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Abstract: The aim of the current study was to provide a description of the species composition
and habitat association of anuran species found in the Keffa area of southwest Ethiopia, among
the least studied natural areas in Ethiopia. Data were gathered in both the rainy and dry seasons.
Opportunistic observations, audio, and visual encounters were used to perform the survey. To capture
different frog species, drift fence and pitfall trap techniques were used. Three habitat types—wetlands,
agricultural land, and riverine forests—were explored for the frog species. A total of 3672-person field
hours were spent and 5678 individuals of 26 different anuran species from eight different families
were recorded. Of these, six species were new records for the Keffa area. Species determination
was assessed using morphology and validated with genetic barcoding. The mitochondrial 16S
rRNA and COI gene sequence analysis have been used in molecular systematic analyses of the frog
species. The Leptopelis ragazzii that was discovered to be present in the earlier study was actually
Leptopelis vannutellii, as evidenced by DNA sequencing. The Hyperolius individuals were initially
categorized as H. nasutus, but after conducting DNA barcoding, they were found to be H. microps.
At least three potential new candidate species (Leptopelis sp. 1, Leptopelis sp. 2, and Phrynobatrachus
sp. 1) were discovered. Hyperoliidae was the most abundant family from the recorded anurans,
followed by Phrynobatrachidae, while Conrauidae was the least abundant. Most species were
found in the wetland habitat, followed by riverine forest, while agricultural land had the least.
Wetlands had the highest values for the Shannon diversity index (2.131), followed by agricultural
land (1.58) and riverine forests (1.459). The environmental variables revealed that temperature had
a considerable negative impact, while precipitation had a non-significantly positive relationship
with anuran abundance. The Keffa area is rich in frog species, accounting for 35% of the country’s
batrachofauna. However, the habitats have been fragmented and ruined by agricultural expansion,
water drainage from the wetlands, and the conversion of horticulture to field crops. We recommend
that non-governmental organizations, districts, regional officials, and local people in and around
Keffa actively engage in wetland and forest conservation and protection.
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1. Introduction

According to [1], over 8524 amphibian species have been identified worldwide and occupy
virtually all habitats, with the exception of the coldest and driest regions, as well as the most
remote oceanic islands [2]. Amphibians play critical roles in the functioning of ecosystems [3]
and they are increasingly being used in pollution studies as bioindicator organisms [4].

The global amphibian decline has been consistently documented over time [5–7]. The
magnitude of this decline varies by geographical region [8]. Hirschfeld and his colleagues
published evidence of frog population declines in Africa [9]. Currently, amphibians are
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among the world’s most endangered animal groups [10–12]. Several factors contribute
to amphibian decline, including anthropogenic habitat destruction [6,13], disease due
to chytrid fungus [14], climate change [15,16], invasive species, over-exploitation, and
pollution [12,17,18]. Among these factors, human-caused habitat destruction has signif-
icantly contributed to the global loss and extinction of amphibians [12]. According to
studies by [19] and [20], habitat destruction has increased significantly in some parts of Sub-
Saharan Africa. This undoubtedly would have an impact on the distribution of associated
flora and fauna, including amphibians, that live in its forest and wetland habitats [5].

Ethiopia is among the world’s top 25 biodiversity-rich countries [21], and it is home to
two of the world’s 34 biodiversity hotspots, the Eastern Afromontane and Horn of Africa
hotspots [22]. This biodiversity of flora and fauna is strongly linked to the region’s geo-
morphological history [23–25], the country’s diverse vegetation, broad range of elevations
(from Ras Dejen mountain which is 4533 m above sea level to the Afar Depression which is
~125 m below sea level), climate gradient [19] and the isolation of the Ethiopian highlands
relative to other mountainous areas in Africa [25–27].

The Great East African Rift Valley divides the Ethiopian highlands into the north-
western and southeastern highlands [23,24]. As a result, these highlands have developed
distinct vegetation and ecosystem types [19].

Ethiopia, being a tropical country, has a generally humid climate that favors the
survival of different amphibian species. More than 80 amphibian species have been reported
so far [1,28] and 40 species are endemic to the country.

Since the first half of the eighteenth century until 1986, very few studies have inves-
tigated the diversity of Ethiopian amphibians [29]. There are still significant gaps in our
knowledge of the country’s amphibians although the last two decades have seen a renewed
interest in the study of Ethiopian frogs [25,27,28,30–37]. These recent studies have uncov-
ered an additional diversity and several new species have been discovered [27,28,31,32,37].
This suggests that the amphibian diversity of Ethiopia could still be underestimated. In
particular, little is known about the frog diversity in the southwest region of the country
and the goal of the present study is to fill this gap.

This study provides a detailed analysis of the patterns in amphibian species richness
and distribution in relation to habitat types in the Keffa, southwest Ethiopia. Some morpho-
logical and molecular studies have been conducted on frog species, but these are few and
do not include most of the frog species. The present study aimed to identify the taxonomic
status of the frog species of Keffa. Frog samples collected from the area were utilized to
compare genetic variation to other taxa, for which nucleotides of the mitochondrial 16S
rRNA and COI have previously been sequenced. This clarified frog species taxonomy of
the area. In addition to, this, the impact of environmental parameters on frog abundance
was investigated. Our research provides insights into the variety and community ecology
of amphibians in the Keffa forest and wetlands and emphasizes the significance of these
areas for conservation.

