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Abstract

:

Understanding species from an ecological and phylogenetic perspective facilitates an understanding of their conservation status in relation to the changing world. The frog genus Pelophylax is among the largest in terms of amphibian biomass in the Palearctic, but species have not been thoroughly studied at the Asian continental scale. The phylogeographic relationship, behavioural ecology, and ecological requirements within the genus need clarification, despite generally good local coverage. Here, for the first time, we conducted a literature review focused on phylogeography and behavioural ecology, supported by ecological niche modelling of twelve Asian Pelophylax lineages. Finally, we compiled the known threats for each of the lineages. We first determined the presence of twelve species and species-candidate lineages. In terms of behavioural ecology, the main difference among lineages is the time to metamorphosis and the time to reach sexual maturity. The ecological models highlighted a match between the known presence of each clade and their suitable habitat and highlighted the Syr Darya drainage on the eastern shore of the Caspian Sea for the non-described Pelophylax “Syr Darya lineage”. Finally, we highlighted the greatest variation among lineages in terms of threats, as some lineages are threatened by numerous factors, whereas others are expanding.






Keywords:


pool frogs; water frogs; eastern Palearctic; Central Asia; Eastern Asia; phylogeography












1. Introduction


Delineating the boundaries of species distribution is a preliminary requisite to the determination of presence, phylogenetic patterns, behavioural ecology, and the threat levels that may require conservation actions [1,2]. Habitat suitability models are broadly used to determine suitable habitats for species based on environmental variables [3]. Thus, the study of climatic variables can shed light on the climatic tolerance of a species, thereby helping to understand the limits of its spatial distribution [4]. In turn, these results may facilitate fieldwork by predicting suitable habitats and potential distribution [5]. Such models are particularly useful for species that do not disperse over long distances, such as amphibians, which generally have continuous distribution patterns [6]. To determine ranges, presence points can be used to build ecological niche models and determine the suitable habitat for a species [7,8]. Such an integrated analysis is especially valuable for genera with widespread distributions, as surveying the whole range of the species is not always possible. Here, we follow this modelling approach for the widespread frog genus Pelophylax, focusing on all Asian lineages.



The Pelophylax genus is a widespread group of water frogs that has been intensively studied in specific localities since Carl von Linné described the first species in the genus: Pelophylax esculentus (Linnaeus, 1758). Currently, there are 22 species and three hybrid asexual forms in the genus, which are distributed throughout the Palaearctic [9]. The data for Pelophylax are characterised by in-depth studies on both extreme longitudes of the Palearctic [10,11], but not as much information is available for the dry landscapes of central Asia. The genus Pelophylax is generally present in mixed and deciduous forests, inhabiting a wide variety of flowing and stagnant water habitats from shallow puddles and streams to large lakes and rivers [12]. In general, the species of this genus prefer open and warm areas with abundant herbaceous vegetation [13].



General information on the distribution and occurrence of species has become increasingly accessible thanks to molecular barcoding and studies on the cryptic morphological characters of the genus [14]. In addition, knowledge is also available from combined regional and national distribution accounts through citizen science occurrence databases (e.g., iNaturalist) and other data collection platforms (e.g., GBIF, AmphibiaChina). This exciting momentum provides an opportune framework for re-examination of the Pelophylax lineages, focusing on Asia.



Here, our goal is to enhance the understanding of species richness patterns and refine biogeographic boundaries by cohesively delineating all lineages of Pelophylax occurring in Asia. We do so by reviewing the available phylogeographic literature and illustrating the relationships using models that integrate the ecological requirements of each lineage. Finally, we identify the threats to these lineages.




2. Materials and Methods


The Pelophylax genus is widespread across most landscapes in Asia (Figure 1), as the species have generally broad ecological requirements and there is at least one species present in each type of wetland [15]. The distribution of the species in the genus is likely regulated through niche segregation and habitat use between species complexes [16,17,18,19]. Recently, population expansions were reported outward of all range boundaries, following human-driven range extensions, such as for P. nigromaculatus [20,21] and P. ridibundus [22].



For each species, our review first follows logical assessments for phylogeographic and phylogenetic updates, followed by summaries of the species’ behavioural ecology. Next, we address ecological boundaries using environmental niche models. We modelled the habitat suitability of the following 12 Pelophylax species: P. plancyi, P. porosus, P. chosenicus, P. hubeiensis, P. fukienensis, P. mongolius, P. ridibundus, P. bedriagae, P. terentievi, and three candidate species, including the Pelophylax “Syr Darya” lineage in central Asia [23], and we follow the candidate species taxonomy segregation for P. nigromaculatus “reinhardtii” and P. nigromaculatus ”nigromaculatus” [12].



We also reviewed the literature for threat assessments for all of these lineages, based on the criteria of The IUCN Red List of Threatened Species [12]. To collect the data needed for each of the four lines of analysis, we searched the literature using the name of each species listed above independently with quotation marks as a keyword (e.g., “Pelophylax xxx”), where xxx represents the name of the species or lineage. We used the global citation database Google Scholar on 12 December 2023 for the search (Figure 2).



