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Abstract 

Environmental changes due to both natural phenomena and/or human disturbance (i.e.  habitat 
loss, disturbance and fragmentation) are important factors contributing to global species 
declines. Commercial logging is amongst the greatest contributor to this disturbance resulting 
in widespread biodiversity declines. In tropical rainforests, particularly those of West Africa, 
this is particularly troubling as diverse vertebrate assemblages are subject to heavy commercial 
logging. Previous studies have identified negative impacts of these logging practices on the 
taxonomic and functional diversity of amphibian communities and species. Furthermore, 
logging and other environmental changes may affect host-parasite interactions, resulting in 
exacerbated negative impacts of these pressures and reduced survivability of host species. As 
such, determining the effects of logging on amphibians, their subsequent recovery following 
selective logged forest, and the effects of environmental change on host-parasite relationships, 
will be paramount for informing future conservation action. 

In this thesis, I aim to determine how amphibian community dynamics shift over a 
regeneration gradient following disturbance (logging), and how this disturbance influences 
amphibian-parasite interactions. I use combined data sets (amphibian, parasite and habitat) from 
two time periods 15 years apart (1999-2000 and 2016-2017) collected in identical sites (logged 
forest since 45 years  and old growth forest) within Taï National Park (TNP) Ivory Coast, in 
order to examine the adaptive capacities of frogs and their parasites to changing environments.  

In the first paper, I underline the importance of forest, even small, as potential source of 
undescribed biodiversity. In that small swamp forest, never survey before located in 
southeastern Ivory Coast, I found a new leaf-litter species of the Phrynobatrachus genus. Based 
on morphological characteristics, considerable molecular genetic distance to other West 
African Phrynobatrachus species, as well as advertisement calls, I describe Phrynobatrachus 
tanoeensis sp. nov. as a species new to science. 

 In the second paper, I investigate the resilience of West African frogs in forests selectively 
logged over 45 years ago by comparing data (amphibian diversity, abundance, composition and 
habitat) from previously logged and old growth forest over two time periods (2000 and 2016-
2017). I found that the structure of previously logged forest slowly recovered toward old growth 
forest states over the course of 45 years, with most visible changes occurring in the last 15 
years. I also found no changes in amphibian diversity and abundance in the previously logged 
forest over time but observed a progressive convergence of amphibian composition in 
previously logged forests toward that of unlogged forest amphibian communities. In contrast, 
several forest specialist species (FS) recovered, whilst forest generalist (FG) species declined 
in the previously logged forest over the 15 years sampling period.  These findings suggest that 
45 years since logging activities the previously logged forest gradually provides habitat 
heterogeneity capable of maintaining FS amphibian species and more intact amphibian 
communities.  

In paper 3, I investigate the factors leading to increased mite infestation in the amphibian 
assemblages of TNP. I found that mites of the Endotrombicula genus seem to be specific to 
Phrynobatrachus frogs and infested only four leaf-litter species (P. phyllophilus, P. alleni, P. 
villiersi and P. plicatus). I also found that mite infestation was associated with species (highest 
prevalence in P. phyllophilus followed by P. alleni), sex (higher prevalence in males than 



females in P. alleni and P. phyllophilus), age (higher adult prevalence than juveniles in P alleni) 
as well as season (higher prevalence during the wet compared to the dry season in P. 
phyllophilus). I discuss these findings with reference to the ecology of Endotrombicula mites 
which rely heavily on humid conditions, conditions which overlap with the reproductive 
requirements of the host taxa. Additionally, I observed that the prevalence of mite infestation 
decreased over the last 15 years (1999-2000 to 2016-2017). This decreased mite infestation 
over time is potentially linked to local climate change, which exhibited distinctly lower rainfall 
in recent years.  

These studies show that West African amphibian diversity is far to be complete. Thus, more 
survey work needs to be done in order to have an idea of amphibian richness. Additionally, I 
showed that to environmental changes in the context of recovery following logging have a 
positive impact on amphibian. Forest amphibian community recovers in the previously logged 
forest, which highlight the importance to leave those forest to regenerate. However, although 
mite prevalence decreased over time, future research of post logging restoration and climate 
change impact on mite prevalence need be more investigate. 
 

 

 

 



Kurzfassung 

Umweltveränderungen durch natürliche und/oder menschliche Einflüsse (insbesondere der 
Verlust und die Fragmentierung von Lebensraum) sind wichtige Faktoren, die zum weltweiten 
Artenschwund beitragen. Einer der entscheidendsten Beiträge zum weltweiten Rückgang der 
biologischen Vielfalt, ist der kommerzielle Holzeinschlag. Insbesondere in tropischen 
Regenwäldern, etwa in Westafrika, ist dies besonders besorgniserregend, da wenig untersuchte, 
diverse Wirbeltiergemeinschaften von einem starken kommerziellen Holzeinschlag betroffen 
sind. Frühere Studien haben bereits die negativen Auswirkungen großflächiger Abholzung auf 
die taxonomische und funktionale Vielfalt von Amphibiengemeinschaften, aber auch auf die 
Gesundheit von Individuen identifiziert. Umweltveränderungen können sich also auch 
nachteilig auf eine Wirts- Parasit-Beziehung auswirken, was nicht zuletzt zu einer verringerten 
Überlebensfähigkeit der Wirtsarten führen kann. Die Untersuchung der Auswirkungen von 
Störungen Abholzung und Umweltveränderungen auf Amphibien, sowie auf bestehende Wirts-
Parasiten-Beziehungen sind daher von größter Bedeutung um nachhaltige Waldwirtschaft und 
zukünftige Naturschutzmaßnahmen planen zu können. 

In dieser Arbeit möchte ich mittels eines Regenerationsgradienten nach einer Störung 
(Abholzung) untersuchen, wie sich die Dynamik einer Amphibiengemeinschaft verschiebt und 
wie diese Störung die Wirts-Parasit-Beziehung beeinflusst. Ich verwende einen kombinierten 
Datensatz (Amphibie [Wirt], Milbe [Parasit] und Umweltbedingungen [Habitat]) der über zwei 
Zeiträumen im Abstand von 15 Jahren (1999-2000 und 2016-2017) an identischen Standorten 
(vor 45 Jahren abgeholzter Wald und Primärwald) im Taï-Nationalpark (TNP) in der 
Elfenbeinküste gesammelt wurde, um die Anpassungsfähigkeit von Fröschen und ihren 
Parasiten an sich ändernde Umgebungen zu untersuchen. 

In einem ersten Artikel unterstreiche ich die Bedeutung auch kleiner Waldgebiete als 
potenzielle Quellen für unbeschriebene Biodiversität. In einem kleinen, nie zuvor untersuchten 
Sumpfwald in der südöstlichen Elfenbeinküste fand ich eine neue Blattstreufroschart der 
Gattung Phrynobatrachus. Anhand charakteristischer morphologischer Merkmale, einer 
beträchtlichen, molekulargenetischen Distanz zu anderen westafrikanischen Phrynobatrachus-
Arten, sowie eines individuellen, männlichen Anzeigerufes beschreibe ich Phrynobatrachus 
tanoeensis sp. nov. als eine für die Wissenschaft neue Art.  

Im zweiten Artikel untersuche ich die Widerstandsfähigkeit westafrikanischer Frösche 
in Wäldern, die vor über 45 Jahren selektiv abgeholzt wurden. Ich vergleiche die Diversität, 
Abundanz, Zusammensetzung und den Lebensraum von Amphibiengemeinschaften in 
abgeholzten und Primärwäldern innerhalt zweier Zeiträume (2000 und 2016- 2017). Ich konnte 
herausarbeiten, dass sich die Struktur des zuvor abgeholzten Waldes im Laufe von 45 Jahren 
langsam der des Primärwaldes annäherte, wobei die sichtbarsten Veränderungen in den letzten 
15 Jahren auftraten. Während ich 30 Jahre nach dem Holzeinschlag zwar keine Unterscheide 
mehr in der Diversität und Abundanz der Amphibiengemeinschaft zum Primärwald feststellen 
konnte, beobachtete ich jedoch eine fortschreitende Konvergenz der Zusammensetzung der 
Amphibiengesellschaften in beiden Waldtypen. In den zuvor abgeholzten Wäldern erholten 
sich mehrere waldspezialisierte Arten (FS), während die Zahl mehrerer Generalisten (FG) über 
den 15-jährigen Probenahmezeitraum stetig abnahm. Diese Ergebnisse deuten darauf hin, dass 
45 Jahre nach der Abholzung der gestörte Lebensraum allmählich die Heterogenität des 



ungestörten Lebensraums annimmt, der in der in der Lage ist die originale 
Amphibiengemeinschaft aus Waldspezialisten (FS) zu erhalten. 