2. Materials and Methods
2.1. Study Area

This study was carried out in different habitats located in the Keffa areas of south-
west Ethiopia. Extreme slope gradients are formed by the altitudinal variation, ranging
from flat lowlands to incredibly steep regions (Figure 1). The area, which is mainly high-
land, is a component of the Eastern Afromontane Biodiversity Hotspot, with evergreen
montane cloud forest. Most of the plain areas are grassy wetlands that numerous rivers’
originate from.
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Figure 1. Map of the study area.

2.2. Sampling Design

This study was carried out both during the wet and dry seasons from July 2018 to
February 2022. The study area was stratified into three habitats: riverine forest, wetlands,
and agricultural land (as shown in Figure S1). Seventeen sampling sites were randomly
selected for data collection. In each study site, a 600 m rectangular transect, a north–south
extension of 200 m, and an east–west extension of 100 m were built starting at a random
point [38]. Fifty-one transects, i.e., three transects from each study site, were identified and
analyzed (Table S1).

2.3. Data Collection

Standardized visual and acoustic transect sampling methods were used to collect
data on frog species diversity and distribution [38,39]. Each transect was searched for four
hours, six days each during the wet and dry seasons. A team of three people sampled three
transects per day at a constant speed from 6:00 to 9:00 a.m. during the day and 6:00 to
9:00 p.m. at night using a head torch to maximize species number and abundance. Although
many frog species call much later than 9:00 pm, we were not allowed to stay in the field
after 9:00 pm due to security concerns. Visual encounter survey, opportunistic observations,
acoustic encounter surveys, and drift fence and pitfall trap methods developed by [40]
and ref. [38] were used to conduct the search. Drift fence and pitfall traps (Figure 2) were
used to collect amphibian species from the riverine forest habitat [38]. The drift fence
and pitfall traps were checked twice a day, early morning and before sunset. An active
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search for amphibians was conducted at random in locations away from the transect lines,
which included turning over logs, leaf litter, tree holes, rocks, and other potential hiding
places. All captured specimens were placed in a separate plastic bag with moist leaves
or grass for further identification. When possible, species identification was done on the
field using published papers, keys, and field guidebooks [29,32,37,41–44]. Individuals
that were not identified on sites were collected as voucher specimens and euthanized
by topical application of 20% benzocaine gel and fixed in a 10% formalin solution for
24–48 h. Then, it was subsequently transferred to 70% ethanol for preservation and finally
deposited at the Ethiopian Biodiversity Institute Museum, Addis Ababa. Tissue (from
muscle/liver) was collected for further DNA analysis and preserved in 97% or 100%
ethanol. All environmental data of the study areas were obtained from [45]. Habitat type
and geographic coordinates were recorded for all individual amphibians sighted where
geographic coordinates were determined using a Garmin GPS 72.
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2.4. DNA Barcoding

Species were identified in the field whenever possible, but liver/mucle tissue was
also barcoded to ensure correct field identification and to determine whether any cryptic
and/or candidate species were present. Liver or muscle tissue was taken and placed in
2.0 mL Eppendorf tubes containing 97% or 100% ethanol.

All DNA extractions were carried out using the Qiagen Tissue and Blood kit in accor-
dance with the manufacturer’s instructions. Given the universal success of 16S primers and
the widespread use of this mitochondrial region for anuran barcoding, we chose to amplify
this region, sequencing at least two individual representatives from each morphologi-
cally identified species. The following were the PCR thermo-cycling conditions: 2 min at
94 ◦C, followed by 35 cycles of 94 ◦C for30 s, 48 ◦C for 30 s and 72 ◦C for 1 min, finishing
with an elongation step of 72 ◦C for 1 min. A 48 µL master mix PCR reaction volume was
used, using the primer pair 16S_F, 5′- CGCCTGTTTAYCAAAAACAT-3′ and 16S_R, 5′-
CCGGTYTGAACTCAGATCAYGT-3′. For Leptopelis species, Cytochrome c oxidase I (COI)
was also sequenced to improve taxonomic identification using the primer pair COILEP-F1,
5′-GCATAGTCGGAACCGCTTTA-3′ and COILEP-R1, 5′-GGGTCGAAGAATGTGGTGTT-3′.

The PCR thermocycling conditions for COI were; 2 min at 94 ◦C, followed by 30 cycles
of 94 ◦C for 30 s, 58 ◦C for 30 s and 72 ◦C for 1 min, finishing with an extension step of
72 ◦C for 1 min. The BGISEQ-500 sequencing service was used to sequence unpurified PCR
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products in both the forward and reverse directions. All amplicons were sequenced at BGI
using Sanger sequencing.

2.5. Data Analyses

The frog species diversity of each habitat and across the different sites was analyzed
by using the formula of the Shannon–Wiener diversity index (H′) [46,47]:

H′ = −∑s
i=1(Pi ln Pi)

where s is the number of frog species, Pi is the proportion of the total sample belonging to
the i-th frog species and ln is a natural logarithm. Species richness was the total number of
frog species recorded in one community.