For modelling, we downloaded the occurrence data derived from the Global Biodiversity Information Facility database (GBIF.org: DOI: 10.15468/dl.8af3yw; 10.15468/dl.mjstaa; 10.15468/dl.5u7ky4; 10.15468/dl. wsee82; 10.15468/dl.w63w3q; 10.15468/dl.4qbf6e; 10.15468/dl. hcf9pa; 10.15468/dl. dpu5j7; 10.15468/dl.cu533d; 10.15468/dl.qg4sky) and from iNaturalist (all data are compiled in Supplementary Material Table S1). Based on these data, we built niche predictions using the 19 bioclimatic variables extracted from WorldClim v.1.4. [24] and an altitude layer. We used layers with a spatial resolution of 30 arc seconds under WGS 84 projection with a species-specific mask covering the area of occurrence of the focal Pelophylax lineage in ArcGIS 10.6 (ESRI, 2012). To avoid correlation between climatic variables and a loss in the prediction power owing to over-parametrisation, we spatially thinned all occurrence records at a distance of 10 km using Wallace v. 2.0.6 [25,26,27]. Our habitat suitability models used the following numbers of records for each species after adjustment and thinning: P. ridibundus (n = 5720); P. bedriagae (n = 1402); P. terentievi (n = 265); Pelophylax “Syr Darya lineage” (n = 202); P. nigromaculatus “nigromaculatus” (n = 381); P. nigromaculatus “reinhardtii”: (n = 2783); P. porosus (n = 67); P. mongolius (n = 42); P. plancyi (n = 82); P. chosenicus (n = 270); P. hubeiensis (n = 40); and P. fukienensis (n = 2923). We used the maximum training sensitivity plus specificity threshold (MTSS) generated by Maxent for each species as the threshold for moderate suitability [28]. Before generating the models, we calculated Pearson’s correlation coefficient for all 19 bioclimatic variables.



We used the GRASS plug-in to calculate Pearson’s correlation coefficients [26] to eliminate predictor collinearity in ArcGIS 10.6 (ESRI, 2012). For all pairs with high correlation factors (|r| > 0.8), we excluded the variable that was the least biologically important for Pelophylax lineages, as determined by the literature [29]. The resulting dataset contained 13 bioclimatic variables (Table 1): Elevation, Bio 1 (annual mean temperature), Bio 2 (mean diurnal temperature range), Bio 3 (isothermality), Bio 5 (maximum temperature of the warmest month), Bio 8 (mean temperature of the wettest quarter), Bio 9 (mean temperature of the driest quarter), Bio 10 (mean temperature of the warmest quarter), Bio 11 (mean temperature of the coldest quarter), Bio 12 (annual precipitation), Bio 14 (precipitation of the driest month), Bio 15 (precipitation seasonality), Bio 18 (precipitation of the warmest quarter), and Bio 19 (precipitation of the coldest quarter).



Using the reduced sets of environmental and occurrence data, we used MaxEnt v.3.4.4 [30]. For each lineage, we implemented MaxEnt using random seed, auto features, the default regularisation multiplier (=1), 10,000 random background points within a 20-km radius buffer around each occurrence point, a test data percentage of 20, a maximum iteration of 500, and the applied Minimum Training Presence threshold rule [31]. We also used a jackknife analysis to estimate the relative contributions of each variable (Table 1). The model performance was evaluated using the Area Under the Curve (AUC) [32].




3. Results


From the surveyed articles, we selected 72 articles only as only these provided relevant information for the 12 described Asian Pelophylax lineages. Using these references, we reviewed the information pertaining to the phylogeography, behavioural ecology, and conservation of our focal lineages.



All 12 models had moderate or high AUC values, which is considered an excellent fit [33]. The ecological models produced moderately to highly valid results, indicating segregated suitable habitats and the probability of occurrence for all lineages. The AUC values for each were as follows: Pelophylax ridibundus: 0.992; P. bedriagae: 0.985; P. terentievi: 0.994; Pelophylax “Syr Darya” lineage: 0.976; P. nigromaculatus “nigromaculatus”: 0.895; P. nigromaculatus “reinhardtii”: 0.953; P. porosus: 0.997; P. mongolius: 0.980; P. plancyi: 0.990; P. chosenicus: 0.997; P. hubeiensis: 0.981; and P. fukienensis: 0.997. All models generally fitted the known distribution of the lineages they represented when compared with the data available from the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023).



3.1. Pelophylax nigromaculatus “Nigromaculatus”


3.1.1. Distribution


All Pelophylax nigromaculatus populations are currently assigned to a single species, but two diverging clades are identified as candidate species [12], and we follow this nomenclature. The boundary between the two clades is the sea between continental Asia and the Japanese archipelago [12]. Pelophylax nigromaculatus “nigromaculatus” (Hallowell, 1861/1860) was described from Shimoda, Honshu, Japan [34] (Figure 3). The species is widely distributed across Kyushu, Shikoku, and Honshu but not on the Kanto and Sendai plains, and it has been introduced to Hokkaido [35]. The lineage P. n. “nigromaculatus” is the common Pelophylax lineage in Japan [36].




3.1.2. Ecology


Despite occurring in a variety of habitats, the population of P. n. “nigromaculatus” in Japan uses rice paddies as their main reproductive sites [37]. Members of the lineage are not restricted to wetlands and leave from rice paddies and migrate to woodlands during the non-breeding season [35]. Females spawn a single egg clutch every year, and the breeding season is from April to June [35]. The P. n. “nigromaculatus” lineage is a generalist predator, but arthropods make up a large proportion of its diet [36,38]. The geographical distribution of P. n. “nigromaculatus” and P. porosus brevipodus (Ito, 1941) partially overlap [18]. In addition, competition between syntopic Pelophylax species that occupy similar niches tends to influence the growth rate of P. n. “nigromaculatus”; for instance, higher growth rates were recorded in P. n. “nigromaculatus” populations without syntopic P. p. brevipodus than in populations with P. p. brevipodus [39]. Males of the species attract females using leks [40]. For the P. n. “nigromaculatus” lineage, the highest habitat suitability matched their current range in Japan, and the variable with the highest contribution was precipitation of the coldest quarter (Table 1). As winters are typically dry in the region, these results highlight the selection of habitats where the risk of drying out during hibernation is lower.