Im dritten Artikel untersuche ich die Faktoren, die zu einem erhöhten Milbenbefall in 
den Amphibiengesellschaften des TNP führen. Ich fand heraus, dass die Wirts-Parasit-
Beziehung zwischen Milben der Gattung Endotrombicula sehr spezifisch auf Frösche der 
Gattung Phrynobatrachus zugeschnitten ist, da offensichtlich nur die vier Arten P. phyllophilus, 
P. alleni, P. villiersi und P. plicatus befallen werden. Ebenso zeigte sich der Milbenbefall 
abhängig von der Art (höchste Prävalenz bei P. phyllophilus gefolgt von P. alleni), des 
Geschlechts (höhere Prävalenz bei Männchen als bei Weibchen, sowohl bei P. alleni und P. 
phyllophilus), des Alters (höhere Prävalenz bei Erwachsenen als bei Jungtieren in P. alleni) 
sowie der Jahreszeit (höhere Prävalenz während der Regenzeit im Vergleich zur Trockenzeit 
bei P. phyllophilus). Ich diskutiere diese Ergebnisse mit Bezug auf die Ökologie der 
Endotrombicula-Milben, die stark von feuchten Bedingungen abhängig sind, sowie die 
Überschneidung dieser Bedingungen mit denen der Wirtsfroscharten überschneiden. Des 
Weiteren beobachtete ich, dass die Prävalenz des Milbenbefalls in den letzten 15 Jahren (1999-
2000 bis 2016-2017) abgenommen hat. Dieser steht möglicherweise im Zusammenhang mit 
den lokalen Auswirkungen des Klimawandels, was die in den letzten Jahren deutlich 
zurückgegangenen Niederschläge erklären würde. 

Meine Arbeiten zeigen, dass das Verständnis der Vielfalt westafrikanischer Amphibien 
noch lange nicht vollständig ist. Es zeigt sich, dass weiterhin Forschungsarbeit geleistet werden 
muss, um den tatsächlichen Amphibienreichtum besser abschätzen zu können. Darüber hinaus 
habe ich gezeigt, dass sich Amphibiengemeinschaften in abgeholzten Wälder zurück zum 
ursprünglicheren Zustand regenerieren können, was die Bedeutung unterstreicht, genutzten 
Wäldern ausreichend Zeit zu lassen, um sich zu regenerieren. Ob die Milbenprävalenz 
tatsächlich auf Grund des Klimawandels abnahm, sollte in Zukunft genauer untersucht werden. 
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1. INTRODUCTION 
1.1 Tropical forests 

The most unique feature of Earth is the existence of life, and the most extraordinary 

feature of life is its biodiversity. At least two-thirds of the Earth’s terrestrial biodiversity, and 

the majority of the planets’ endemic species reside within tropical forests (Raven, 1988; 

Gardner et al., 2009; Lindenmayer, 2009; Gibson et al., 2011; Mace et al., 2012), making these 

amongst the richest terrestrial ecosystems on earth. Tropical forests provide significant local, 

regional and global human benefits via the provision of economic goods, ecosystem services 

(Laurance, 1999; Mace et al., 2012; Brockerhoff et al., 2017). Although they provide important 

ecological services, tropical forests are amongst the most threatened ecosystems globally, 

mainly due to anthropogenic activities (Laurance, 2013; FAO, 2016). Within West Africa, an 

estimated 10 million ha, i.e. 70% of the area’s rainforests were lost during the 20th century 

(Fairhead and Leach, 1998; Bakarr et al., 2001). The rapid loss of tropical forests is a major 

driver of the current biodiversity crisis (Dirzo and Raven, 2003; Giam, 2017). Over 37,400 

plant and animal species are currently threatened with extinction (IUCN, 2021), making this 

unparalleled biodiversity decline arguably the most critical phenomenon of our time.  

 

1.2 Amphibian and their threats 

Amphibians make up a significant portion of the vertebrate fauna of tropical forests, 

constituting both predators and prey (Duellman, 1990). During the last two decades, they have 

received considerable attention as more amphibian species are at risk of extinction than any 

other vertebrate taxon (Stuart et al., 2004; Wake and Vredenburg, 2008) (Figure 1). Due to their 

dependency on aquatic habitats for breeding and their physiological limitations, amphibians are 

particularly sensitive to environmental changes (Hopkins, 2007) such as habitat change or 

modification (Stuart et al., 2004; Becker et al., 2007), environmental pollution (Beebee and 

Griffiths, 2005; Fasola et al., 2015), diseases and  climate change (Daszak et al., 2003; Foden 

et al., 2013; Li et al., 2013; Winter et al., 2016; Blaustein et al., 2018). This sensitivity has 

resulted in over 41% of all amphibian species being threatened with extinction (IUCN, 2021).  
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Figure 1: The proportion of vertebrate species within different Red List categories obtained 
from the 2010 IUCN Red List. EW, Extinct in the Wild; CR, Critically Endangered; EN, 
Endangered; VU, Vulnerable; NT, Near Threatened; LC, Least Concern; DD, Data Deficient. 
Extinct species are excluded. Taxa are ordered according to the estimated percentage (shown 
by horizontal red lines and given in parentheses at tops of bars) of extant species considered 
Threatened if Data Deficient species are Threatened in the same proportion as data-sufficient 
species. Numbers above the bars represent numbers of extant species assessed in the group; 
asterisks indicate those groups in which estimates are derived from a randomized sampling 
approach. Figure taken from Hoffmann et al. (2010) and modified. 
 
 

1.3 Communities and species response to environmental changes  

Environmental changes and ecological disturbance due to both natural phenomena 

and/or human intervention are an important form of global pressure affecting distribution and 

persistence of communities and species (Patz et al., 2000; Sala et al., 2000; Zebisch et al., 2004). 

These changes can have different impact on communities and species – positive, negative or 

2



 

neutral (Collins and Barrett, 1997; Collinge and Forman, 1998; Caley et al., 2001; Fahrig, 2003; 

Cushman, 2006; Mendes and Srbek-Araujo, 2021). Additionally, species may react differently 

to environmental changes depending on their biological and ecological preferences (Peters et 

al., 2006). For example, various studies on the influence of habitat change resulting from 

selective logging indicated significant negative effects on multiple taxonomic groups [e.g. 

frogs: Ernst et al., 2007; Ofori‐Boateng et al., 2013; Asad et al., 2021; mammals and arthropods: 

Simard and Fryxell, 2003; Peters et al., 2006; Jamhuri et al., 2018; birds: Messina et al., 2021].  

Resident and/or specialist species are often replaced by a small set of degradation-tolerant or 

generalist species (Lôbo et al., 2011; Bicknell et al., 2014; Burivalova et al., 2014). Despite the 

fact that logging results in taxonomic and functional losses of diversity in vertebrates, 

particularly amphibians (Ernst et al., 2006), the potential recovery of communities in previously 

logged forests is unfortunately not clear. 

 

1.4 Effect of environnemental changes on parasite 

All organisms are potential host for a variety of parasites. Parasites may affect fitness 

and shaping the life-history of hosts (Clayton and Moore, 1997; Fredensborg and Poulin, 2006; 

Christe et al., 2007). Additionally, parasite-host interactions can be influenced by 

environmental changes, which can result in increased or decreased parasite diversity (Mbora 

and McPeek, 2009; Keesing et al., 2010; Bordes et al., 2015), parasite prevalence (Mbora and 

McPeek, 2009; Young et al., 2013; Ramírez-Hernández et al., 2019), and parasite abundance 

(Santicchia et al., 2015; Reis et al., 2021). Although habitat disturbance may affect the 

distribution, dynamic and impact of parasites on their host population, the dynamics of parasite-

host relationships over temporal gradients following disturbance are rarely investigated. 

 

1.5 Research’s focus 

This thesis aimed at understanding how amphibian community dynamics shift over a 

regeneration gradient following disturbance (logging), and how this disturbance influences 

amphibian-parasite interactions. By using combined data sets (amphibian, parasite and habitat) 

from two time periods separated by more than 15 years (1999-2000 and 2016-2017) collected 

in the identical sites (previously logged and old growth forest) in Taï National Park Ivory Coast, 

I purpose to examine the adaptive capacities of frogs and their parasites to changing 

environments.  
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2. SYNTHESIS 

2.1 Overview of the research area 

The study was carried out in two research areas: the Tanoé-Ehy Swamp Forest (TESF; 

5°05′‒5°15′ N; 2°45′‒2°53′ W) and the Taï National Park (TNP; 5°09′‒6°08′ N; 6°48′‒7°26′ 

W) located in the southeastern and southwestern regions of Ivory Coast respectively (Figure 2). 

The TESF constitutes 12,000 ha of the last remaining rainforest in the department of Tiapoum, 

South-eastern Ivory Coast. The mean annual temperature is 26°C with a mean annual 

precipitation of roughly 2000 mm (Eldin, 1971). The TNP extends over 536,000 ha of rainforest 

and is the largest remaining area of connected and protected rainforest in West Africa. The 

annual precipitation varies between 1,400‒2,500 mm (Brou, 2009), with mean annual 

temperature ranging between 24‒28°C and a humidity which can reach 99% at night. These 

research areas were selected as the amphibian community of TESF is currently unknown, whilst 

the amphibian communities of the TNP have been studied intensively during the late 20th and 

early 21st century (Rödel and Ernst, 2004; Ernst and Rödel, 2005, 2006, 2008; Ernst et al. 2006; 

Hillers et al., 2008). Additionally, while TESF is suffering of logging such as an increase palm 

oil plantation expansion, logging has ceased in the TNP around the 1970’s. Therefore, TNP 

offers the unique possibility to investigate the regeneration of forests and amphibian recovery 

following logging.  