The Simpson diversity index was calculated to determine the dominance of frog
species using the formula:

Simpson diversity index : D = 1−∑s
i=1(Pi)2

The evenness index of frog species in the study area was calculated using the
following equation [47]:

E = H′/ln (s)

where E = Shannon evenness index,
H′ = Shannon–Wiener diversity index,
ln = the natural logarithm, and
s = the number of frog species recorded in one community.
The evenness index has a range of values from 0 to 1; and as the value approaches 1,

the species are evenly distributed and vice versa. Diversity indices between habitats were
compared in Past software [48] with Multiple Hutcheson t-tests using Package ecolTest
version 0.0.1 [49]. Frog species composition and turnover were compared between habitats
and study sites using Sorenson’s Coefficient Similarity Index (SCSI) [50] and Jaccard’s
Coefficient Similarity Index [51], calculated as JCSI = a/(a + b + c) and SCSI = 2a/(2a + b + c),
where a is the number of species that are present in both habitats (site)1 and habitat (site)2,
b is the number of species that are present only in one habitat (site)1, and c is the number
of species that are present only in habitat (site)2. A low degree of similarity indicates a high
rate of turn over as the index provides a range from 0 (there are no species shared by the
two habitats) to 1 (two habitats have a completely identical set of species).

Sampling effort was assessed using a species accumulation curve generated by the
vegan package’s specaccum function [52]. Frog species diversity was estimated by the habitat
type using Hill numbers developed by [53], this is the second approach to measure species
diversity. We considered q = 0 (frog species richness), q = 1(exponential of Shannon’s
entropy index) and q = 2 (inverse of Simpson’s concentration index) and q representing the
effective number of species. These analyses were performed using iNEXT online [54]. We
chose this approach in addition to traditional estimators because it allows us to compare
species richness despite differences in sampling effort and, most importantly, because it
allows us to extrapolate and compare species richness at equal sample coverage even with
the smallest samples [53]. The iNEXT package [55] was used to generate rarefaction curves
with 200 bootstraps to estimate 95% confidence limits (CL) and only records from transects
(26 frog species); general search records were excluded from these analyses.

To analyze the relative importance of some environmental parameters such as tem-
perature, precipitation, altitude, and slope, we fitted generalized linear models [56] to
the data using the GLM function implemented in the statistical package nlme [57]. Since
our data were not over dispersed, the analyses were carried out with Poisson distribution
and log link function. To demonstrate the significance of frog diversity indices at the
p 0.05 level, the Diversity t-test and Multiple Hutcheson t-tests were used, and all analytical
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data procedures were carried out using the R software package version 4.2.1 [58] and
Paleontological Statistics (PAST) version 4.11 educational software package [48].

Mitochondrial sequences were visualized, trimmed and aligned in MEGA11 Soft-
ware [59] and were run through nucleotide BLAST (NCBI) to confirm frog species identity.
Sequences retrieved from GenBank as well as the sequences we generated were used in
a phylogenetic analysis using the Maximum Likelihood (ML) method [60], based on the
Tamura–Nei distances. The final dataset that contained PCR products from all samples
was 419 base pairs for Phrynobatrachus species and 505 base pairs for Leptopelis species.
The GeneBank accession numbers were listed in Table 1. The robustness of the nodes
was assessed by 1000 bootstrap replicas of the data [61]. Evolutionary distances between
sequences were computed using the p-distance method [62].

Table 1. Localities, collection, and GeneBank accession numbers of the taxa sequenced in this study.

Species Collection no. Gene Bank
Accession No.

Collection
Year Locality Lat. Long.

