered as Endangered (under criterium 
B1ab(iii)+2ab(iii)). This suggestion considers the species’ narrow distribution and appar-
ent restriction to inhabit young canyons as well as the fact that the area of the Isalo Massif 
not included in the borders of the National Park is under severe exploitation by various 
anthropogenic activities (Mercurio et al. 2008). In these areas the main threats are: 1) 
the use of periodic, and often uncontrolled fires to maintain the savannahs (Mercurio et 
al. 2008); 2) excavations for sapphire mines (Duffy 2006); and 3) unsustainable logging 
of remaining gallery forests (Mercurio et al. 2008). Despite very limited information on 
this species, the ongoing pressure on the extent and quality of the habitat is expected to 
impact the populations likely leading to their declines. Rakotondravony and Goodman 
(2011) listed G. corvus for the Makay Massif region (also discussed in Cocca et al. 2018). 
We do not consider this record here because we did not have access to any voucher mate-
rial from this area at this time, and from the available photographs it was not possible to 
unequivocally assign this geographic record to either G. corvus or G. kintana.

Discussion

In this study we synonymised G. azzurrae with G. corvus based on molecular and mor-
phological evidence, and described G. kintana sp. nov., which, as far as we know, repre-
sents a new microendemic species of the Isalo Massif. The most recent species account for 
the area reported the occurrence of 47 reptile taxa and 24 amphibians (Cocca et al. 2018). 
In this recent paper, five amphibian taxa were considered Isalo endemics: Gephyromantis 
azzurrae, Mantella expectata, Scaphiophryne gottlebei, Mantidactylus noralottae, and M. sp. 
aff. multiplicatus Ca65 “Isalo” (Cocca et al. 2018). Now, despite the synonymisation of 
G. azzurrae with G. corvus, the number of endemic amphibian taxa of the Isalo Massif 
remains the same since we could add G. kintana to this list.

The inspection of the ventral colouration is the clearest morphological differ-
ence between this pair of sympatric sister species and represents the most straight-
forward way to discriminate these taxa in the field. This morphological variation has 
been known for several years, but for a long time it was thought to reflect individual 
variation within the same species. Disentangling this situation was possible only after 
the inspection of all photographic records, of specimen ZFMK 70494 (the individual 
from which the first Phylacomantis sequence from Isalo has become available) and of 
all specimens formerly assigned to G. corvus and G. azzurrae in the herpetological col-
lections of MRSN and ZSM, in combination with the compilation of all genetic data. 
This approach enabled us to conclude that specimen ZFMK 70494 was different from 
the holotypes of both G. corvus and G. azzurrae, that ventral colouration represented 
a diagnostic character and that the second Phylacomantis species still needed to be for-
mally described (Fig. 2). Based on these findings, we also clarify that the tadpoles stud-
ied in Reeve et al. (2011) and assigned to G. azzurrae actually belong to G. corvus and, 
so far, the sound emission has not been observed in the tadpoles of G. kintana sp. nov.

This study provid evidence for the occurrence of G. corvus ca. 200 km away from the 
Isalo Massif (Figs 1, 6). This finding, together with the synonymisation of G. azzurrae 
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with G. corvus, may likely require the modification of the IUCN Red List assessment of 
G. corvus, highlighting how important it is to combine the efforts of performing herpe-
tological surveys with the molecular characterisation of the collected material. Although 
demanding, this combined method is proving to be an excellent way to increase our 
knowledge on species distribution and is boosting our capacity to discover candidate 