3.1.3. Threats and Conservation


Pelophylax nigromaculatus was assessed as Least Concern by The IUCN Red List of Threatened Species in 2023, being down-listed from Near Threatened [41]. The lineage P. n. “nigromaculatus” was not assessed on its own, but it is also likely to reach the Least Concern status in view of the widespread distribution of the species, the relatively large populations, and its resilience to human presence. However, the habitat used by the species is declining, especially when rice paddies are urbanised [42].





3.2. Pelophylax nigromaculatus “Reinhardtii”


3.2.1. Distribution


Pelophylax nigromaculatus “reinhardtii” [43,44] was described from the People’s Republic of China (hereafter China; Figure 4). According to Peters, the two syntypes of this species were bought from a dealer, who had obtained them from either Malacca or China, and later restricted to China [34,44]. The name “reinhardtii” is linked to the populations on the Asian continent [12], and the P. n. “reinhardtii” lineage has a broad distribution across the eastern Palearctic, including regions from Khabarovsk Krai in far-eastern Russia to the west of the Sichuan Basin in China. The lineage also ranges across the Korean Peninsula and related islands [45,46,47]. The lineage has been introduced to new localities, both in areas within its range where it was not originally present and offshore islands, such as Ulleung Island in the Republic of Korea [21] (hereafter R Korea). It has been introduced in Baiyin, Ningxia, in Yining, Xinjiang, and in Lhasa, Tibet, through trade and the practice of mercy releases [20]. In addition, P. n. “reinhardtii” populations heavily hybridise with species of the P. plancyi species complex, namely, with P. chosenicus on the Korean Peninsula, and with P. plancyi, P. hubeiensis, and P. fukienensis within their respective ranges in Eastern China [45,48].




3.2.2. Ecology


Male P. n. “reinhardtii” start calling from April in southern regions of the lineage’s range in China and R Korea, early to mid-May in R Korea, and June in the Russian Federation (hereafter Russia), although the species can be heard until July in R Korea [49]. The onset of spawning for this species is prompted by high temperatures and increased relative humidity levels [50]. The P. n. “reinhardtii” lineage primarily eats insects, gastropods, and arachnids [51]. The lineage is found up to relatively high elevations of around 2200 m above sea level (hereafter a.s.l.) in China (noting a potential misidentification with P. mongolius; [13]) but only up to 1000 m a.s.l. in R Korea, where the peak abundance is around 150 m a.s.l. [52]. Females of P. n. “reinhardtii” lay a single egg clutch every year comprising about 1000 eggs. Metamorphosis starts about six weeks after the eggs have been laid, and hibernation lasts from October to May [12]. Sexual maturity is reached at the age of two years for males and three years for females, and maximum longevity is six years in males and seven years in females [53]. Frogs from high altitudes tend to be smaller than frogs from low altitudes [54]. Within the watershed of the Geum River in R Korea, all individuals are from a single genetic population, and the important morphological diversity is attributed to environmental gradients rather than genetic structure [55]. For P. n. “reinhardtii”, the annual mean temperature was the variable with the highest contribution (Table 1), which is a common pattern for species with large distributions.




3.2.3. Threats and Conservation


Pelophylax n. “reinhardtii” was not assessed by the IUCN Red List of Threatened Species, but P. nigromaculatus is listed as Least Concern, being down-listed from Near Threatened in 2023 [41]. The severity of threats to the lineage varies by region: in some areas, such as the agricultural wetlands of the Democratic People’s Republic of Korea (hereafter DPR Korea), the lineage remains stable owing to suitable habitat conditions [52]. In R Korea and China, the lineage is not considered threatened, owing to its large population sizes and ability to withstand minor environmental changes [49]. Populations restricted to agricultural wetlands are impacted by agrochemical pollution, in terms of both tadpole development and loss of fitness [56] and gonadal development and feminisation of the population [57]. Other noted threats are invasive fish species that prey on eggs [58] and adult Lithobates catesbeianus, which feeds on adults and juveniles [59]. The lineage is also heavily impacted by road mortality in R Korea [60].





3.3. Pelophylax porosus


3.3.1. Distribution


Pelophylax porosus, or the Daruma Pond Frog (Cope 1868), was described from Kanagawa prefecture, in Eastern Honshu, Japan [35] (Figure 5). The species comprises two subspecies, the Tokyo Daruma Pond Frog, P. p. porosus (Cope 1868), and the Nagoya Daruma Pond frog, P. p. brevipodus (Ito 1941). The Tokyo Daruma Pond frog ranges from the Kanto to the Sendai Plains in central and southern Niigata Prefecture and in northern and central Nagano Prefecture [35]. The Nagoya Daruma Pond frog was described from Nagoya, Japan, and it is distributed in the Western Honshu, Tokai, central Kinki, and San-yo districts and in northern Shikoku [18,45].




3.3.2. Ecology


Both P. p. porosus and P. p. brevipodus inhabit natural and artificial semi-aquatic environments such as rice paddies, ponds, and marshes in lowland areas, and they breed in still-water environments from late April to July [35]. Longevity for this species is estimated to be three to four years in both sexes, and they start breeding at two years old [39]. The subspecies P. p. porosus is the most short-lived and the first to reach sexual maturity of all Pelophylax lineages in Japan [39]. Pelophylax p. porosus males select vegetation-shaded water surfaces as daytime calling sites and open water surfaces as night calling sites [61]. The species has been recorded up to 180 m a.s.l. [62]. For P. porosus, precipitation of the coldest quarter was the only significant variable contributing to the model, indicating a preference for wetter winter conditions.




3.3.3. Threats and Conservation


Pelophylax porosus was assessed by The IUCN Red List of Threatened Species as Least Concern in 2020, despite its decreasing population size [63]. The P. porosus population is threatened by human activities, especially habitat destruction and degradation (including agricultural wetlands), and pollution. In addition, the species is threatened by hybridisation with P. n. “nigromaculatus” [45,64]. These threats are especially acute for P. p. brevipodus, which is declining in westernmost areas and may be locally extinct on some islands [65,66].