Phrynobatrachus sp. 1 AB3830 OQ398465 2021 Boqa, Ethiopia 7.30 36.37

Phrynobatrachus sp. 1 AB3834 OQ398466 2021 Boqa, Ethiopia 7.30 36.37

Phrynobatrachus sp. 1 AB3848 OQ398467 2021 Bita, Ethiopia 7.27 35.78

Phrynobatrachus sp. 1 AB3862 OQ398468 2021 Nata, Ethiopia 7.58 35.75

Phrynobatrachus sp. 1 AB3891 OQ398469 2021 Bariacho, Ethiopia 7.82 35.83

Phrynobatrachus sp. 1 AB3910 OQ398470 2022 Ganeti, Ethiopia 7.42 35.64

P. natalensis AB3949 OQ398471 2022 Bita, Ethiopia 7.27 35.78

Phrynobatrachus sp. 1 AB3987 OQ398472 2022 Utali, Ethiopia 7.83 35.82

Phrynobatrachus sp. 1 AB4024 OQ398473 2022 Shamali, Ethiopia 7.13 36.19

Phrynobatrachus sp. 2 AB4047 OQ398474 2022 Chagni, Ethiopia 10.92 36.57

P. natalensis AB4054 OQ398475 2022 Chagni, Ethiopia 10.92 36.57

Phrynobatrachus sp. 1 AB3830 OQ398465 2021 Boqa, Ethiopia 7.30 36.37

Leptopelis sp. 1 AB3845 OQ413091 2020 Boqa, Ethiopia 7.30 36.37

Leptopelis sp. 1 AB3908 OQ407700 2021 Ganeti, Ethiopia 7.42 35.64

Leptopelis sp. 1 AB3911 OQ413101 2021 Ganeti, Ethiopia 7.42 35.64

Leptopelis sp. 1 AB3915 OQ413102 2021 Ganeti, Ethiopia 7.42 35.64

Leptopelis sp. 1 AB4060 OQ413100 2022 Boqa, Ethiopia 7.30 36.37

Leptopelis sp. 2 AB3916 OQ413180 2021 Ganeti, Ethiopia 7.43 35.65

Leptopelis sp. 2 AB3919 OQ413183 2021 Ganeti, Ethiopia 7.43 35.65

Leptopelis sp. 2 AB3922 OQ413184 2021 Ganeti, Ethiopia 7.43 35.65

Leptopelis sp. 2 AB3927 OQ413187 2021 Ganeti, Ethiopia 7.43 35.65

Leptopelis sp. 2 AB3928 OQ413188 2021 Ganeti, Ethiopia 7.43 35.65

Leptopelis sp. 2 AB3929 OQ413189 2021 Ganeti, Ethiopia 7.43 35.65

L. yaldeni AB4044 OQ413098 2022 Chagni, Ethiopia 10.93 36.69

L. yaldeni AB4045 OQ413099 2022 Chagni, Ethiopia 10.93 36.69

L. vannutellii AB4031 OQ413095 2022 Oda, Ethiopia 7.12 36.46

L. vannutellii AB4032 OQ413096 2022 Oda, Ethiopia 7.12 36.46

L. vannutellii AB4039 OQ413097 2022 Oda, Ethiopia 7.12 36.46

L. vannutellii AB3914 OQ413103 2021 Ganeti, Ethiopia 7.43 35.65

L. vannutellii AB3997 OQ413093 2022 Sor, Ethiopia 7.84 35.84

L. vannutellii AB3923 OQ413185 2022 Ganeti, Ethiopia 7.43 35.65

L. vannutellii AB3925 OQ413186 2022 Ganeti, Ethiopia 7.43 35.65

L. vannutellii AB3918 OQ413182 2022 Ganeti, Ethiopia 7.43 35.65

L. vannutellii AB3897 OQ413092 2021 Utali (Saylem),
Ethiopia 7.83 35.82

L. vannutellii AB4017 OQ413094 2022 Shamali, Ethiopia 7.20 36.28

L. vannutellii AB3917 OQ413181 2020 Ganeti, Ethiopia 7.43 35.65

L. vannutellii AB3798 OQ413090 2020 Shuneti, Ethiopia 7.38 35.73

L. vannutellii AB3797 OQ413089 2020 Shuneti, Ethiopia 7.38 35.73
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3. Results
3.1. Anuran Abundance in the Keffa Area

A total of 3672 man-hours were spent for searching anurans in the study sites. A total
of 5678 frogs were captured and identified. Although the majority of individuals could be
identified unambiguously using morphology alone, it was not always the case, in particular
for individuals belonging to the Ptychadena, Leptopelis and Phrynobatrachus genera, and
hence barcoding was computed. Barcoding of Ptychadena confirmed the validity of our
morphological assignment and indicated the presence in the study area of a number of
endemic grass frogs such as P. beka, P. erlangeri, P. neumanni and P. doro (Table 2).

Table 2. Abundance of anuran species recorded in three habitat types of Keffa.

Family Species
Habitats

Total Relative Abundance (Rank)
WL AL RF

Hyperoliidae

Afrixalus clarkei Largen, 1974 784 115 25 924 16.27 (3)
Afrixalus enseticola Largen, 1974 99 148 0 247 4.35 (8)
Hyperolius microps Günther, 1864 478 0 0 478 8.41 (4)

Hyperolius kivuensis Ahl, 1931 260 0 0 260 4.58 (7)
Hyperolius viridiflavus (Duméril and Bibron, 1841) 247 0 13 260 4.58 (7)

Kassina senegalensis (Duméril and Bibron, 1841) 23 0 0 23 0.41 (15)
Paracassina obscura (Boulenger, 1895) 0 12 0 12 0.21 (20)

Arthroleptidae

Leptopelis sp. 1 22 0 0 22 0.39 (16)
Leptopelis sp. 2 0 28 0 28 0.49 (14)

Leptopelis cf. susanae Largen 1977 2 0 0 2 0.04 (25)
Leptopelis vannutellii (Boulenger, 1898) 0 167 289 456 8.03 (5)

Pyxicephalidae Amietia nutti (Boulenger, 1896) 0 0 46 46 0.81 (12)

Conrauidae Conraua beccarii (Boulenger, 1911) 0 0 7 7 0.12 (23)

Hemisotidae
Hemisus marmoratus (Peters, 1854) 0 0 3 3 0.05 (24)

Hemisus microscaphus Laurent, 1972 0 8 41 49 0.86 (11)

Phrynobatrachidae Phrynobatrachus sp. 1 883 0 274 1157 20.38 (1)
Phrynobatrachus natalensis (Smith, 1849) 1044 0 0 1044 18.38 (2)

Ptychadenidae

Ptychadena anchietae (Barboza du Bocage, 1868) 48 7 0 55 0.97 (10)
Ptychadena beka Goutte, Reyes-Velasco, Freilich,

Kassie, and Boissinot, 2021 12 10 0 22 0.39 (17)

Ptychadena doro Goutte, Reyes-Velasco, Freilich,
Kassie, and Boissinot, 2021 15 0 0 15 0.26 (19)

Ptychadena erlangeri (Ahl, 1924) 29 0 0 29 0.51 (13)
Ptychadena neumanni (Ahl, 1924) 16 0 0 16 0.28 (18)

Ptychadena nilotica (Seetzen, 1855) 382 6 5 393 6.92 (6)
Ptychadena schillukorum (Werner, 1908) 11 0 0 11 0.19 (21)

Pipidae Xenopus clivii Peracca, 1898 93 0 17 110 1.93 (9)
Xenopus largeni Tinsley, 1995 9 0 0 9 0.16 (22)
Total 4457 501 720 5678

In this study, we discovered that the small Phrynobatrachus in the Keffa area probably
belong to an undescribed species (Table 2, Figure 3). The ML phylogram distinguished this
new species, provisionally called Phrynobatrachus sp. 1, as a taxon distinct from other small
Phrynobatrachus species previously recorded from Ethiopia. Based on the genetic distance
matrix, there is a distance of 5.7% between Phrynobatrachus sp. 1 and P. minutus, a distance
of more than 4.8% between Phrynobatrachus sp. 1 and P. inexpectatus, and a distance of more
than 9.5 % between Phrynobatrachus sp. 1 and the undescribed P. sp. “Oromia” (Table S2).
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Figure 3. The evolutionary history was inferred by using the Maximum Likelihood method and the
Tamura–Nei model [60]. The percentage of trees in which the associated taxa clustered together is
shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the
Tamura–Nei model, and then selecting the topology with superior log likelihood value. This analysis
involved 25 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding.