 
Figure 2: Map of Ivory Coast (A) and the location of the two research areas. Map of Tanoé-

Ehy Swamp Forest (TESF; B) and Tai National Park (TNP; C). 
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2.2 Taxonomic clarification 

Prior to investigating the impacts of changing environments on amphibians, it is 

important to clarify the taxonomic base. In many tropical areas a large number of species are 

awaiting discovery, mainly due to the high diversity of morphologically similar cryptic species 

(Willig et al., 2003; Bickford et al., 2007). Moreover, many species are declining without any 

understanding of their basic biology, ecology or life history, whilst many may not be formally 

described. In this study (paper 1), I describe a species which was discovered during our recent 

fieldwork conducted in the TESF (Kpan et al., 2014). This new species revealed specimen 

phenotypically belonging to the genus Phrynobatrachus and representing a species new to 

science. I show that the new species (Phrynobatrachus tanoeensis sp. nov. see Figure 3), is 

most closely related to Phrynobatrachus liberiensis and P. intermedius. However, it differs 

from both species morphologically (smaller size [mean ± sd: 21.9 ± 0.8 mm snout-vent length 

(SVL) in males and 25.6 ± 1.5 mm in females] compared to P. liberiensis [mean ± sd: 25.3 ± 

1.5 mm in males and 31.7 ± 2.4 mm in females] and P. intermedius [27.2 mm in females]); 

genetic differences (roughly 6% from P. liberiensis and P. intermedius) and advertisement calls 

(short note with few pulses in P tanoeensis sp. nov. compared to a long note with many pulses 

in P. liberiensis, see Figure 4). Additionally, I show in paper 3 that several species of the 

Phrynobatrachus genus are parasitized by endoparasitic mites. The discovery of this new 

species highlights the biodiversity of West African forests and provides further evidence that 

the knowledge of Ivory Coast amphibians is still incomplete. 

 

 

 
Figure 3: Dorsal and ventral views of Phrynobatrachus tanoeensis sp. nov. from the Tanoé-
Ehy Swamp Forest; A, B) paratype adult male (SVL: 21.1 mm). Figure taken from paper 1, 
Figure 3 (e, f). 
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Figure 4: Spectrogram and oscillogram of Phrynobatrachus tanoeensis sp. nov (A: dominant 
frequency; average ± SD: 1989 ± 272 Hz) from the Tanoé-Ehy Swamp forest and P. liberiensis 
from Tai National Park (B: dominant frequency; average ± SD: 2664 ± 104 Hz). Figure taken 
from paper 1, Figure 4 (A, C) 
 

 

2.3 Resilience of frog assemblages after selective logging 
Resilience is the time required for a disturbed system to return to its pre-disturbance 

state (Pimm, 1984). Ecological communities generally demonstrate resilience only after long 

time periods following disturbance (Thompson et al., 2009; Cantarello et al., 2017). 

Unfortunately, the capacity, timing, and speed of recovery following disturbance in vertebrates, 

particularly amphibians, is poorly known due to a lack of long-term post impact monitoring 

data. Using a chronosequence of amphibian and habitat data we assessed the resilience of West 

African rainforest amphibian communities to selective logging. We surveyed identical sites in 

the TNP during two study periods: 2000 and 2016-2017, which were selectively logged 30 and 

45 years ago respectively (paper 2). I expect that forest structure and amphibian community 

composition observed in the previously logged sites during the initial study period (P1 = 2000) 

to gradually recover towards an unlogged forest state in the re-assessment period (P2 = 2016-

2017). I show that forest structure slowly recovered towards old growth forest states over the 

course of 45 years, with the most visible changes occurring in the last 15 years. Additionally, 

amphibian richness and abundance in TNP’s previously logged forest did not change over time 

even 15 years after P1. In contrast, amphibian composition in the previously logged forest 

gradually converged towards the amphibian composition observed in the old unlogged forest 

(Figure 5). Nevertheless, the recovery of amphibian composition is considerably slower than 

the recovery observed in the same ecotone in Ghana, where frog composition in selectively 

logged forests became indistinguishable from those of primary forests after 20 years (Adum et 
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al., 2013). The slow recovery of the frog community is likely due to the structural forest 

regeneration process. Forest regeneration in the TNP’s previously logged forest was still visible 

after more 45 years ago post-logging and had not yet reached an unlogged forest structural state. 

This is considerably longer than previous studies where abandoned agricultural land and 

secondary forest structure reached the structure of old growth forest after 40 years (Aide et al., 

2000; Pascarella et al., 2000; Herrera-Montes and Brokaw, 2010). I also demonstrate the 

presence of several forest specialists (FS) in the secondary forest which were absent during P1 

and some forest generalist (FG) species observed during P1 which were not detected during P2. 

The presence of FS and absence of FG in P2 is an indication of the gradual recovery of 

amphibian communities in these previously logged forests towards an old growth forest state. 

 
Figure 5: Nonmetric Multidimensional Scaling (NMDS) ordination based on the quantitative 
composition of amphibian species assemblages in the different forest transects (four in 
secondary and six in old growth forests) across two assessment periods in Taï National Park 
(P1: 2000, 30 years post-logging; P2: 2016–2017, >45 years post-logging; stress value = 0.13). 
Shape and color depict forest type and study period (filled orange circle = old growth_P1; filled 
green triangle = old growth_P2; filled blue square = secondary_P1; pink cross = secondary_P2). 
Only two dimensions are shown. Significantly different assemblages were observed between 
secondary forest and old growth forest transects (PerManova validated groups; p = 0.001). 
Through P2, secondary forest anuran assemblages converged towards assemblages in old 
growth forest. Figure taken from paper 2, Figure 4. 
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2.4 Prevalence of endoparasitic mites in frog assemblages 
Infectious diseases, in particular chytridiomycosis caused by the chytrid fungi 

Batrachochytrium dendrobatidis (Bd) are a major contributor to amphibian declines (Skerratt 

et al., 2007; Blaustein et al., 2018). Besides chytrid fungi, amphibians may carry many other 

pathogenic fungi, diseases and parasites (Bentz et al., 2001; Koprivnikar et al., 2012). Parasites 

may affect their hosts’ dynamics, distributions by reducing mobility, growth or reproduction 

rate (Lanciani, 1975; Seppälä et al., 2008). Host-parasite relationships however may be 

significantly influenced by environmental factors (Vaughn and Taylor, 2000; Portela et al., 

2020), seasonality (Kriger and Hero, 2007; Martins et al., 2021) and species community 

dynamics (Vaughn and Taylor, 2000; Han et al., 2015). Understanding these relationships is 

integral for determining the effect these parasites may have on host species and whether they 

raise a conservation concern. Endoparasitic mites have been reported on amphibian hosts in 

West Africa (Wohltmann et al., 2007), however the factors leading to increase infestation in 

amphibian assemblages is poorly known. In this study (paper 3), I show that in TNP, mites of 

the Endotrombicula genus seem to be specific to the Phrynobatrachus frogs. Mites were 

detected on only four (P. alleni, P. phyllophilus, P. villiersi and P. plicatus) of eight leaf-litter 

species of the genus Phrynobatrachus living in TNP, with the highest prevalence recorded in 

P. phyllophilus followed by P. alleni (Figure 6). Mites were never observed on other leaf litter 

families (Bufonidae, Arthroleptidae or Ptychadenidae) occupying the same habitat as the host 

taxa. I show that the prevalence of mite infestation was also associated with sex (males higher 

than females), age (adults higher that juveniles), and season (more mites during the wet than 

dry season). The relationship between mite prevalence and species, sex, age and season is likely 

due to the mite’s reliance on humid conditions for successful oviposition and egg development. 

These conditions overlap considerably with the reproductive requirements of their host taxa. 

Adult males of the two most frequently infested taxa (P. phyllophilus and P. alleni) were 

predominantly encountered in the wetter parts of forest compared to females and juveniles of 

the same species. Additionally, by comparing mite infestation over a 15-year period (in 1999‒

2000 and again in 2016‒2017), I show a sharp decrease in the prevalence of mites. This decrease 

may be a potential response to local climate change, as was observed by Kühl et al. (2012) in 

Chimpanzee communities. 
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Figure 6: Phrynobatrachus alleni (a, b) and Phrynobatrachus phyllophilus (c, d) males, the 
two species frequently recorded with mite infestations. Mites (Endotrombicula) are visible here 
as red dots on the ventral side of the thighs (b, c). Figure taken from paper 3, Figure 1. 

3. CONCLUSION AND OUTLOOK

In this dissertation I evaluated the relationship between changing environments, amphibian

communities and their parasites in West African rainforests. Initially, I clarified the taxonomic 

base of the species, which allowed me to describe a species new to science from the southeastern 

part of Ivory Coast (Phrynobatrachus tanoeensis sp. nov: paper 1). The discovery of a new 

species highlights our incomplete knowledge of West African frogs and the urgent need for 

further amphibian research in un-surveyed regions of Ivory coast.   