3.4. Pelophylax mongolius


3.4.1. Distribution


In 1927, Schmidt divided the common Chinese and Japanese pond frog into three subspecies based on the shape of the head, the length of the limbs, the length of the snout, and the nature of the metatarsal tubercle, describing the northern form as Rana nigromaculata mongolia [67]. Pelophylax mongolius, or the Yellow River Pond Frog, was described from Meidaizhao, Inner Mongolia, China (Figure 6), and elevated to species level in 2022 [68] based on a holotype initially classified as P. nigromaculatus mongolia (Schmidt, 1925) and later wrongly synonymised with Pelophylax tenggerensis [11]. This species ranges across Inner Mongolia, Ningxia, Shaanxi, and eastern Gansu in China, west of the Taihang Mountains, which serve as a geographic barrier with P. n. “reinhardtii” [12].




3.4.2. Ecology


Pelophylax mongolius is present from around 300 m a.s.l. and potentially up to 2200 m a.s.l. [13]. This species is adapted to relatively arid environments and occurs in disconnected subpopulations within suitable habitats, which include grasslands and forests adjacent to wetlands, such as marshes, pools, rivers, and streams [69]. Females lay a single egg mass every year, with about 1000 eggs in each egg clutch (although this number may be based on misidentifications). Breeding starts in early May and lasts until mid-July, metamorphosis peaks in late June, and the species starts hibernating in late October [12]. Elevation was also the variable with the higher contribution for P. mongolius (Table 1), which is consistent with the restriction of the species distribution to comparatively higher elevations.




3.4.3. Threats and Conservation


The species was elevated to species level in 2022 and is not formally assessed by the IUCN Red List of Threatened Species, but as some sub-populations were assessed under different epithets, these are considered non-threatened [12]. However, some threats are present and need attention. For instance, P. mongolius is under threat of hybridisation with P. n. “reinhardtii”. It is collected for human consumption and mercy releases, and it will face a shift in its suitable habitat because of climate change [70].





3.5. Pelophylax plancyi


3.5.1. Distribution


Pelophylax plancyi, or the Eastern Golden Pond Frog, was described from Jiujiang in Jiangxi in China [13] (Figure 7). The species distribution is centred around the low-elevation plains west of the Yellow Sea, where the population density is the highest. However, the species is distributed as far south as Zhejiang and Jiangxi (where the type locality is located; Lataste, 1880), to Hunan and Hubei to the west, and to Hebei [31] and possibly the vicinity of Beijing to the north, although the clade needs to be identified using molecular tools [31]. This species is closely related to P. chosenicus to the west and P. hubeiensis to the east. The segregation between P. plancyi and P fukienensis is more ancient than that relating to other closely related species [45], noticeable variations in call properties and morphology confirm the segregation from P. hubeiensis [71,72], and the split from P. chosenicus supports the species level of each clade. However, the unexpected distribution of P. chosenicus may have resulted in the misidentification of individuals in other studies [31].




3.5.2. Ecology


Pelophylax plancyi is distributed from sea level, occurring on reclaimed tidal flats in Jiangsu, and from 50 to 200 m a.s.l. in the western areas of its range [13]. The species emerges from hibernation between late March and early April in southern areas, and in May at the northern edge of its range until June [13]. Females lay about 1500 eggs and generally prey on pest insects in agricultural wetlands [13]. Metamorphosis can take up to eight weeks in the northern boundary of its range [12]. The hibernation period lasts from late October or November to April [13]. The species reaches sexual maturity within two to three years and does not migrate between wetlands and wooded areas for hibernation [12]. Pelophylax plancyi co-occurs with other sympatric Pelophylax species [73], and frequent instances of hybridisation have been reported [48]. In addition, genetic analyses suggest the occurrence of large numbers of hybrids in some populations [45]. The variables with the highest contributions to the distribution of P. plancyi were isothermality (34%) and precipitation of the driest month (23%; Table 1).




3.5.3. Threats and Conservation


Pelophylax plancyi was assessed as Least Concern by the IUCN Red List of Threatened Species in 2019 [74]. The main threat to the species is the loss of natural habitat as it is transformed, and although the species can adjust to substitute habitats in the form of rice paddies, populations in rice paddies are impacted by agrochemicals [75]. Climate change is also likely to impact the species’ distribution and abundance at the southern edges of its range [70]. In addition, habitat loss and fragmentation caused by urbanisation have significant negative effects on the population dynamics of P. plancyi [76], which is declining in abundance with increasing urbanisation [77,78]. In addition, the P. plancyi populations in eastern China are threatened by hybridisation with P. n. “reinhardtii” [45,46].





3.6. Pelophylax chosenicus


3.6.1. Distribution


Pelophylax chosenicus, the Korean Golden Pond Frog or Gold-Spotted Pond Frog, was described from Incheon in R Korea [79] (Figure 8). The species is distributed along the western coast of the Korean Peninsula and along the same coastline in Liaoning, China [12,31]. A few inland populations have also been identified in the southwest of R Korea and low-elevation plains around Shenyang in China [12,31,68]. The species may also be present on the northern bank of the Yellow Sea, potentially all the way to Beijing, but populations need to be tested using molecular tools for confirmation [31].




3.6.2. Ecology


Pelophylax chosenicus is found in small and shallow ponds at low elevations [17], generally at a maximum of 500 m a.s.l. in R Korea, with a mean elevation of about 200 m [80]. The breeding season of the species starts in May, with males calling from water bodies until late July if the water does not dry out [49]. Individuals of the species have a relatively small home range [81]. They do not migrate away from the wetlands for overwintering, and they can be active until mid-December on warm days, but they are the latest amphibians to emerge from hibernation in R Korea between late March and early April [49]. Females lay a single egg mass, and tadpole development is around six weeks long. Once metamorphosed, young individuals stay in the vicinity of the water body, and it takes about three years for individuals to reach sexual maturity [12]. Pelophylax chosenicus eats mainly small insects and insect larvae in water or at the edges of water bodies [82]. Frequent instances of hybridisation have been reported with the sympatric Pelophylax lineage [83]. The variables with the highest contribution to the distribution of P. chosenicus were isothermality (40%) and precipitation of the driest month (23%; Table 1).