In addition, eleven specimens represent two undescribed Leptopelis species, Leptopelis
sp. 1 and Leptopelis sp. 2 (Table 2, Figure 4). The DNA barcodes of Leptopelis sp. 1 and
Leptopelis sp. 2 were distinguished from previously recorded Leptopelis species found in
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NCBI (National Center for Biotechnology Information) using nucleotide BLAST (Basic
Local Alignment Search Tool). Moreover, the genetic distance between the undescribed
Leptopelis species and others is higher as shown in Table S3 and Figure 4. Results of the ML
tree (Figure 4) clearly grouped the Leptopelis sp. 1 and Leptopelis sp. 2 sequences separately,
and with high bootstrap support, from all other Ethiopian taxa. Leptopelis sp. 1 is 4.0%
genetically distinct from Leptopelis sp. 2, 9.1% distinct from Leptopelis susanae, and 12.9%
distinct from Leptopelis vannutellii (Table S3). Individuals of Leptopelis sp. 1 were collected
from a grassy wetland at an altitude of 2390 m, which is surrounded by pristine forest
that is well preserved. Leptopelis sp. 1 has also been found in the Boqa wetland in Keffa’s
Adiyo district at an elevation of 2428 m (Figure 1). Leptopelis sp. 2 was collected in an Enset
plantation at an altitude of 2427 m in Ganeti village of Bita district, about 90 km northwest
of Bonga town. Based on morphological characteristics such as the nature of the fingers
and toe pads shape, the green dorsum, the black marking of a vertebral stripe, bifurcating
anteriorly and confluent with the black interorbital bar that connects the upper eyelids
(Figure 5), we identified as L. susanae in the previous study. However, it needs a DNA
barcode to confirm L. susanae since this is relatively far from the only known locality for the
species. As a result, we have given it the temporary name Leptopelis cf. susanae.

In the previous study, Hyperolius nasutus was reported from the Keffa area identified
using morphological characteristics using different identification keys. This study com-
pared the sequenced 16S gene with the existing Hyperolius species from NCBI using BLAST
and it showed that it is H. microps, not H. nasutus.

Altogether, this study identified 26 different anuran species from eight different fami-
lies in the area. According to the International Union for Conservation of Nature (IUCN),
four of them (Leptopelis cf. susanae, Afrixalus clarkei, Xenopus largeni, and Afrixalus en-
seticola) are currently listed as threatened, while Ptychadena erlangeri is classified as near
threatened (Table S4). Most species were found in the wetland habitat (19 species and
4457 individuals), followed by riverine forest (10 species and 720 individuals), while agri-
cultural land supported the least (9 species and 501 individuals). The relative abundance
of species varied with habitat types, with a few common species coexisting and with a
significant number of rare species. Phrynobatrachus sp. 1 had the highest relative abundance
(20.38) occurring in Riverine Forest and wetland habitats, followed by Phrynobatrachus
natalensis (18.38%) only being recorded in wetland habitat. Afixalus clarkei (16.27%) occurred
in all the three habitat types. Leptopelis cf. susanae had the least relative abundance (0.04)
and were found only in wetland habitats (Table 2).

Hyperoliidae was the most abundant family (2204 individuals from seven species),
followed by the Phrynobatrachidae (2201 individuals from 2 species) and Conrauidae
was least (seven individuals from single species) (Table 3). Hyperoliidae (seven species),
Ptychadenidae (seven species) and Arthroleptidae (four species) were the families with
the highest species richness, while Conrauidae and Pyxicephalidae had the lowest (only
one species each) (Table 3).

Table 3. Species and genus composition, abundance and relative abundance among families in Keffa.

Family Genus Species Abundance Relative Abundance (%)

Arthroleptidae 1 4 508 8.95
Hyperoliidae 4 7 2204 38.82
Conrauidae 1 1 7 0.12
Hemisotidae 1 2 52 0.92

Phrynobatrachidae 1 2 2201 38.76
Pipidae 1 2 119 2.10

Ptychadenidae 1 7 541 9.53
Pyxicephalidae 1 1 46 0.81

Total 11 26 5678 100.00
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Figure 4. Evolutionary analysis by Maximum Likelihood method. The evolutionary history was
inferred by using the Maximum Likelihood method and the Tamura–Nei model [60]. The percentage
of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s)
for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms
to a matrix of pairwise distances estimated using the Tamura–Nei model, and then selecting the
topology with superior log likelihood value. This analysis involved 46 nucleotide sequences. The
orange color band represents Leptopelis sp. 1 and the blue color represents Leptopelis sp. 2.
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Figure 5. Some of the frog pictures recorded from the Keffa area. (a) Amietia nutti; (b) Afrixalus
enseticola; (c) Xenopus clivii; (d) Ptychadena erlangeri; (e) Leptopelis sp. 2; (f) Leptopelis vannutellii;
(g) Leptopelis sp. 1; (h) Kassina senegalensis; (i) Hyperolius viridiflavus; (j) Hyperolius microps; (k) Conraua
beccarii; (l) Phrynobatrachus natalensis; (m) Afrixalus clarkei; (n) Paracassina obscura; (o) Leptopelis cf.
susanae; (p) Ptychadena nilotica; (q) Hyperolius kivuensis.