Figure 6. Images of living individuals of G. corvus. Photographs showing dorsal and ventral colour vari-
ability and habitats of G. corvus. When both ventral and dorsal picture of one individual are available, ven-
tral colouration is given in inset. A ZSM 156/2019 (ACZCV_0288) adult male from Antsifotra Canyon; 
B ZSM 154/2019 (ACZCV_0286) adult female from Antsifotra Canyon; C ACZCV_0290 (UADBA-A 
uncatalogued) adult female from Antsifotra Canyon; D ZSM 155/2019 (ACZCV_0287) ventral view of 
an adult male from Antsifotra Canyon; e ACZCV_0289 (UADBA-A Uncatalogued) adult male from 
Antsifotra Canyon; F ZSM 159/2019 (FAZC 15812) adult female from Anja Reserve; G ZSM 160/2019 
(FAZC 15813) adult male from Anja Reserve; h ACZC 10901 (individual not collected) adult male from 
Sakaviro; i ACZC 10904 (UADBA-A uncatalogued) adult male from Sakaviro; J ACZC 10957 (individu-
al not collected) adult male from Tsaranoro; K ACZC 10958 (UADBA-A uncatalogued) adult male from 
Tsaranoro; l ACZC 10964 (individual not collected) adult male from Tsaranoro calling from the leaf 
litter. Photographs A–e by Angelica Crottini, F–G by Franco Andreone, h–l by Javier Lobón-Rovira.
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species and update our reference molecular databases. Since 2004, 140 new species of 
amphibians have been described from Madagascar (AmphibiaWeb 2020), but the num-
ber of candidate species is still very high (Vieites et al. 2009; Perl et al. 2014; but see also 
Glaw et al. 2019 for a more updated estimate of the candidate species and their formal 
description). In the last 15 years ten major taxonomic revisions on the amphibians of 
Madagascar have been published (Glaw and Vences 2006; Glaw et al. 2010; Vences et al. 
2010; Köhler et al. 2010, 2015; Wollenberg et al. 2012; Rakotoarison et al. 2015, 2017; 
Scherz et al. 2017, 2019), all of which represented crucial steps in unveiling the biodi-
versity value of this irreplaceable hotspot of biodiversity. The currently discussed case 
demonstrated how vouchering continues to be an extremely valuable tool that enable 
specimen direct comparison and facilitate the identification, and taxonomic revision of 
collected material and name bearing types (Funk et al. 2005; Rocha et al. 2014).

Acknowledgements

We are grateful to the Ministère de l’Environnement et du Développement Durable 
for providing research and export permits (305/14/MEEF/DGF/DCB.SAP/SCB and 
240N-EA11/MG14, 222/18/MEEF/SG/DGF/DSAP/SCB.Re, 008N-EA01/MG19 
and 389N-EA12/MG18), and MICET for logistical help. Special thanks go to Dennis 
Rödder and Morris Flecks for providing photographic material of specimen ZFMK 
57430 hosted under their care in the herpetological collection of the Zoological Re-
search Museum Alexander Koenig in Bonn (Germany). We also thank Yuri Simone for 
his assistance in taking images of preserved material. We thank Malalatiana Rasoazana-
ny for her help in the surveys in the Haute Matsiatra region, and Javier Lobón-Rovira 
for his help in the field and for providing photos of G. corvus from Tsaranoro forest and 
Sakaviro. Gennaro Aprea, Paolo Eusebio Bergò, Fabio Mattioli, Vincenzo Mercurio, 
Nirhy H. Rabibisoa, Tokihery J. Razafindrabe, our MNP guides Anicet, Haza, Emile 
Rajeriarison, and Bonne Année, were of companionship in the Isalo field surveys and 
we thank them all for their valuable help. This work was financially supported by 
Portuguese National Funds through FCT – Foundation for Science and Technology 
under the research project PTDC/BIA-EVL/31254/2017. FCT also supports the PhD 
fellowship of WC (SFRH/BD/102495/2014), FB (PD/BD/128493/2017) and the In-
vestigador FCT (IF) grant to AC (IF/00209/2014).

references

AmphibiaWeb (2020) University of California, Berkeley, CA, USA. https://amphibiaweb.org 
[Accessed 7 February 2020]

Andreone F, Rosa GM, Raselimanana AP (2014) Les amphibiens des zones arides de l’Ouest 
et du Sud de Madagascar. Guides sur la diversité biologique de Madagascar. Association 
Vahatra, Antananarivo, 386 pp.