I also demonstrate that previously logged forests in TNP were able to structurally recover 

in the absence of additional anthropogenic activities and approach old growth forest structure. 

However, we show that this process can take upwards of 45 years as has been shown elsewhere 

(Rozendaal et al., 2019). I also show that while amphibian richness and abundance did not 

change over time in TNP’s previously logged forests from 30 to 45 years ago, species 

composition shifted and became more similar to that of old growth forest assemblages after 45 

years post-logging (paper 2). In summary, the rate of amphibian recovery appears to be linked 

to the recovery of forest structure. 

I demonstrate that frogs in TNP are hosts of endoparasitic mites of the Endotrombicula 

genus. This infestation is specific to the Phrynobatrachus genus, particularly to four species (P. 

alleni, P. phyllophilus, P. villiersi and P. plicatus) of this genus. I also show that different 
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factors (i.e. species, sex, age and season) affect mite infestation rates, with infestation highest 

in adult male frogs and decreasing over time (from 1999-2000 to 2016-2017). We tentatively 

suggest that this temporal decrease is the result of humidity decreases linked to possible climate 

change.  

 To further understand amphibian responses to environmental changes (i.e. post logging), 

researchers should look at the responses of particular species (such as leaf litter frogs) to these 

changes. Specifically, by investigating the responses of leaf litter species with specific 

functional traits to post anthropogenic disturbance. This group of frogs appear to be particularly 

sensitive to disturbance, and thus provide an excellent model for illustrating the impact of 

human-induced change on rainforest ecosystems (Ernst and Rödel, 2005; Hillers et al., 2008; 

Ofori‐Boateng et al., 2013). It is also important to expand on this research by including data 

from other tropical regions. Additionally, as mite infestation rates decreased over time and is 

potentially linked to local climate change, further research of Ivory coast’s amphibian 

parasitism rates should be expanded over larger spatial scales, increased timeframes and should 

include local climatic and habitat regeneration data.  
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Abstract

We describe a new species of Phrynobatrachus from swamp forests in the southern border region of Ivory Coast and Gha-

na. The new species differs from all other known West African Phrynobatrachus by the combination of adult snout-vent-

length being between 20 and 30 mm; absence of a spiny tubercle on the eyelid; presence of a dark face mask; a black throat 

in adult males; narrow and partly indistinct scapular ridges or comma shaped warts; distinct spinulae on males’ throats 

and dorsal surfaces; pronounced pedal webbing; round finger- and toe tips, not enlarged to discs; a white belly with small 

blackish spots in both sexes; more than one wide dark cross bar on hind legs; and rosé to reddish colour on ventral parts 

of hind legs in both sexes. It is further defined by its genetic and acoustic characters. It is morphologically and genetically 

most similar to P. liberiensis and P. intermedius.

Key words: Phrynobatrachus tanoeensis sp. nov., Phrynobatrachus intermedius, Phrynobatrachus liberiensis, Phryno-

batrachus tokba, Upper Guinea Forests, Ivory Coast, Ghana

Introduction

One of the most species-rich African amphibian genera is the genus Phrynobatrachus Günther, 1862. These small 

to medium-sized frogs, currently comprise about 90 species and are endemic to the savannahs and forests in sub-

Saharan Africa (Frost 2016). The genus is particularly species rich in the West African biodiversity hotspot “Upper 

Guinea Forests” (Myers et al. 2000). The majority of these species live in forest habitats (Guibé & Lamotte 1963; 

Schiøtz 1964; Perret 1988; Rödel & Ernst 2002; Hillers et al. 2008; Rödel et al. 2009a, 2010). During a recent 

survey in south-eastern Ivorian forests (Kpan et al. 2014), we detected two males of a Phrynobatrachus which, in 

the field, were tentatively assigned to Phrynobatrachus liberiensis Barbour & Loveridge, 1927. However, closer 

investigations showed that the new frogs differed morphologically from this and other known West African 

congeners (Kpan et al. 2014). During further surveys in the Tanoé-Ehy Swamp Forest area and in south-western 

Ghanaian forests, we collected additional specimens of this taxon for more in-depth morphological, as well as for 

genetic and acoustic analyses.

Materials and methods

Vouchers and measurements. Frogs were euthanized in a chlorobutanole solution and thereafter preserved in 75% 

ethanol. Tissue samples (liver, muscle from lower side of thighs or toe tips) were preserved in 96% ethanol. All 
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measurements were taken by one person (TFK), using a digital calliper (accuracy ± 0.1 mm) and a measuring 

ocular on a dissecting microscope. We recorded snout–vent length (SVL), head width measured directly behind the 

eyes (HW), femur (thigh) length (FL), tibia (crus) length (TL), foot length including longest toe (FTL), horizontal 

eye diameter (EDL), horizontal tympanum diameter (TDL), interorbital distance (IOD), distance from anterior 

corner of the eye to the nostril (EN), distance from anterior corner of the eye to the snout-tip (ES). We also 

recorded further characters such as the texture of dorsal and ventral skin, relative finger and toe lengths and colour 

of preserved and life frogs (from photos taken in the field). The webbing formulae are in accordance with Rödel 

(2000). For comparative material investigated see Appendix 1. 

Genetic data. A BLAST search of the 16S ribosomal RNA in GenBank, performing a similarity check of 

sequences, identified the West African taxa P. intermedius Rödel, Boateng, Penner, & Hillers, 2009, P. liberiensis 

and P. tokba (Chabanaud, 1921) to have the highest similarity values to the Tanoé-Ehy Swamp Forest

Phrynobatrachus. Those three taxa have been shown to form a strong supported clade within this speciose genus 

(Zimkus et al. 2010, 2012). We herein therefore focus our molecular comparisons (up to 538 base pairs/bp) on 

these three taxa. DNA was extracted using either QIAamp or DNeasy tissue extraction kits (Qiagen) or High Pure 

PCR Template Preparation kits (Roche). We used the primers 16SA-L and 16SB-H of Palumbi et al. (1991) to 

amplify the 16S rRNA gene. Standard PCR protocols were used and PCR products were purified using QIAquick 

purification kits (Qiagen) or High Pure PCR Product Purification kits (Roche). Purified templates were directly 

sequenced using an automated sequencer (ABI 377 or ABI 3100). Generated sequences have been deposited in 

GenBank (MG209122–MG209135, for specimen assignment see below).

Sequences were checked for reliability using the original chromatograph data in the program BioEdit (Hall 

1999), aligned using ClustalX (Thompson et al. 1997) and the alignment checked by eye. Uncorrected pairwise 

sequence divergence was calculated using PAUP* 4b10 (Swofford 2002).

In order to provide first insights on the relationships of the unidentified specimens within the intermedius-

liberiensis-tokba-clade, Neighbor-joining (nj; 10,000 bootstrap analyses), maximum likelihood (ML; 1000 

pseudoreplicates) and Bayesian reconstructions (posterior probabilities/PP ≥ 95% were considered strongly 

supported) were conducted. Phrynobatrachus cricogaster Perret, 1957 (ZMB 71458; FJ769100) and P. natalensis

(Smith, 1849) (ZMB 73717; GU457566) were included as related outgroups of this clade (see Zimkus et al. 2010, 

2012). For ML and Bayesian analysis parameters of the model were estimated from the data set using Modeltest 

3.7 (Posada & Crandall 1998; GTR+G+I) and MrModeltest 2.3 (Nylander 2002; TIM2ef+G), respectively. For the 

ML tree we used RAxML 7.0.4 (Stamatakis 2006), using the rapid hill climbing algorithm following Stamatakis et 

al. (2007). All Bayesian analyses were performed with MrBayes, version 3.12 (Huelsenbeck & Ronquist 2001). 

Acoustic data. We recorded frog calls in the Tanoé-Ehy Forest (the new species), and the Banco National Park 

(P. liberiensis), with a Dictaphone LG (T375) recorder. For restrictions concerning recordings with such devices 

see Köhler et al. (2017). Further recordings of P. liberiensis were taken in Taï National Park with a Sony WM-D6C 

tape recorder and directional microphones (Sony ECM-Z157, and Sony ECU-959C). In total, 45 calls from two 

males of the new species and 22 calls of P. liberiensis, from Banco (1 male, 4 calls) and Taï National Parks (>3 

males, 18 calls), were analysed, using the software Soundruler 0.9.6 (Gridi-Papp 2003) with the settings: 44.1 kHz 

sample ratio, 16 bits resolution, FFT length= 256, window function= “hanning” with 90% overlap. The following 

call characteristics were measured: dominant frequency (Hz), minimum and maximum frequency (Hz), overall 

frequency bandwidth (Hz), and call duration (ms). Measurements are given as mean values with standard deviation 

and the range. The visualizations of waveform (oscillogram) and frequency spectra (spectrogram) were realised 

using the package seewave (Sueur et al. 2008) for R. The audio files are available from the “Tierstimmenarchiv” at 

the Museum für Naturkunde, Berlin, through the following link: doi: 10.7479/03j3-t4ye.