3.2. Diversity Indices of Anuran Species among the Habitat Types

Shannon–Wiener indices were determined to represent the diversity of frogs in the
agricultural, riverine, and wetland habitats. The diversity of frogs found in the agricultural
land was 1.58 (1.50, 1.65 at 95% CI), riverine forest 1.46 (1.38, 1.53 at 95% CI) and wetland
2.13 (2.10, 2.16 at 95% CI). Multiple Hutcheson t-tests showed that there was a significant
difference between wetland and other habitats (p-value < 0.05), but no significant difference
between agricultural land and riverine forest (p-value > 0.05).

The diversity t-test also indicated a significant difference between the wetland and
agricultural land (t = −14.275, df = 806.66, p < 0.05) and wetland and riverine forest
(t = −13.799, df = 912.98, p < 0.05) but differed between agricultural land and riverine forest
(t = 1.62, df = 1274.7, p > 0.05). The Shannon–Wiener (H) and Simpson (D) diversity indices
indicated that wetland had the highest species diversity compared to riverine forest and
agricultural land. As shown in Figure 6D, in contrast to riverine forest, the species were
more uniformly dispersed in agricultural land and wetland habitats.
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Figure 6. The diversity variation of anuran species among habitats in the Keffa area: (A) richness;
(B) abundance; (C) Shannon H diversity; and (D) evenness.

3.3. Accumulation Curve

The species accumulation curve depicts the rate at which new species are added as
the sampling effort continues. Figure 7 shows that new species are still being discovered
in the study area, albeit at a slower rate. At this sampling effort, the rarefied number of
species based on 51 transects resulted in 26 species.
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3.4. Species Richness Estimation

The Chao1 index was used to calculate the estimated total number of species per
habitat type. Interpolation (rarefaction) and extrapolation curves showed that species
richness ranged from 9 to 19 among habitats (Figure 8). Measures of diversity show that
wetland habitat had the highest diversity (Chao1 = 19 ± 0.76, H = 8.79 ± 0.12), followed by
the riverine forest in species richness (Chao1 = 10 ± 0.59, H = 4.55± 0.17) and agricultural
land (Chao1 = 9 ± 0.00, H = 4.85 ± 0.20).
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3.5. Similarity Indices of Frog Species between Habitats

Species similarity analysis between paired agricultural land and riverine forest habitats,
agricultural land and wetland as well as riverine forest vs. wetland habitats showed SCSI
and JCSI values of less than 0.50 representing 40%, 34% and 39% of species similarity by
SCSI and 25%, 21% and 24% by JCSI, respectively (Table 4).

Table 4. Sorensen’s Coefficient Similarity Index (SCSI) and Jaccard’s Coefficient Similarity Index
(JCSI) of frog species among the three habitat types.

Paired Habitats
Number of Species Similarity Indices

Unique to AL Unique to RF Unique to WL Shared SCSI JCSI

AL Vs RF 5 6 - 3 0.40 0.25
AL Vs WL 4 - 14 5 0.34 0.21
RF Vs WL - 5 14 5 0.39 0.24

Note that: AL = agricultural land, RF = riverine forest, and WL = wetland.

Utali vs. Shuneti had the highest Sorensen’s similarity indices of 92% followed by
Bariacho vs. Nata, and Bariacho vs. Medabo, which had both 91%. Komba vs. Ganeti,
Gojeb vs. Ganeti, and Shoreri vs. Gojeb sites had the least similarity index of 11%, 13%, and
14%, respectively. In terms of frog species composition, Utali and Shuneti, which had the
highest percentage of Sorensen’s similarity indices (92 percent), were almost identical. All
of the frog species found in Shuneti were also encountered in Utali, and they shared six frog
species. However, one species was found in Utali that was not noticed in the Shuneti site.
In general, the results showed that Sorensen’s similarity indices of frog species between all
sites were low, falling below 50% in more than half of the paired sites (Table S5).

3.6. Seasonal Variation in Frog Species

During the rainy and dry seasons, there was a significant difference in Simpson 1-D
diversity (t = 2.1738, df = 4636.7, p-value = 0.02) and Shannon H diversity (t = −2.17,
df = 4791.2, p-value = 0.03) of frog species in the study sites (Table 5). The Hutcheson t-test
used to compare Shannon diversity between rainy and dry seasons revealed a significant
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difference (Hutcheson t-statistic = 2.17, df = 4794, p-value = 0.023). During the rainy season,
25 frog species were observed, while 26 species were recorded during the dry season. When
compared to the dry season, the rainy season had the highest number of frog abundance
(Figure 9). However, the difference is not statistically significant (p < 0.05). Frogs are
more abundant in all three habitats during the rainy season. Wetland had the highest frog
abundance in both seasons compared to agricultural land and riverine forest, and there is a
significant difference among the habitat types (p < 0.05).

Table 5. Diversity variation of frog species between rainy and dry seasons.