3.6.3. Threats and Conservation


Pelophylax chosenicus was assessed as Vulnerable by The IUCN Red List of Threatened Species in 2020 [84]. The species was extirpated from some sites in R Korea, and it is declining in DPR Korea, including in North Pyongan and Seoncheon, because of droughts [52]. In R Korea and China, populations increasingly subsist in agricultural wetlands, where they are impacted by agrochemical pollution, resulting in the decrease or even local extirpation of populations [75]. The species cannot cope with extensive habitat changes besides agricultural wetlands [49], but it is only moderately affected by road kills [60]. Climate change models for suitable habitats for the species predict drastic decreases by 2030, 2050, and 2080 under different climate change scenarios [75]. However, conservation efforts are ongoing, with a translocation programme initiated by the National Institute of Ecology of Korea [85], and conservation plans and recommendations are available [86]. The range of this species overlaps with a few protected areas, although none are managed for wildlife, and the species is listed as Endangered category II by the Ministry of the Environment of R Korea. Finally, some individuals were found to be infected by the Chytrid fungus (Batrachochytrium dendrobatidis) [87], but the pathogen is not known to have a negative impact on the species.





3.7. Pelophylax hubeiensis


3.7.1. Distribution


Pelophylax hubeiensis, the Hubei Gold-Striped Pond Frog, was described from Lichuan in Hubei, China [88] (Figure 9). The species status of the lineage was discussed [11] and confirmed based on its morphology and phylogenetic relationship [72]. The discussion arose because of the cryptic morphological relationship with P. plancyi. For now, the species is known to be distributed in Hubei and Anhui [13], and it is present between 60 and 1070 m a.s.l. [13]. This is the Asian Pelophylax species with the smallest range.




3.7.2. Ecology


This species mainly inhabits rice paddies, lotus ponds, natural wetlands, permanent freshwater marshes, pools, and other water bodies [72]. Their diet mostly includes insects, arachnids, and small fish [13]. During the breeding season, which occurs from late April until July, female frogs spawn 1022 eggs on average and deposit them scattered in small clutches among the stems and leaves of aquatic plants [13]. Tadpoles are found in still water, often in vegetation at the bottom of the pond [88]. The variables with the highest contribution to the distribution of P. hubeiensis were annual mean temperature (28%), isothermality (25%), and precipitation of the driest month (22%; Table 1).




3.7.3. Threats and Conservation


Pelophylax hubeiensis was assessed as Least Concern in 2019 by the IUCN Red List of Threatened Species [89]. This assessment was the result of the species’ relatively wide distribution, tolerance of a degree of habitat modification, and large population [13].





3.8. Pelophylax fukienensis


3.8.1. Distribution


Pelophylax fukienensis, the Fukien Gold-Striped Pond Frog was described from Fuzhou in Fujian, China [90] (Figure 10). This species is only known from Zhejiang, Jiangxi, Fujian, and Taiwan, and it is present up to 1200 m a.s.l. [13,91]. Despite being distributed across a broad area, the species is not continuously distributed due to the presence of large mountains in mainland China.




3.8.2. Ecology


This species inhabits marshes, rice paddies, and ponds with vegetation [92]. Adults frequently produce advertisement calls while on emerged vegetation and hide in submerged vegetation when disturbed. Adults mainly feed on insects, earthworms, and very small crabs [13]. The species breeds in still water, and the breeding season is between April and June [13]. Females can lay 1048 eggs and may spawn twice a year [13]. Pelophylax fukienensis was initially considered a subspecies or synonym of P. plancyi [13]; however, the validity of the species was confirmed based on molecular data from mainland and island populations [53,93]. Elevation was the variable with the highest contribution for P. fukienensis, with a contribution of 60% (Table 1), matching the distribution of the species, as it is present at comparatively high elevations.




3.8.3. Threats and Conservation


Pelophylax fukienensis was assessed as Least Concern by the IUCN Red List of Threatened Species in 2019 [94]. However, the species is declining in abundance, especially in Taiwan, where it was previously considered abundant but has since declined by 50% [92].





3.9. Pelophylax ridibundus


3.9.1. Distribution


Pelophylax ridibundus, or the Marsh Frog, was described from Guryev in Kazakhstan (Pallas, 1771; (Figure 11). This species occurs over a vast area in Eurasia, from the United Kingdom in the west to the Kamchatka peninsula in the east, and from the outskirts of St. Petersburg (Russia) in the north to Saudi Arabia in the south [22,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111]. In mainland Europe, P. ridibundus was repeatedly introduced to Italy [112,113], France [114], Switzerland [115], Belgium [116,117], and Russia [22,118] (Figure 11).




3.9.2. Ecology


Pelophylax ridibundus is found in various biotopes with abundant herbaceous vegetation, including forests and bushland meadows. Breeding can start in mid-January and last until June in the mild climatic conditions of Türkiye [104], whereas, the breeding season starts in April in Iran [119] and Bulgaria [120] and in early May in Kazakhstan [108]. The diet of Pelophylax ridibundus includes terrestrial invertebrates belonging mostly to arthropod groups, and the most frequently consumed organisms are Curculionidae, Carabidae, Aranei, and Muscidae [121]. The egg masses are sticky and placed on the substrate [122]. The number of eggs spawned per year varies depending on the age of the female [123], and the mean fecundity was 3853 eggs (ranging from 940 to 6000) every year in a single egg clutch [104]. The species is present up to 1000 m a.s.l. [107]. The maximum lifespan of P. ridibundus varies with elevation; for instance, it is 13 years at high altitude (Sultansazlığı, Türkiye), whereas the longest lifespan recorded at low altitudes is eight years (Ulubağ, Türkiye). Similarly, individuals living at low altitudes generally reach sexual maturity at the end of their second or third year, whereas individuals living at high altitudes reach sexual maturity approximately one year later [124]. For P. ridibundus, precipitation of the driest month was the variable with the highest contribution (39%; Table 1), highlighting an ecological niche restricted by water availability.