Results

Our genetic results revealed that the puddle frogs from the Tanoé-Ehy area are members of the genus 

Phrynobatrachus, supported by the initial BLAST search and genetically placed within the intermedius-liberiensis-

tokba-clade (Fig. 1). Phrynobatrachus intermedius, P. liberiensis, P. tokba and the Tanoé-Ehy puddle frogs form 

well-supported clades in all three analyses (single trees not shown), the latter being sister to P. intermedius and P. 

liberiensis samples included herein (Fig. 1). In contrast, P. liberiensis samples show some substructure but lacks 

support for the entire clade representing all samples of this taxon. Thus, molecular and morphological data (see 
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below) clearly indicate that puddle frogs from the Tanoé-Ehy area represent an undescribed species which will be 

described in the following.

FIGURE 1. Neighbour-joining tree based on up to 538 bp of the 16S RNA gene. Phrynobatrachus tanoeensis sp. nov. (yellow) 

is sister to a clade of Phrynobatrachus species comprising P. intermedius (green) and P. liberiensis (blue); all three being sister 

to P. tokba (red). Phrynobatrachus liberiensis comprises two clades, one (showing little support) ranging from southern-central 

Ivory Coast (Banco National Park) west, through western Ivory Coast, south-eastern Guiana and Liberia to eastern Sierra 

Leone (Gola Rainforest National Park) (pale blue), and one comprising frogs from the Ankasa and Kakum National Parks, 

south-western Ghana (dark blue). Nodes supported by bootstrap NJ (above) and ML/PP (below); bootstrap value ≥ 65 and PP 

values > 0.90 shown. Outgroups (P. cricogaster and P. natalensis) not shown.
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Phrynobatrachus tanoeensis sp. nov.

Figs 2–3

Holotype. ZMB 80870 (field and tissue #: YA 14-03, GenBank#: MG209126), adult male, Ivory Coast, Tanoé-Ehy 

Swamp Forest, 05°11’181’’N, 02°53’011’’W (date WGS84), swamp forest dominated by Raphia palms, 17–29 

July 2010, coll. T.F. Kpan & P.J. Adeba.

Paratypes. ZMB 80871 (YA14-01, MG209125), adult male, same data as holotype; ZMB 86953–86955 (KK 

1–3), three adult males, all with damages of dorsal skin, Ivory Coast, Dohouan village forest, Nouamou, 

05°11.827'N, 02°53.140'W, 17 m asl, 1–3 October 2014, coll. T.F. Kpan & N.G. Kouamé; ZMB 86956–86960 (KK 

4–8; ZMB 86959= MG209122), five adult males, ZMB 86961–86963 (KK 9–11; ZMB 8961= MG209123, ZMB 

86963= MK209124), three females, 05°11.718'N, 02°52.854'W, 20 m asl, all other data as in ZMB 86953–86955.

Additional material. ZMB 86964 (KK 12), juvenile, 05°11.718'N, 02°52.854'W, 20 m asl, all other data as in 

ZMB 86953–86955; ZMB 86965 (GAW009), adult male, skin damaged or missing on left flank and right thigh, 

Ghana, Western Region, Ebonloa, near Essiama, 05°02'0.28’’N, 02°33'05.9W, 16 m asl, peat/swamp forest with 

slow moving stream near the borders of Ghana and Ivory Coast, coll. C. Ofori-Boateng. 

Diagnosis. The overall body shape and morphology, i.e. the presence of a tarsal tubercle, as well as the genetic 

data confirm that the new species is a member of the genus Phrynobatrachus (Phrynobatrachidae). From members 

of the externally-morphologically similar genus Arthroleptis (Arthroleptidae), the new species differs by: the 

presence of scapular ridges, pedal webbing and a tarsal tubercle, and the absence of a mid-dorsal skin raphe. From 

members of the genus Ptychadena (Ptychadenidae; juveniles sometimes morphologically similar to 

Phrynobatrachus) they differ by a more rounded and shorter snout and the absence of parallel dorsal glandular 

ridges.

The new species can be differentiated from other members of the genus Phrynobatrachus by molecular and 

acoustic characters (see below), as well as by the combination of the following morphological characters: adult 

snout–vent length larger than 20 mm but smaller than 30 mm; a dark face mask; absence of a spiny tubercle on the 

eyelid; narrow and partly indistinct scapular ridges or comma-shaped warts, in particular no long X-shaped pair of 

dorsal ridges; distinct spinulae on males’ throats and dorsal surfaces; pronounced pedal webbing; finger- and toe 

tips not enlarged; a black throat in adult males; a white belly with small blackish spotting in both sexes; more than 

one wide dark cross bar on hind legs; ventral parts of hind legs in both sexes with rosé to reddish colour.

In particular the new species is smaller (< 30 mm) than P. liberiensis and P. plicatus (Günther, 1858); it differs 

from P. annulatus Perret, 1966, P. calcaratus (Peters, 1863), P. taiensis Perret, 1988, P. villiersi Guibé, 1959 and P. 

pintoi Hillers, Zimkus & Rödel, 2008 by lacking an eyelid cornicle (spine-like wart on upper eyelid); from all the 

latter species and P. gutturosus (Chabanaud, 1921), P. hieroglyphicus Rödel, Ohler & Hillers, 2010, and P. tokba 

(Chabanaud, 1921), the new species differs by more extensive webbing; Phrynobatrachus annulatus, P. fraterculus 

(Chabanaud, 1921), P. ghanensis, P. maculiventris Guibé & Lamotte, 1958, P. pintoi, P. taiensis and P. villiersi all 

exhibit very distinct, species-specific patterning on the belly, different to the new species which exhibits many 

small black spots. In contrast P. latifrons, Ahl, 1924, P. alleni Parker, 1936 (only females, males with yellow belly), 

P. francisci Boulenger, 1912, P. natalensis (Smith, 1849), and P. rainerguentheri Rödel, Onadeko, Barej &

Sandberger, 2012, have predominantly white bellies with at best a few minute black points. Whereas males of the

new species have dark grey to black throats, P. alleni and P. latifrons males have yellow throats. These two species,

along with all species with an eyelid cornicle, as well as P. francisci, P. gutturosus, P. phyllophilus Rödel & Ernst,

2002, P. guineensis Guibé & Lamotte, 1962, P. natalensis, P. rainerguentheri, P. brongersmai Parker, 1936 have a

different body shape and a snout which is rounded in dorsal and lateral view (pointed in lateral view in the new

species). In P. alleni the head is also relatively flatter in lateral view. Phrynobatrachus guineensis is smaller (< 20

mm) than the new species, has yellow toe and finger tips and a yellow inguinal patch. Phrynobatrachus

phyllophilus shows some black spots on belly and pectoral region but has a more compact body shape and roundish

snout, toe and finger tips which are enlarged to small round discs (straight in the new species) and usually only one

wide black cross bar on thigh and lower leg (several in the new species). In West Africa, only P. alleni and P.

plicatus have scapular ridges formed like an open X, in P. plicatus this X extends to posterior to half-back. The new

species shares a black face mask in West Africa only with P. intermedius, P. plicatus and some P. liberiensis and P.

rainerguentheri. However, the face mask is always less distinct than in P. plicatus (see discussion for a more in

depth comparison with the genetically most similar species).

25



 Zootaxa 4388 (2)  © 2018 Magnolia Press  ·  225A NEW PHRYNOBATRACHUS FROM WEST AFRICA

FIGURE 2. Dorsal and ventral views of Phrynobatrachus tanoeensis sp. nov. from the Tanoé-Ehy Swamp Forest region, 

south-eastern Ivory Coast; a & b) ZMB 80870, holotype, adult male; c & f) ZMB 86957, paratype, adult male; d) ZMB 86956, 

paratype, adult male; e) ZMB 86960, paratype, adult male; g) ZMB 86961, paratype, adult female; h) ZMB 86961, paratype, 

adult female. 
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FIGURE 3. Dorsal and ventral views of adult Phrynobatrachus tanoeensis sp. nov. male (ZMB 86965) from Ebonloa, south-

western Ghana.