Dry Season Rainy Season
Diversity t-Tests

t df p (Same)

Richness 26 25
Abundance 2287 3391
Simpson D 0.87 0.88 2.32 4636.7 0.02
Shannon H 2.41 2.47 −2.17 4791.2 0.03

1 
 

 

Figure 9. Seasonal variation of frog abundance among the three habitat types.

3.7. Effects of Environmental Variables on Frog Species Abundance

A series of GLMs with Poisson regression were run to see if the abundance and species
richness of frog species differed significantly depending on abiotic factors. The Poisson
GLM analysis of frog species abundance across three habitat types for 51 transects yielded
the best-supported model, which includes explanatory variables such as precipitation,
temperature, slope, and altitude (Table 6 and Figure 10).
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Table 6. Summary statistics for General Linear Model (GLM) for abundance relationships with
selected environmental variables for frog species.

Abundance
Predictors Estimate SE z Value p

Intercept 1.132 × 1001 1.319 × 10+00 8.582 <2 × 10−16 ***
Habitat (Riverine Forest) 1.089 × 10−01 5.917 × 10−02 1.840 0.0657

Habitat (Wetland) 2.093 × 10+00 4.486 × 10−02 46.649 <2 × 10−16 ***
Temperature −5.106 × 10−01 4.449 × 10−02 −11.477 <2 × 10−16 ***
Precipitation 4.507 × 10−04 2.775 × 10−04 1.624 0.1044

Altitude −9.363 × 10−05 5.672 × 10−05 −1.651 0.0988
Slope −1.889 × 10−02 3.387 × 10−03 −5.579 2.43 × 10−08 ***

*** represents an extremely significant level (p < 0.001).
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The model fitted to these data supported the prediction for a positive relationship
between precipitation and abundance although it is not a significant association. On the
other hand, slope and altitude had a negative nonlinear relationship with the abundance
of frog species. There was a significant relationship between abundance and slope, but
not between abundance and altitude. The temperature had also a significant negative and
linear relationship with anuran abundance (Table 6 and Figure 10). This indicates that
abundance decreases with increasing temperature.

4. Discussion
4.1. Anuran Diversity in the Keffa Area

According to our findings, the Keffa area is a biodiverse region in southwestern
Ethiopia, with the highest number of amphibian species record and a distinct species
composition. Many of the species discovered in the current study had previously been
reported to exist in Keffa and surrounding areas [32,34,35,63]. A. nutti, H. marmoratus,
H. kivuensis, K. senegalensis, Leptopelis sp. 1, Leptopelis sp. 2, Phrynobatrachus sp. 1 and P.
anchietae, on the other hand, were new records for the Keffa area. Amietia nutti, formerly
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known as Rana angolensis, is found in many parts of Ethiopia, ranging in elevation from
1000 to 3000 m above sea level [29], although genetic analyses revealed that individuals
from the south west were distinct from other Ethiopian populations [64]. In the current
study, we recorded this species from Sor riverine forest as a new record for the area. We
identified endemic frog species including L. ragazzii, P. minutus, and P. inexpectatus using
morphological identification keys [34]. However, the DNA sequencing used in the present
study revealed that it was not L. ragazzii, and now Leptopelis sp. 2 has been chosen as the
interim name. In addition, the BLAST analysis, genetic distance, and ML tree demonstrated
that the small Phrynobatrachus from Keffa are clearly distinct from the previously described
P. minutus and P. inexpectatus and is provisionally labeled as Phrynobatrachus sp. 1.

According to [65,66], wetlands are home to a wide variety of anuran species. In line
with this, the wetland had the highest abundance and species richness of the three habitats
where frogs were recorded in the current study (4457 individuals from 19 frog species).
This is largely due to wetland ecosystems providing a diverse range of food sources
for these organisms, including invertebrates and zooplankton [67]. Species abundance
varied according to habitat, with a few common species coexisting with a large number of
rare species.

4.2. Differences in Diversity of Anuran Species among Three Habitat Types of the Study Area

The distribution and diversity of tropical frog species are largely influenced by the
type and preferences of their habitats [4,68], and many environmental factors associated
with habitat structure that are critical for frog diversity [69]. Habitat and environmental
heterogeneity have been recognized as among the explanations for variation in species
diversity [70–72]. Wetland frog diversities (Shannon–Wiener (H) and Simpson (D)) were
significantly greater than agricultural land and riverine forest diversity. Similar findings
were made in Brazil’s Amazonian savannas and surrounding forests [73], as well as in
Trinidad’s Aripo Savannas Scientific Reserve [74]. The higher diversity observed in wet-
land habitats during our study was most likely due to greater variability in resources for
foraging, reproduction, and predator cover, all of which influence frog habitat selection [75].
However, overgrazing, agricultural expansion, water draining, and eucalyptus plantations
are ruining this habitat by threatening the survival of these frog species. Due to the high
taxonomic turnover in frog species, wetland habitat protection and conservation are critical.

Most of the communities in the study area rely on Enset for food [76–78]. In the
Keffa area, Enset plantations are not typically homogeneous monocultures, but rather a
structurally rich habitat with a distinct understorey and scattered canopy trees. This habitat
is used by a variety of frogs, including L. vanuttellii, Leptopelis sp. 2, A. clarkei, and A.
enseticola. As a result, agricultural land had a higher frog diversity and evenness index than
riverine forest in the current study area. However, the local people are dissatisfied relying
on Enset as a food source due to low production caused by diseases and hence forced to
convert Enset plantations into field crops, such as teff, wheat and maize. Such shifting
highly threaten potential amphibian habitat. In line with this current study, [79] noted
that banana vegetation is a significant component of amphibian diversity in Madagascar’s
fragmented landscape.