3.9.3. Threats and Conservation


Pelophylax ridibundus was assessed as Least Concern by the IUCN Red List of Threatened Species in 2021 [125]. The species is one of the most invasive amphibians of Northern Eurasia [126], often hybridising with local clades, resulting in genetic dilution and population declines [127]. Pelophylax ridibundus can rely on agricultural landscapes as breeding habitats, and the species is highly tolerant to agricultural pollution [128,129].





3.10. Pelophylax bedriagae


3.10.1. Distribution


Pelophylax bedriagae (Camerano, 1882), the Levent Water Frog, was described from Dimashq in the current Syrian Arab Republic [34] (Figure 12). This species is known from Egypt, Israel, Türkiye, some Greek Islands, Cyprus, western Syria, Lebanon, Jordan, and western and southwestern Iran [130,131,132,133,134,135,136,137,138,139,140].




3.10.2. Ecology


Pelophylax bedriagae is a largely aquatic species that is present in permanent wetlands with rich aquatic vegetation, and it relies on permanent ponds for breeding [135,141]. The breeding period starts in April and lasts until July [138]. Pelophylax bedriagae completes metamorphosis after 111 days in Iran [138] and mainly consumes insects [142]. The species occurs at elevations up to 2500 m a.s.l. [138]. The mean temperature of the driest quarter (27%) and the mean temperature of the wettest quarter (17%) were the variables with the highest contributions among the parameters included in the P. bedriagae model (Table 1).




3.10.3. Threats and Conservation


Pelophylax bedriagae was assessed as Least Concern by the IUCN Red List of Threatened Species in 2021 [143]. However, populations are declining in the western Aegen Region of Türkiye [144]. In addition, tadpoles are parasitised by anchor worms (Lernaea cyprinacea), which has an adverse effect on the health of populations in Türkiye [144,145]. However, P. bedriagae spread outside its native range by means of introduction (e.g., for aquaculture), thereby threatening the genetic integrity of native Pelophylax clades [134], and hybridisation with P. cypriensis occurs.





3.11. Pelophylax terentievi


3.11.1. Distribution


Pelophylax terentievi (Mezhzherin 1992), the Terentiev’s Frog or Central Asian Pond Frog, was described from Obigarm Roghun district in Tajikistan [146] (Figure 13). This species is distributed south and east of the Caspian Sea in the Islamic Republic of Iran, Turkmenistan, and Uzbekistan [139,147,148]. The presence of P. terentievi is present in northern and southern Uzbekistan (Amu Darya drainage), partially overlapping with a genetically distinct Pelophylax lineage [148]. Hybrids of P. terentievi and this genetically distinct lineage are present in central Uzbekistan [148].




3.11.2. Ecology


Pelophylax terentievi typically occurs in rice paddies, rivers, and ponds and emerges from hibernation around April [147]. This species reaches sexual maturity at the age of three or four years, and each female spawns between 138 and 3317 eggs [149]. The species occurs at elevations between 400 and 822 m a.s.l. [150]. The variable with the highest contribution to the ecological model for P. terentievi was the precipitation of the warmest quarter (37%; Table 1).




3.11.3. Threats and Conservation


Pelophylax terentievi was assessed as Least Concern by the IUCN Red List of Threatened Species in 2021, although the population is inferred to be decreasing owing to the decline in habitat quality [151]. In addition, the species is threatened by overharvesting, and by hybridisation with individuals from the P. “Syr Darya” lineage in the central region of Uzbekistan.





3.12. Pelophylax “Syr Darya” Lineage


3.12.1. Distribution


This distinct Pelophylax lineage was identified based on populations in northeastern and eastern regions of Uzbekistan, and it is named after the Syr Darya drainage basin that it inhabits [148] (Figure 14). This candidate species is also found in Kyrgyzstan, Kazakhstan, western Tajikistan, and Uzbekistan [103,148,151,152,153,154]. Hybrid individuals resulting from P. terentievi and the Syr Darya lineage have been identified from central Uzbekistan [148]. In addition, there are two clades within the Syr Darya lineage, based on mitochondrial DNA, one restricted to the Syr Darya drainage basin and one to the Balkhash Basin [103].




3.12.2. Ecology


The Pelophylax “Syr Darya” lineage is present in the Syr Darya river basin in the central Asian region between 45.34° and 36.56° N and 60.05° and 77.01° E [148]. The habitat varies significantly across the range of the species, and most of the habitat in the west and centre of the range is composed of arid flatlands with desert, semi-desert, and steppe habitats and associated climates, whereas the habitat in the eastern part of the range is composed of mountains with a steep climate gradient [148]. The variable with the highest contribution to the ecological model for the P. “Syr Darya” lineage was the precipitation of the coldest quarter (34%; Table 1).




3.12.3. Threats and Conservation


The lineage has not been assessed by the IUCN Red List of Threatened Species, as it is not formally described. However, hybridisation is already known to be a significant threat, as the lineage co-occurs with other Pelophylax lineages, and hybrid individuals were identified among numerous populations in eastern Kazakhstan as well as in Uzbekistan [103,148]. Moreover, the lineage faces threats from habitat degradation and loss. The decline in habitat suitability is attributed to anthropogenic activities that alter the natural landscape and water resources. Finally, climate change further accentuates these stressors, particularly in a region already prone to aridification and warming. Such environmental changes can lead to shifts in distribution, reduction in habitat quality, and ultimately impact the survival of the lineage.