Description of the holotype (measurements in millimetres mm). Adult male with longish, but compact body 

shape, short snout and large eyes; snout–vent length 22.1; snout rounded in dorsal, moderately pointed in lateral 

view; head width 6.9; thigh length 8.5, shorter than crus length, 12.0; foot length including longest toe 15.4; eye 

diameter 2.8, larger than horizontal diameter of tympanum, 1.6; tympanum distinct, round with round median 

annuli, diameter 0.5; interorbital distance 2.5; distance eye–nostrils 1.9; distance eye–snout 3.0; nostrils much 

closer to snout than to eye; canthus rostralis rounded; loreal region straight; distinct, slightly bent supratympanal 

ridge extending from posterior edge of eye to forearm insertion; dorsal skin fine granular, spinulae on posterior part 

of back indistinct; spinulae on dorsal surfaces of thighs and lower legs; two pairs of narrow, indistinct, comma-

shaped warts; the anterior pair originating slightly posterior to eyelids, slightly converging and extending to about 

forearm insertion; the posterior pair being shorter and slightly diverging; a few minute round tubercles on eyelids; 

throat smooth with parallel skin folds along mandibles; whitish spinulae on throat and anterior part of breast 

indistinct; skin of other ventral surfaces smooth; palmar surface of hand with large, oval palmar and more slender, 

longish thenar tubercle; fingers with large, undivided oval subarticular tubercles, additional tubercles on hands 

absent; finger tips roundish, not enlarged to discs; outer part of thumb with indistinct thin nuptial pad; palmar 

webbing absent; relative finger length: II = IV ≤ I < III; small round tarsal tubercle present; large, slender oval inner 

metatarsal tubercle, 1.1, reaching about half length of shortest toe, 2.2; outer metatarsal tubercle round and minute; 

subarticular tubercles slender oval, not divided; relative toe length: I < II < V < III < IV; pedal webbing 

pronounced; webbing formula: I(0.5), II(1-0.5), III(1.5-1), IV(2-2), V(1); toe tips very slightly expanded without 

forming discs.

Colour of the holotype in life. Dorsal surfaces light beige to yellowish brown; top of snout with Y-shaped 

dark figure – the single arm pointing towards snout, and further dark spots; margin of snout and upper eyelids with 

ill-defined light band; upper eyelids dark brown, connected by dark brown inter-orbital band, this band bordered 

anteriorly and posteriorly by narrow clear bands; the two pairs of narrow comma shaped scapular ridges marked 

darker, the posterior pair connected by V-shaped black marking; a pair of white spots at the tips of this V; posterior 

back with a few further blackish markings; dorsal surfaces of thighs (4) and lower legs (3) with black cross bars; 

arms, hands and feet with less distinct black cross bars; lateral side of snout, upper lip and area below 

supratympanal ridge black with some minute white spots on lip; supratympanal ridge dorsally bordered by white 

band; posterior to this band a wide black lateral band, followed by further black spots on whitish base colour; lower 

mandible, throat and anterior pectoral region almost uniform dark grey; belly white, densely beset with black spots; 

posterior belly and lower surfaces of thighs and lower legs rosé.

Colour of the holotype in preservation (after seven years in 75% ethanol). Back light brown, a few white 

spots where skin is rubbed off; snout tip and upper eyelids with some black mottling; loreal triangle from nostrils to 

anterior eye and tympanal area darker; scapular ridges and supratympanal ridge darker; black and light lateral 

pattern faded; upper arm with two dark cross bars, lower side reddish brown; lower arm with one dark cross bar 

close to hand; palmar surfaces of hands uniform light reddish brown; lower side of mandibles light blackish grey; 
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throat skin dark blackish grey with minute white points; belly and pectoral region whitish with dark brown 

spotting, denser towards throat and flanks; vent surrounded by flat black triangle, bordered by narrow light line; 

posterior part of thighs uniform light brown; dorsal part of thighs banded with 3-4 light and dark transversal bands; 

lower legs with three dark cross bars; foot and toes brown with indistinct darker pattern; ventral parts of thigh 

whitish beige with brownish mottling; ventral sides of lower legs with very dense reddish brown spotting; part of 

foot darker brown than dorsal part.

Variation. Paratypes are similar to holotype, but mostly with less contrasting dorsal pattern. Size (SVL) of 

adult males ranges from 21.1–23.4 mm (mean ± sd: 21.9 ± 0.8 mm; N= 10). They are smaller than females, these 

ranging from 23.8–26.6 mm (mean ± sd: 25.6 ± 1.5 mm; N= 3; Tables 1–2). Further measures and indices are 

summarized in Table 1. 

TABLE 1. Measures of the Phrynobatrachus tanoeensis sp. nov. type series; measures in mm; ZMB= ZMB accession 

number; ref. mat.= referred material; M= male, F= female, j= juvenile; SVL= snout–vent length; HW= head width; FL= 

thigh length; TL= crus length; FTL= foot length incl. longest toe; ED= horizontal eye diameter; TD= horizontal 

tympanum diameter; IOD= interorbital distance; EN= distance anterior corner of eye to nostril; ES= distance anterior 

corner of eye to snout-tip.

The dorsal skin may vary from almost smooth to granular. Some small warts may be present on lower flanks 

and posterior back. In most male paratypes, the posterior half of the back is beset with minute round spinulae. 

Similar spinulae are present on dorsal surfaces of thigh and lower leg and, less visible, on anterior part of body; the 

throat and the anterior part of the pectoral region likewise densely beset with whitish, round spinulae. Depending 

on the preservation the spinulae can be difficult to see. They are best visible when the specimen is slightly 

ZMB status sex SVL HW FL TL FTL ED TD IOD EN ES Webbing formula

80870 holotype M 21.4 6.9 8.5 12.0 15.4 2.8 1.6 2.5 1.9 3.0 1(0.5);2(1-0.5);

3(1.5-1);4(2-2);5(1)

80871 paratype M 21.6 6.9 8.1 11.7 16.6 3.4 1.7 2.6 2.3 3.7 1(0.5);2(1-0.5);

3(1.5-1);4(2-2.5);5(1)

86962 paratype F 23.8 8.5 8.6 12.4 18.1 3.1 2.4 2.2 2.0 3.0 1(0.5);2(1-0.5);

3(2-1);4(2-2);5(1)

86963 paratype F 26.4 9.2 10.2 13.5 20.1 3.2 1.8 2.9 2.5 3.3 1(0.5);2(1-0.5);

3(1.5-1);4(2-2);5(1)

86961 paratype F 26.6 9.0 10.0 14.1 21.1 3.0 1.9 2.5 2.5 2.7 1(0.5);2(1-0.5);

3(1.5-1);4(2-2);5(1)

86964 paratype j 13.9 3.7 6.8 7.5 10.8 1.5 0.9 1.7 1.2 1.6

86953 paratype M 22.9 8.0 10.3 12.1 17.5 2.5 1.6 2.0 1.9 2.8 1(0.5);2(1-0.5);

3(1.5-1);4(2-2);5(1)

86954 paratype M 21.4 7.4 10.1 12.1 17.3 2.5 1.9 2.0 1.7 2.7 1(0.5);2(1-0.5);

3(1.5-1);4(2-2);5(1)

86955 paratype M 21.8 7.7 9.5 12.2 16.9 2.5 2.0 2.6 1.9 3.0 1(0.5);2(1-0.5);

3(1.5-1);4(2-2);5(1)

86956 paratype M 21.8 8.3 7.9 10.3 16.5 3.0 1.8 2.5 2.3 2.9 1(0.5);2(1-0.5);

(1.5-1);4(2-2);5(1)

86957 paratype M 21.3 7.3 9.8 11.8 17.2 2.4 1.4 2.5 1.8 2.8 1(0.5);2(1-0.5);

3(1.5-1);4(2-2);5(1)

86958 paratype M 22.7 8.0 9.1 10.9 17.4 2.9 1.9 2.3 2.4 3.5 1(.05);2(1-0.5);

3(1.5-1);4(2-2);5(1)

86959 paratype M 23.4 7.9 8.2 11.8 17.9 3.5 1.9 2.4 2.1 4.0 1(0.5);2(1-0.5);

3(2-1);4(2-2);5(1)

86960 paratype M 21.1 7.1 9.8 10.7 15.4 2.7 1.4 1.9 1.8 2.9 1(0.5);2(1-0.5);

3(1.5-1);4(2-2);5(1)

86965 ref. mat. M 22.1 6.8 10.2 10.5 14.8 2.8 2.2 2.5 2.1 3.0 1(0.5);2(1-0.5);

3(1.5-1);4(2-2);5(1)

28



KPAN ET AL.
228  ·  Zootaxa 4388 (2)  © 2018 Magnolia Press

dehydrated due to too high ethanol concentration, or after the skin has been carefully towelled. Presumably the 

distinctiveness of the spinulae may vary as well with the breeding status of the respective male. The spinulae are 

most pronounced in the male from Ghana (ZMB 86965; Fig. 3). Here they cover the entire back from vent to just 

behind the eyes, as well as the dorsal surfaces of the hind legs. 

TABLE 2. Summary measures (in mm) and indices of adult Phrynobatrachus tanoeensis sp. nov., P. intermedius and P. 

liberiensis; given are mean ± standard deviation and range (min-max); M= male, F= female, N= sample size; SVL= 

snout–vent length; HW= head width; FL= thigh length; TL= crus length; FTL= foot length incl. longest toe; ED= 

horizontal eye diameter; TD= horizontal tympanum diameter; IOD= interorbital distance; EN= distance anterior corner 

of eye to nostril; ES= distance anterior corner of eye to snout-tip.

continued.