Walter Cocca et al.  /  ZooKeys 951: 133–157 (2020)154

Avise JC, Ball RM (1990) Principles of genealogical concordance in species concepts and biologi-
cal taxonomy. In: Futuyma D, Antonovics J (Eds) Surveys in Evolutionary Biology. Oxford 
University Press, New York, 45–67. https://api.semanticscholar.org/ [CorpusID:83179200]

Blommers-Schlösser RMA (1979) Biosystematics of the Malagasy frogs. I. Mantellinae (Rani-
dae). Beaufortia 352: 1–77. https://www.repository.naturalis.nl/document/548811

Bruford MW, Hanotte O, Brookfield JFY, Burke T (1992) Single-locus and multilocus DNA 
fingerprinting. In: Hoelzel R (Ed.) Molecular Genetic Analysis Of Populations: A Practical 
Approach. IRL Press, Oxford, 225–269.

Cocca W, Rosa GM, Andreone F, Aprea G, Bergò PE, Mattioli F, Mercurio V, Randrianirina 
JE, Rosado D, Vences M, Crottini A (2018) The herpetofauna (Amphibia, Crocodylia, 
Squamata, Testudines) of the Isalo Massif, Southwest Madagascar: combining morpho-
logical, molecular and museum data. Salamandra 54: 178–200. http://www.salamandra-
journal.com/index.php/home/contents/2018-vol-54/1909-cocca-w-g-m-rosa-f-andreone-
g-aprea-p-e-bergo-f-mattioli-v-mercurio-j-e-randrianirina-d-rosado-m-vences-a-crottini

Crottini A, Glaw F, Casiraghi M, Jenkins RKB, Mercurio V, Randrianantoandro C, Randri-
anirina JE, Andreone F (2011a) A new Gephyromantis (Phylacomantis) frog species from 
the pinnacle karst of Bemaraha, western Madagascar. Zookeys 81: 51–71. https://doi.
org/10.3897/zookeys.81.1111

Crottini A, Gehring P, Glaw F, Harris DJ, Lima A, Vences M (2011b) Deciphering the cryp-
tic species diversity of dull-coloured day geckos Phelsuma (Squamata: Gekkonidae) from 
Madagascar, with description of a new species. Zootaxa 2982: 40–48.

Crottini A, Miralles A, Glaw F, Harris DJ, Lima A, Vences M (2012) Description of a new 
pygmy chameleon (Chamaeleonidae: Brookesia) from central Madagascar. Zootaxa 3490: 
63–74. https://doi.org/10.11646/zootaxa.3490.1.5

Crottini A, Harris DJ, Miralles A, Glaw F, Jenkins RKB, Randrianantoandro JC, Bauer AM, 
Vences M (2015) Morphology and molecules reveal two new species of the poorly studied 
gecko genus Paragehyra (Squamata: Gekkonidae) from Madagascar. Organisms Diversity 
& Evolution 15: 175–198. https://doi.org/10.1007/s13127-014-0191-5

Crottini, A, Madsen O, Poux C, Strauß A, Vieites DR, Vences M (2012) Vertebrate time-tree 
elucidates the biogeographic pattern of a major biotic change around the K-T boundary 
in Madagascar. Proceedings of the National Academy of Sciences of the United States of 
America 109: 5358–5363. https://doi.org/10.1073/pnas.1112487109

Darriba D, Taboada GL, Doallo R, Posada D (2012) jModelTest 2: more models, new heuris-
tics and parallel computing. Nature Methods 9: 772. https://doi.org/10.1038/nmeth.2109

Duffy R (2006) Global environmental governance and the challenge of shadow states: the 
impact of illicit sapphire mining in Madagascar. Development and Change 36: 825–843. 
https://doi.org/10.1111/j.0012-155X.2005.00437.x