4. Discussion


Despite taxonomic challenges surrounding some of the Pelophylax lineages in Asia [155], our review is the first to clarify the status of all currently known lineages at species level (either formally described or not) and provide the behavioural and ecological background required to further understand these species. It is important to note that we found differences in the relationships among the ecological factors that are important to the distribution of Asian Pelophylax lineages, and the primary climatic variables were different for almost all lineages. For example, isothermality, annual mean temperature, and elevation were regularly among the most significant variables in East Asia, but the most important climatic variables for central Asian Pelophylax were precipitation of the coldest quarter and precipitation of the warmest quarter. Our results can be seen in a positive light, as we define a broader range than previously known for Pelophylax lineages in Asia.



For the P. n. “nigromaculatus” lineage, the area with the highest habitat suitability matched their current range in Japan. Based on the percentage of contribution, precipitation of the coldest quarter was the variable with the highest contribution (Table 1), similar to the sympatric Japanese tree frog (Dryophytes japonicus) across the same area [42,156]. Precipitation of the coldest quarter was also a limiting factor for the distribution of this lineage. As the region is generally marked by dry winters, the high contribution of this variable highlights an adaptation to wetter winters and low variability in precipitation among seasons [157]. For the P. n. “reinhardtii” lineage, annual mean temperature was the most important variable, representing the temperature fluctuations in comparison with yearly variations [17]. Interestingly, this variable was also associated with the occurrence of the sympatric P. chosenicus [31]. For P. porosus, which is an endemic species to Japan, the precipitation of the coldest quarter was the only significant variable contributing to the model (Table 1), highlighting its importance for the occurrence of the species. For P. mongolius, elevation was the variable with the highest contribution, which is consistent with the species’ distribution, as it is present from around 300 m and likely up to 2200 m [12]. The area of highest suitability for P. plancyi was consistent with the current known range of the lineage, centred mainly on low-elevation plants west of the Yellow Sea, with the caveat of the potential misidentification of individuals in the Beijing area [31] and, in this case, the inclusion of points in the model that would not be representative of the lineage. Isothermality and precipitation of the driest month were also highly contributing variables, and this result is generally consistent with the requirements of the sister lineage P. chosenicus [31]. The most suitable habitat for P. chosenicus was on the Korean Peninsula and further north along the Eastern Coastal Yellow Sea, which is in agreement with the known distribution of the species [31]; however, the potential misidentification of individuals in the Beijing area [31] was again apparent, as the suitable habitat looped back north of the Yellow Sea and onto the western plains around Beijing and Shandong. The suitable habitat for P. hubeiensis was largely consistent with the central Yangtze Basin, an area that is notoriously hot in summer, in line with the highest annual mean temperature, which was the main variable contributing to the distribution of the species. The most suitable habitats for P. fukienensis were in Taiwan, Fujian, and Jiangxi [13]. The species is mainly distributed in hilly and mountainous areas [92], and elevation had the highest contribution in the models.



Most central Asian lineages had very broad ranges, generally also spreading across Europe, and likely resulting in numerous local adaptations. However, at the general range level, the variables of importance were typically not the same as those for Eastern Asian lineages. For instance, the distribution of P. ridibundus was principally regulated by the precipitation of the driest month. However, this consistency in ecological requirements resulted in large shifts in distribution over time; for instance, the ecological niche of P. ridibundus expanded during the late Quaternary. However, the species was restricted to glacial refugia in the northern Balkans on the northern coasts of the Black and Azov Seas and possibly in Western Europe, but post-glacial dispersal routes started from the refugia in the northeastern Balkans and the Black–Azov Seas regions [157]. The mean temperature of the driest quarter had the highest percentage of contribution for the sympatric P. bedriagae, and the range of the species followed the same variations. During the Last Glacial Maximum, the species was mainly distributed in the north of the Mediterranean region and the south of European Russia; however, in the Late Pleistocene, the suitable habitat of P. bedriagae began to decline in southern Russia [157]. The remaining lineages were generally restricted to specific river basins. P. terentievi was restricted to the Amu Darya and Kashka Darya rivers, whereas the P. “Syr Darya” lineage was present in the Syr Darya, Talas, Chu, and Ili River drainage basins. For these lineages, the precipitation of the warmest quarter was of primary importance for the distribution of P. terentievi, and this pattern regulates the distribution of other amphibians, such as Rana graeca in the Balkans [158]. In addition, precipitation of the coldest quarter was important for the P. “Syr Darya” lineage, similar to the variable principally regulating the range of P. kurtmuelleri in Europe [157].



Globally, amphibians show evidence of niche conservatism, specifically with respect to cold tolerance [159]. However, in the face of a warming climate, variables such as mean temperature, annual temperature, and mean precipitation of the warmest quarter are changing [160], and climate change is becoming one of the main drivers of threats to the extinction of amphibians [161]. Similarly, most of the focal clades are at least partially reliant on agricultural wetlands, which may not be able to sustain the species, as most species cannot adapt to the ongoing mechanisation of the landscapes [16,162,163,164] and long-term climate change [70,165]. The information provided in this review provides a clearer picture of the distribution of the Pelophylax genus in Asia and is consistent with the most recently published taxonomic revision of the genus [166], and if the boundaries of ranges and behavioural ecology are a bit more generous than originally thought, this does not reflect a genuine improvement in the status of the species, although this information will help determine the conservation needs of the species.