The dorsal warts/ridges may vary from very distinct to almost absent (in live and preserved specimens); often 

only the anterior pair is present and then longer than in the holotype (e.g. Figs. 2e, g). Dorsal and lateral colour 

varies from dark grey or light to dark brown to almost black, with or without lighter patterning. Sometimes a 

greenish tinge may be present on the back (Fig. 2d). Females exhibit more uniform dorsal coloration than males 

(Fig. 2g). Black lateral bands and white lines may be present (Figs. 2a, c-e) or absent. The dark face mask may be 

more or less pronounced. The juvenile specimen and some adults exhibit a pair of light dorsal spots posterior to the 

dorsal ridges (Figs. 2a, d). The Throats of female vary from light grey (Fig. 2h) to brownish dark with white spots. 

Further greyish or blackish belly spots are particularly dense close to the forearm insertion and towards flanks. The 

central parts of female bellies are almost uniform white. The ventral surfaces of female hind legs are greyish to 

orange, in males the colour is reddish beige or rosé. The pedal webbing may vary slightly. In particular toes III and 

IV may show slightly less or more webbing than the holotype (in the range of 0.5 phalanx).

Genetics. We compared parts (up to 538 bp) of the 16S RNA gene from five individuals of the new species, 

with two sequences of P. intermedius and P. tokba, respectively and, considering the erroneous initial field 

identification, 27 individuals of P. liberiensis. The P. liberiensis samples covered almost the entire known range of 

that species from eastern Sierra Leone, Liberia, south-eastern Guinea, western and eastern Ivory Coast and western 

species SVL HW FL TL FTL ED TD

tanoeensis sp. nov. 21.9 ± 0.8 7.5 ± 0.5 9.2 ± 0.9 11.6 ± 0.7 16.8 ± 0.9 2.8 ± 0.4 1.7 ± 0.2

M, N= 10 21.1–23.4 6.9–8.3 7.9–10.3 10.3–12.2 15.4–17.9 2.4–3.5 1.4–2.0

liberiensis 25.3 ± 1.5 8.1 ± 0.7 12.1 ± 1.1 14.3 ± 1.1 20.2 ± 1.6 3.1 ± 0.3 2.2 ± 0.2

M, N= 15 23.5–28.9 6.2–9.1 10.8–14.4 12.8–17.0 18.1–24.2 2.6–3.5 1.8–2.7

tanoeensis sp. nov. 25.6 ± 1.5 8.9 ± 0.4 9.6 ± 0.9 13.4 ± 0.9 19.8 ± 1.5 3.1 ± 0.1 2.0 ± 0.4

F, N= 3 23.8–26.6 8.5–9.2 8.6–10.2 12.4–14.1 18.1–21.1 3.0–3.2 1.8–2.4

intermedius

F, N= 1

27.2 7.8 14.4 16.5 20.3 3.4 2.3

liberiensis 31.7 ± 2.4 10.1 ± 0.8 14.7 ± 1.2 17.7 ± 1.1 24.0 ± 1.7 3.3 ± 0.4 2.4 ± 0.3

F, N= 31 25.5–35.2 8.0–11.2 11.9–17.2 13.9–19.3 19.1–26.5 2.7–4.0 1.9–3.1

species IOD EN ES HW/SUL FL/SUL TL/SUL EN/ES

tanoeensis sp. nov. 2.3 ± 0.3 2.0 ± 0.2 3.1 ± 0.4 0.3 ± 0 0.4 ± 0 0.5 ± 0 0.6 ± 0.1

M, N= 10 1.9–2.6 1.7–2.4 2.7–4.0 0.3–04 0.4–05 0.5–0.6 0.5–0.8

liberiensis 2.1 ± 0.2 1.9 ± 0.2 2.9 ± 0.3 0.3 ± 0 0.5 ± 0 0.6 ± 0 0.6 ± 0.1

M, N= 15 1.8–2.7 1.6–2.2 2.4–3.7 0.2–0.4 0.4–0.5 0.5–0.6 0.6–0.8

tanoeensis sp. nov. 2.5 ± 0.3 2.3 ± 0.3 3.0 ± 0.3 0.3 ± 0 0.4 ± 0 0.5 ± 0 0.8 ± 0.1

F, N= 3 2.2–2.9 2.0–2.5 2.7–3.3 0.3–0.4 0.4 0.5 0.7–0.9

intermedius

F, N= 1

2.6 2.3 3.9 0.3 0.5 0.6 0.6

liberiensis 2.8 ± 0.4 2.3 ± 0.3 3.5 ± 0.3 0.3 ± 0 0.5 ± 0 0.6 ± 0 0.7 ± 0.1

F, N= 31 2.1–3.6 1.7–3.0 2.8–4.0 0.3 0.4–0.5 0.5–0.6 0.5–0.8
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Ghana (Fig. 1). Phrynobatrachus liberiensis showed some clear intraspecific genetic structure, i.e. a western clade 

comprising frogs from the Ivorian Banco National Park to Sierra Leone and a Ghanaian clade, comprising samples 

from Kakum and Ankasa National Parks. The intraspecific variation in P. liberiensis ranged from 0–4.42% (mean ± 

sd: 2.02 ± 1.35%, N= 351 comparisons). This high genetic variation may indicate further cryptic diversity, i.e. a 

further undescribed taxon from Ghana. The two included P. tokba sequences differed by 1.36%, while intraspecific 

variation in P. intermedius was zero. In P. tanoeensis sp. nov. the intraspecific variation ranged from 0–0.19% 

(mean ± sd: 0.08 ± 0.10%, N= 10 comparisons). 

Phrynobatrachus tanoeensis sp. nov. differed from P. intermedius by 6.39–6.70% (mean ± sd: 6.64 ± 0.13%, 

N= 10), and from P. liberiensis by 5.25–7.03% (mean ± sd: 5.95 ± 0.44%, N= 135), and from P. tokba by 6.60–

7.27% (mean ± sd: 6.97 ± 0.30%, N= 22). These differences are well within the range of what has been accepted as 

genetic distances between other species of the genus (see Discussion).

Acoustic. The recorded advertisement calls of two males of the new species comprise an amplitude modulated, 

short note, with few pulses that are difficult to tell apart (no full amplitude modulation = no complete silence 

between pulses; Fig. 4a, b). Call duration and frequency varied and showed some overlap to P. liberiensis calls, 

recorded in Banco and Taï National Parks, the latter calls as well showing some variation (Fig. 4, Table 3). 

However, a comparison of the spectrogram and oscillogram between the calls of both taxa, shows distinct 

differences (Fig. 4). The advertisement calls of P. tanoeensis sp. nov. are much shorter and less pulsed than the 

calls of P. liberiensis. These differences are also audible to the human ear. Whereas P. liberiensis calls can be 

described like a loud, hammer like “ackk,” the calls of the new species sound like a deep, short “tick.” Both species 

call predominantly during the day, in swamps or from the banks of small forest creeks.

FIGURE 4. Advertisement calls of male Phrynobatrachus tanoeensis sp. nov. from Tanoé-Ehy forest, Dohouan village (A, 

ZMB 86954) and Nouamou (B, ZMB 86958), and P. liberiensis from Taï National Park (C; male not collected; bandpass filter 

between 1100–4500 Hz) and Banco National Park (D, ZMB 86969; bandpass filter between 1100–4500 Hz), all Ivory Coast 

(compare Table 3); spectrogram (above) and oscillogram (below). 
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Distribution. The new species is so far only known from two swamp forests, the Tanoé-Ehy Swamp Forest 

region in south-eastern Ivory Coast and a forest near Ebonloa, south-western Ghana. These localities are only about 

40 km apart. 

Natural history. Both known sites of the new species are predominantly swamp forests (Fig. 5). The mean 

annual temperature of the Tanoé-Ehy forest is 26°C, the mean annual precipitation is about 2000 mm. This region 

is characterized by a longer dry season (December to March), followed by the period with high precipitation 

(March to July). A minor rainy season extends from October to November (Avenard et al. 1971). The Tanoé-Ehy 

forest mainly consists of moist, partly primary forests on predominantly sandy soil, with vegetation typical for 

south-eastern Ivory Coast (Béligné 1994). 

FIGURE 5. Habitat of Phrynobatrachus tanoeensis sp. nov.; characterized by swampy area, and the presence of Raphia palms 

with large canopy gaps; at the type locality the Tanoé-Ehy forest, south-eastern Ivory Coast (a, b) and the inundated forest near 

Ebonloa village, south-western Ghana (c).
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FIGURE 6. Dorsal and ventral views of adult Phrynobatrachus liberiensis males from Banco National Park, south-eastern 

Ivory Coast (a, b & g); Taï National Park, western Ivory Coast (d, e & f), and Gola Rainforest National Park, eastern Sierra 

Leone (c); note differences in colour, skin structure and shape of scapular ridges. Specimens not collected or not assignable to 

vouchers.
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FIGURE 7. Dorsal and ventral views of adult Phrynobatrachus liberiensis females from Banco National Park, south-eastern 

Ivory Coast (a, b, e–g; f, g: ZMB 86981); Taï National Park, western Ivory Coast (d), and Yekeba, Liberia (c; photo: J. Penner); 

note differences in colour and shape of scapular ridges. If no accession number provided, the specimens were not collected or 

not assignable to vouchers.