Fouquet A, Gilles A, Vences M, Marty C, Blanc M, Gemmell NJ (2007) Underestimation of 
species richness in neotropical frogs revealed by mtDNA analyses. PLoS One 2(10): e1109. 
https://doi.org/10.1371/journal.pone.0001109

Funk VA, Hoch PC, Prather LA, Wagner WL (2005) The importance of vouchers. Taxon 54: 
127–129. https://doi.org/10.2307/25065309



Description of Gephyromantis kintana sp. nov. 155

Glaw F, Vences M (1994) A Field Guide to the Amphibians and Reptiles of Madagascar. Sec-
ond Edition. Vences & Glaw Verlags GbR, Köln, 335 pp.

Glaw F, Vences M (2006) Phylogeny and genus-level classification of mantellid frogs (Amphib-
ia, Anura). Organisms, Diversity and Evolution 6: 236–253. https://doi.org/10.1016/j.
ode.2005.12.001

Glaw F, Vences M (2007) A Field Guide to the Amphibians and Reptiles of Madagascar. Third 
Edition. Vences & Glaw Verlags GbR, Köln, 496 pp.

Glaw F, Vences M, Gossmann V (2000) A new species of Mantidactylus (subgenus Guibeman-
tis) from Madagascar, with a comparative survey of internal femoral gland structure in 
the genus (Amphibia: Ranidae: Mantellinae). Journal of Natural History 34: 1135–1154. 
https://doi.org/10.1080/00222930050020140

Glaw F, Köhler J, de la Riva I, Vieites DR, Vences M (2010) Integrative taxonomy of Malagasy 
treefrogs: combination of molecular genetics, bioacoustics and comparative morphology 
reveals twelve additional species of Boophis. Zootaxa 2382:1–82. https://doi.org/10.11646/
zootaxa.2383.1.1

Glaw F, Hawlitschek O, Glaw K, Vences M (2019) Integrative evidence confirms new endemic 
island frogs and transmarine dispersal of amphibians between Madagascar and Mayotte 
(Comoros archipelago). The Science of Nature 106: 19. https://doi.org/10.1007/s00114-
019-1618-9

Goodman SM, Benstead JP (2003) The Natural History of Madagascar. The University of 
Chicago Press, 1728 pp.

Goodman SM, Benstead JP (2005) Updated estimates of biotic diversity and endemism for 
Madagascar. Oryx 39: 73–77. https://doi.org/10.1017/S0030605305000128

Gould L, Andrianomena P (2015) Ring-tailed lemurs (Lemur catta), forest fragments, and 
community-level conservation in South-Central Madagascar. Primate Conservation, 29: 
67–73. https://doi.org/10.1896/052.029.0108

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment editor and analysis pro-
gram for Windows 95/98/NT. Nucleic Acids Symposium Series 41: 95–98.

IUCN (2019) The IUCN Red List of Threatened Species. Version 2019-1. http://www.iucn-
redlist.org [Downloaded on 2 July 2019]

Kaffenberger N, Wollenberg KC, Köhler J, Glaw F, Vieites DR, Vences M (2012) Molecular 
phylogeny and biogeography of Malagasy frogs of the genus Gephyromantis. Molecular 
Phylogenetics and Evolution 62: 555–560. https://doi.org/10.1016/j.ympev.2011.09.023

Köhler J, Vences M, D’Cruze N, Glaw F (2010) Giant dwarfs: discovery of a radiation of large-
bodied ‘stump-toed frogs’ from karstic cave environments of northern Madagascar. Journal 
of Zoology 282: 21–38. https://doi.org/10.1111/j.1469-7998.2010.00708.x

Köhler J, Glaw F, Pabijan M, Vences M (2015) Integrative taxonomic revision of mantellid frogs 
of the genus Aglyptodactylus (Anura: Mantellidae). Zootaxa 4006: 401–438. https://doi.
org/10.11646/zootaxa.4006.3.1

Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular Evolutionary Genetics Analysis Ver-
sion 7.0 for bigger datasets. Molecular Biology and Evolution 33: 1870–1874. https://doi.
org/10.1093/molbev/msw054



Walter Cocca et al.  /  ZooKeys 951: 133–157 (2020)156

Mercurio V, Andreone F (2007) Two new canyon-dwelling frogs from the arid sandstone Isalo 
Massif, central-southern Madagascar (Mantellidae, Mantellinae). Zootaxa 1574: 31–47. 
https://doi.org/10.11646/zootaxa.1574.1.2

Mercurio V, Aprea G, Crottini A, Mattioli F, Randrianirina JE, Razafindrabe TJ, Andreone, F 
(2008) The amphibians of Isalo Massif, southern-central Madagascar: high frog diversity 
in an apparently hostile dry habitat. In: Andreone F (Eds) A Conservation Strategy for the 
Amphibians of Madagascar. Monografie del Museo Regionale di Scienze Naturali di Torino 
45: 143–196. https://www.academia.edu/22428469/The_amphibians_of_Isalo_Massif_
southern-central_Madagascar_high_frog_diversity_in_an_apparently_hostile_dry_habitat

Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES Science Gateway for infer-
ence of large phylogenetic trees. In: Proceedings of the Gateway Computing Environments 
Workshop (GCE), New Orleans, LA, November 2010: 1–8. https://doi.org/10.1109/
GCE.2010.5676129

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000) Biodiversity hot-
spots for conservation priorities. Nature 403: 853–858. https://doi.org/10.1038/35002501

Palumbi S, Martin A, Romano S, McMillan WO, Stice L, Grabowski G (1991) The Simple 
Fools Guide to PCR. Version 2.0, Department of Zoology and Kewalo Marine Labora-
tory, University of Hawai’i at Manoa, USA, 47 pp. https://discover.libraryhub.jisc.ac.uk/
search?ti=The%20simple%20fool%E2%80%99s%20guide%20to%20PCR&rn=1

Perl RGB, Nagy ZT, Sonet G, Glaw F, Wollenberg KC, Vences M (2014) DNA barcod-
ing Madagascar’s amphibian fauna. Amphibia-Reptilia 35: 197–206. https://doi.
org/10.1163/15685381-00002942

Rakotoarison A, Crottini A, Müller J, Rödel MO, Glaw F, Vences M (2015) Revision and 
phylogeny of narrow-mouthed treefrogs (Cophyla) from northern Madagascar: integration 
of molecular, osteological, and bioacoustic data reveals three new species. Zootaxa 3937: 
61–89. https://doi.org/10.11646/zootaxa.3937.1.3

Rakotoarison A, Scherz MD, Glaw F, Köhler J, Andreone F, Franzen M, Glos J, Hawlitschek 
O, Jono T, Mori A, Ndriantsoa SH, Raminosa NR, Riemann JC, Rödel MO, Rosa GM, 
Vieites DR, Crottini A, Vences M (2017) Describing the smaller majority: integrative 
taxonomy reveals twenty-six new species of tiny microhylid frogs (genus Stumpffia) from 
Madagascar. Vertebrate Zoology 67: 271–398. https://www.senckenberg.de/de/wissen-
schaft/publikationen/wissenschaftliche-zeitschriften/vertebrate-zoology/archiv/2017-2/

Randrianiaina RD, Wollenberg KC, Rasolonjatovo Hiobiarilanto T, Strauß A, Glos J, Vences 
M (2011) Nidicolous tadpoles rather than direct development in Malagasy frogs of the 
genus Gephyromantis. Journal of Natural History 45: 2871–2900. https://doi.org/10.108
0/00222933.2011.596952

Rakotondravony HA, Goodman SM (2011) Rapid herpetofaunal surveys within five isolated 
forests on sedimentary rock in western Madagascar. Herpetological Conservation and Biol-
ogy 6: 297–311. http://www.herpconbio.org/contents_vol6_issue2.html