5. Conclusions


In conclusion, this study is the first to provide valuable insights into the phylogeographic relationships, behavioural ecology, and ecological requirements of the frog genus Pelophylax in Asia. Our findings reveal differences among the lineages in taxonomic divergence, behavioural ecology, and ecological requirements. In addition, the ecological niche models successfully identify suitable habitats for each lineage, emphasising the importance of the Syr Darya drainage area on the eastern shore of the Caspian Sea for the non-described Pelophylax “Syr Darya” lineage.



Furthermore, this study highlights the significant variations among Pelophylax lineages in terms of the threats they face. Although some lineages are expanding, others are threatened by numerous factors. Clearly, a comprehensive understanding of the ecological and phylogenetic aspects of species is crucial for assessing their conservation status, especially in the currently changing environment. The findings from this study provide a foundation for further research and conservation efforts focused on the protection and management of Pelophylax species in Asia.
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Figure 1. Distribution of 12 Pelophylax lineages in central Asia. The species ranges are based on the IUCN Red List of Threatened Species [12], where available; otherwise, a minimum convex polygon is used. Black dots indicate populations where the species identity has not been clarified. 
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Figure 2. Literature selection flow diagram used in the review. The literature was searched using Google Scholar (http://www.scholar.google.com; accessed on 15 December 2023). We used GBIF (http://www.gbif.org; accessed on 15 December 2023) and iNaturalist (http://www.inaturalist.org; accessed on 15 December 2023) independently for occurrence points, as some of the data that are not reaching the “Research Grade” on iNaturalist are not uploaded onto GBIF, but we were able to curate some additional records and clarify the species identification. 
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Figure 3. Distribution of the Pelophylax nigromaculatus “nigromaculatus” lineage in Eastern Asia. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023) and [12]. 






Figure 3. Distribution of the Pelophylax nigromaculatus “nigromaculatus” lineage in Eastern Asia. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023) and [12].
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Figure 4. Distribution of the Pelophylax nigromaculatus “reinhardtii” lineage in Eastern Asia. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on [12]. 
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Figure 5. Distribution of Pelophylax porosus in Eastern Asia. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023). 
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Figure 6. Distribution of Pelophylax mongolius in Eastern Asia. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (yellow and above); (B) Range of the species (red outline) based on (https://www.iucnredlist.org/; accessed on 15 December 2023) and [12]. 
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Figure 7. Distribution of Pelophylax plancyi in Eastern Asia. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023) and [12]. 
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Figure 8. Distribution of Pelophylax chosenicus in Eastern Asia. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on (https://www.iucnredlist.org/; accessed on 15 December 2023) and [12]. 
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Figure 9. Distribution of Pelophylax hubeiensis in Eastern Asia. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023). 
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Figure 10. Distribution of Pelophylax fukienensis in Eastern Asia. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023). 
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Figure 11. Distribution of Pelophylax ridibundus. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023). 
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Figure 12. Distribution of Pelophylax bedriagae. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023). 
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Figure 13. Distribution of Pelophylax terentievi. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on the IUCN Red List of Threatened Species (https://www.iucnredlist.org/; accessed on 15 December 2023). 
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Figure 14. Distribution of the Pelophylax “Syr Darya” lineage. (A) Maxent habitat suitability models using the maximum training sensitivity plus specificity threshold (MTSS) of the models as the cut-off for moderate suitability (orange and red); (B) Range of the species (red outline) based on a maximum convex polygon. 
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Table 1. Percentage of contribution for each of the bioclimatic variables from the WorldClim 2.1 database used in the ecological models for each of the focal Pelophylax lineages.
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	Variables
	P.

ridibundus
	P.

bedriagae
	P.

terentievi
	Pelophylax “Syr Darya

lineage”
	P. n.

“reinhardtii”
	P. n.

“nigromaculatus”
	P.

porosus
	P.

mongolius
	P.

plancyi
	P.

chosenicus
	P.

hubeiensis
	P.

fukienensis





	Elevation
	0.6
	0.8
	0.9
	2.2
	18
	2.74
	1
	59
	11
	2.9
	4.8
	60



	Bio 1
	5.2
	3.1
	17
	0.1
	21
	10.2
	12
	2.9
	2.87
	3
	28
	1



	Bio 2
	4.4
	1.6
	8.2
	11
	1.5
	0.6
	1
	0.3
	8.8
	8.7
	12
	0



	Bio 3
	1
	10.4
	1.4
	5.5
	11
	0.1
	3
	6
	34.3
	40
	25
	7



	Bio 5
	1
	5.8
	0
	1.7
	16
	2.4
	0
	2.3
	1
	0
	0
	2



	Bio 8
	17
	17.2
	9
	0.5
	1
	1.1
	1
	1
	14
	19
	13
	1



	Bio 9
	6.1
	27.8
	1.3
	4.9
	0.6
	0
	2
	0.2
	1.3
	1.1
	1.3
	0



	Bio 11
	12.8
	0.1
	3.6
	4.3
	0
	0
	1
	14
	0.4
	0.9
	5.1
	20



	Bio 12
	4.8
	12.6
	10
	14
	6
	0.2
	3
	2.9
	3
	0.2
	3.9
	2



	Bio 14
	39
	0.3
	1.1
	0.9
	0.7
	0.1
	2
	6
	18.4
	23
	22
	5



	Bio 15
	1.2
	1.2
	10
	1
	5
	16.1
	12
	2.1
	2.63
	0.2
	1.2
	1



	Bio 18
	0.6
	1.3
	37
	9.2
	0
	0
	0
	0.2
	0
	1.3
	1.5
	0



	Bio 19
	1
	1.7
	0.2
	34
	20
	65.2
	60
	0.6
	1.9
	0.3
	1.5
	1



	AUC
	0.992
	0.985
	0.994
	0.976
	0.895
	0.953
	0.997
	0.98
	0.99
	0.997
	0.981
	0.997
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