4.3. Accumulation Curve and Species Richness Estimation

Despite the fact that the species cumulative curve has a tendency to stabilize, the
possibility of local richness expansion is not ruled out; however, as this study progresses,
increased effort would add to the species richness very slowly, as evidenced by richness
estimators. This emphasizes the significance of conducting inventories using a variety of
sampling methods in order to gain a more complete understanding of anurans [80–82], as
species richness is closely related to the sampling effort [80].

Accumulation curves are superb for assessing inventory efficiency in the recording
of all species at a specific site or habitat. The species accumulation curves for all habitats
stabilized, similar to the rarefaction for the total area; however, the agricultural land and
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riverine forest habitat stabilized in relatively low species richness, indicating that additional
sample effort will be required for the two habitat types.

4.4. Similarity of the Frog Assemblages in the Keffa Area

According to [83], if the SCSI value is lower than 0.5; then the paired communities
share different species composition; but if the index is greater than 0.5; then the paired
communities share similar species composition. Therefore, the species similarity tests
(Tables 4, S5 and S6) revealed a clear distinction of species composition between all paired
habitats and study sites. The dissimilarities of unique species composition could probably
be associated to the contrasting ecological settings from different intensities of forest
disturbance events at the studied forest areas [84]. The study conducted in Nigeria by [66]
found that forest and agricultural land have the highest similarity in species composition.
In line with this; in the current study, the result showed that agricultural land and riverine
forest habitat had the highest SCSI and JCSI.

4.5. Seasonal Variation in Frog Species

According to [85], the start and duration of frogs’ reproductive seasons are directly in-
fluenced by climatic conditions. The majority of frog species in tropical areas with seasonal
climates reproduce during the rainy season [66]. Studies in Brazil [86] and Asia [87] have
also found seasonal variation in frog communities, though there is still little information on
this phenomenon in tropical forests. In tropical forests with clearly defined wet and dry
seasons, [88] found that rainfall has a significant impact on the diversity and abundance of
frog species. This is also true for the current study in the Keffa area in terms of the diversity
and abundance of frog species. Frog species diversity and abundance in the Keffa area
increased during the high rainy season, which can be contributed to a higher rate of adult
movement around breeding sites [85]. Abiotic factors that influence recruitment may be
in charge of seasonal fluctuations in frog abundance, yet predictions need to be verified
with more research on Keffa frogs. However, there is no significant difference between
seasons in species richness. High rainfall rates and the absence of a distinct dry season were
observed in the study area. This fact might be partially explained by lack of significant
seasonal variation in the frog species richness in the Keffa area.

4.6. Effects of Environmental Variables on Frog Species Abundance

Although frogs are affected by both biotic and abiotic factors, this study focused
solely on abiotic factors such as precipitation, temperature, altitude, and slope. These
variables can have an impact on the species richness, abundance, and assemblages of
amphibians across a landscape. These impacts can be positive or negative, and their effects
have been thoroughly investigated [89]. As a result, species react differently to different
levels of factors [90–92]. For example, altitudinal gradient and weather play a role in this
because as altitude increases, species assemblages are negatively affected due to changes
in temperature and habitat, resulting in fewer species being able to successfully establish
populations outside their altitudinal range [93].

According to a recent meta-analysis using different taxonomic groups and geographic
areas, the species richness and abundance pattern that occurs across the cliffs most fre-
quently may be a hump-shaped pattern [94]. In line with this, our observation of a hump-
shaped pattern for abundance along the altitudinal gradient is reliable with a number of
empirical studies [95].

5. Conclusions

The current study is the first to provide data with the aid of DNA sequencing about the
composition, richness, abundances and habitat associations of the frog community for the
Keffa area, as well as the first to address this topic for the vast area of southwestern Ethiopia.
This study is also the first to provide information on seasonal fluctuation of frog community
in Ethiopia. The results of this study suggest that a surprisingly high species richness and
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diversity of frog species across sites and habitats survive in the Keffa area. In order to
maintain high amphibian species richness, a varied range of habitats must be investigated
and protected. The species require a variety of habitat types, including grassy wetlands,
Enset vegetation, and riverine forest. Our results imply that all habitat types can be equally
crucial for maintaining populations of different frog species. This suggests that these habitat
types, as well as perhaps others, should be considered when developing management
zones. The current study provides useful and pertinent information to direct conservation
and management efforts and it is our aim that this study will encourage conservationists
to look into the biological patterns of amphibian communities across geographic regions.
To conserve the amphibian fauna in Keffa, we recommend conservation interventions of
riverine forests and wetlands and improving horticultural crops such as Enset plantations
that play an important role both in ensuring food security to the community and providing
suitable habitat for endemic frog species of the country.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15020300/s1, Figure S1: The three habitat types of the study
area; Table S1: Sample collection information of 17 study sites and 51 transects; Table S2: Uncorrected
p-distances between the Phrynobatrchus species found in Ethiopia based on the 16S gene sequences;
Table S3: Uncorrected p-distances between the Leptopelis species of Ethiopia based on the COI gene
sequences; Table S4: The IUCN status of anuran species recorded in Keffa area; Table S5: Sorenson
similarity index between sites; Table S6: Jaccard similarity between sites.
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