Reeve E, Ndriantsoa SH, Strauß A, Randrianiaina R-D, Hiobiarilanto TR, Glaw F, Glos J, 
Vences M (2011) Acoustic underwater signals with a probable function during competitive 
feeding in a tadpole. Naturwissenschaften 98: 135. https://doi.org/10.1007/s00114-010-
0752-1



Description of Gephyromantis kintana sp. nov. 157

Rocha LA, Aleixo A, Allen G, Almeda F, et al. (2014) Specimen collection: an essential tool. 
Science 344: 814–815. https://doi.org/10.1126/science.344.6186.814

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Höhna S, Larget B, Liu L, 
Suchard MA, Huelsenbeck JP (2012) MrBayes 3.2: efficient Bayesian phylogenetic in-
ference and model choice across a large model space. Systematic Biology 61: 539–542. 
https://doi.org/10.1093/sysbio/sys029

Scherz MD, Hawlitschek O, Andreone F, Rakotoarison A, Vences M, Glaw F (2017) A re-
view of the taxonomy and osteology of the Rhombophryne serratopalpebrosa species group 
(Anura: Microhylidae) from Madagascar, with comments on the value of volume render-
ing of micro-CT data to taxonomists. Zootaxa 4273: 301–340. https://doi.org/10.11646/
zootaxa.4273.3.1

Scherz MD, Hutter CR, Rakotoarison A, Riemann JC, Rödel MO, Ndriantsoa SH, Glos J, 
Roberts SH, Crottini A, Vences M, Glaw F (2019) Morphological and ecological con-
vergence at the lower size limit for vertebrates highlighted by five new miniaturised mi-
crohylid frog species from three different Madagascan genera. PLoS One 14: e0213314. 
https://doi.org/10.1371/journal.pone.0213314

Vences M (2000) Phylogenetic studies of ranoid frogs (Amphibia: Anura), with a discussion 
of the origin and evolution of the vertebrate clades of Madagascar. Doctoral dissertation, 
Universität Bonn.

Vences M, Thomas M, Bonett RM, Vieites DR (2005) Deciphering amphibian diversity 
through DNA barcoding: chances and challenges. Philosophical Transactions of the Royal 
Society London, Series B 360: 1859–1868. https://doi.org/10.1098/rstb.2005.1717

Vences M, Glaw F, Köhler J, Wollenberg KC (2010) Molecular phylogeny, morphology 
and bioacoustics reveal five additional species of arboreal microhylid frogs of the ge-
nus Anodonthyla from Madagascar. Contributions to Zoology 79: 1–32. https://doi.
org/10.1163/18759866-07901001

Vieites DR, Wollenberg KC, Andreone F, Köhler J, Glaw F, Vences M (2009) Vast underes-
timation of Madagascar’s biodiversity evidenced by an integrative amphibian inventory. 
Proceedings of the National Academy of Sciences of the United States of America 106: 
8267–8272. https://doi.org/10.1073/pnas.0810821106

Wollenberg KC, Glaw F, Vences M (2012) Revision of the little brown frogs in the Gephyro-
mantis decaryi complex, with description of a new species. Zootaxa 3421: 32–60. https://
doi.org/10.11646/zootaxa.3421.1.2

Zimkus BM, Lawson LP, Barej MF, Barratt CD, Channing A, Dash KM, Dehling JM, Preez 
LD, Gehring PS, Greenbaum E, Gvoždík V, Harvey J, Kielgast J, Kusamba C, Nagy ZT, 
Pabijan M, Penner J, Rödel MO, Vences M, Lötters S (2017) Leapfrogging into new ter-
ritory: How Mascarene ridged frogs diversified across Africa and Madagascar to maintain 
their ecological niche. Molecular Phylogenetics and Evolution 106: 254–269. https://doi.
org/10.1016/j.ympev.2016.09.018