Whereas all collected males from the Tanoé-Ehy forest were encountered well concealed in areas thickly 

covered with Raphia palms (Fig. 5b), the females were seen on muddy ground in open patches of the forest. The 

canopy of the sites where P. tanoeensis sp. nov. was found had gaps (Fig. 5a), and traces of recent human activity 

were visible. For instance, Raphia palms were used by the local population for palm wine extraction and as 

construction material. An unpaved road, leading to Dohouan and Nouamou villages, crossed the area. Due to 

frequent traffic with motorbikes the Dohouan site was quite noisy. The road was only eight meters from the calling 

site of one male. This swamp forest was surrounded by heavily degraded forest and plantations for subsistence 

farming (i.e. cassava plantation associated with coconut trees). The Dohouan River, which crosses the Tanoé-Ehy 

forest, is polluted due to the activity of launderers and people washing their cars and motorbikes.

In Ghana, the species was collected in small patches of land within an inundated landscape (Fig. 5c). The 

dominant vegetation on these ‘islands’ are trees with stilt-like roots and Raphia palms.
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Etymology. The specific name refers to the type locality, the Tanoé-Ehy Swamp Forest. We suggest Tanoé 

Puddle Frog as common name. 

FIGURE 8. Dorsal and ventral views of juvenile Phrynobatrachus liberiensis from Yekeba, Liberia (a; photo: J. Penner); Gola 

Rainforest National Park, eastern Sierra Leone (b–e), and Taï National Park, western Ivory Coast (f); note differences in colour, 

skin structure and shape of scapular ridges; juveniles usually possess the pair of clear dorsal spots visible in a–e, they may be 

easily confused with other small Phrynobatrachus species when exhibiting the warty skin shown in e. Specimens not collected 

or not assignable to vouchers.

Discussion

The Upper Guinea Forest biodiversity hotspot (Myers et al. 2000) can be subdivided into various regions 

comprising unique amphibian species assemblages (Penner et al. 2011). One of these regions is the border area 

between south-western Ghana and south-eastern Ivory Coast. Several frog species from different families are 

endemic to this region, e.g. Phrynobatrachus ghanensis Schiøtz, 1964 (Phrynobatrachidae), Morerella 

cyanophthalma Rödel, Assemian, Kouamé, Tohé & Perret, 2009 (Hyperoliidae) and Astylosternus laticephalus
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Rödel, Hillers, Leaché, Kouamé, Ofori-Boateng, Diaz & Sandberger, 2012 (Arthroleptidae) (Schiøtz 1964; Rödel 

et al. 2009b, 2012). Herein we added another new species to the endemic anuran fauna of that region, P. tanoeensis

sp. nov.

TABLE 3. Advertisement call values of Phrynobatrachus tanoeensis sp. nov. and P. liberiensis; given are the mean ± 

standard deviation, and range of calls per male (in brackets). Phrynobatrachus tanoeensis sp. nov. calls were both 

recorded on 3 October 2014, call 1 (ZMB 86954) in Dohouan (09h43 GMT); call 2 (ZMB 86958) in Nouamou. The call of 

P. liberiensis from Banco National Park (BNP; ZMB 86969) was recorded on 6 August 2014 (15h03 GMT); the calls

recorded in April 1999 in Taï National Park (TNP) are from several males (minimum of 3) which have not been collected.

The new species is genetically most similar to P. liberiensis, P. tokba and P. intermedius, but still differs 

substantially (about 6%) in the investigated part of the 16S RNA gene, to reflect accepted species level differences 

(compare species-specific genetic differences within Phrynobatrachus mentioned by e.g. Uyeda et al. 2007; Rödel 

et al. 2009a, 2015; Schick et al. 2010; Zimkus & Gvoždík 2013). Present data tentatively place P. tanoeensis sister 

to a clade comprising P. intermedius and P. liberiensis, but further analyses including more genes are necessary to 

verify this placement and clarify the situation within P. liberiensis showing large genetic and acoustic variation; the 

latter topic however being beyond the scope of this paper.

From P. tokba the new species can be easily distinguished by larger size (SVL > 20 mm versus < 20 mm) and 

more pronounced webbing. Morphologically P. tanoeensis resembles most P. liberiensis and P. intermedius sharing 

with both the general body shape, as well as the shape of a pair of feebly developed scapular ridges. However, the 

shape and distinctness of these ridges or warts may vary (see Figs. 2, 3). From P. liberiensis, the new species differs 

by more intense black ventral spotting (usually no or only few ventral spots present in male P. liberiensis; compare 

Figs. 6b, d), a more pronounced black face mask, a more pointed snout in lateral view and in particular distinct, 

dense spinulae on the throat, back (in particular on the posterior-most part of the back) and dorsal surfaces of hind 

legs in males (although these spinulae are not always easy to see, compare above). Both sexes of P. tanoeensis are 

also distinctly smaller than individuals of the respective sex in P. liberiensis (see Table 2). With P. intermedius the 

new species shares the more pointed face and the black face mask, but the new species has less distinct ventral 

patterning (anterior half of belly marbled in brown and white in P. intermedius). Phrynobatrachus intermedius is 

only known from an adult and a subadult female from the primary forest of the Ankasa Reserve in south-western 

Ghana (Rödel et al. 2009a). Phrynobatrachus tanoeensis further differs from P. liberiensis and P. intermedius by 

slightly more pronounced pedal webbing. Some individuals exhibit very contrasting dorsal pattern (Figs. 2a, d, e), 

So far not seen in adults in the other two species. However, as Figures 6–8 illustrate for P. liberiensis, species of 

this genus often show a high degree of variation of dorsal colour patterns (compare also Stewart 1974; Rödel 

2000), which may or may not differ between sexes and may change through ontogeny (compare Figs. 6–8). Colour 

alone thus does not necessarily allow for correct species identification (ventral pattern seem to be more reliable in 

that respect than dorsal pattern in Phrynobatrachus, M.-O. Rödel, pers. obs.). A pattern shared between the new 

species and P. liberiensis for instance is the pair of white spots on the posterior half of the back in juveniles and 

some males (Figs. 2, 6, 8).

Finally, the advertisement call of P. tanoeensis differed distinctly in both length and frequency from calls of P. 

liberiensis . Even to the human ear both calls sound significantly different (short, deep “tick” versus loud, hammer 

P. tanoeensis sp. nov.

call 1 (N= 23)

P. tanoeensis sp. nov.

call 2 (N= 22)

P. liberiensis BNP

(N= 4)

P. liberiensis TNP

(N= 18)

Dominant frequency 

[Hz]

1989 ± 272

(1637 ‒ 3015)

2999 ± 51

(2842 ‒ 3015)

3618 ± 298

(3187 ‒ 3876)

2664 ± 104

(2498 ‒ 2842)

Minimum frequency 

[Hz]

1246 ± 92

(944 ‒ 1438)

1557 ± 97

(1389 ‒ 1710)

2599 ± 174

(2476 ‒ 2846)

1187 ± 108

(1013 ‒ 1390)

Maximum frequency 

[Hz]

3589 ± 101

(3365 ‒ 3760)

3385 ± 42

(3291 ‒ 3464)

4261 ± 169

(4106 ‒ 4452)

3596 ± 336

(3214 ‒ 4157)

Frequency bandwidth 

[Hz]

2344 ± 157

(2050 ‒ 2693)

1828 ± 103

(1655 ‒ 2001)

1661 ± 65

(1606 ‒ 1754)

2409 ± 282

(2075 ‒ 2893)

Call duration [ms] 25.4 ± 3.5

(17.0 ‒ 32.0)

20.9 ± 2.7

(16.0 ‒ 26.0)

58.8 ± 3.8

(54.0 ‒ 63.0)

100.3 ± 15.6

(74.0 ‒ 133.0)
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like “ackk”). Although the advertisement call of P. intermedius is so far unknown, the combination of 

morphological, acoustic and genetic data allows to undoubtedly recognising the herein introduced 

Phrynobatrachus specimens as a species new to science. 

So far P. tanoeensis is only known from a very small area in the border region between Ghana and Ivory Coast, 

an area which, at least on the Ivorian side, suffers from intense forest loss due to logging, conversion into 

plantations and agricultural encroachment. Adopting the IUCN Red List criteria to the new species thus might 

result in high threat category (likely at least Vulnerable; compare IUCN 2017). At the same time this discovery 

underlines the importance of this area for the regional biodiversity, likely due to the fact that it comprises a former 

Pleistocene forest refugium (Maley 1996). We therefore expect even more new species to be discovered in that 

region, hopefully before the few remaining rainforest patches disappear.
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All organisms are potential hosts to a variety of different parasites, 
with hosts showing differences in tolerance and resistance to their 
respective parasites (Feng et al., 2017; Negus et al., 2017; Råberg, 
Graham, & Read, 2009; Read, Graham, & Råberg, 2008). Many macro- 
parasite species have complex life cycles involving different habitats 
and/or hosts in different life stages (Cribb, Bray, Olson, & Littlewood, 

2003; Poulin, 2003). Parasites may affect their hosts’ distributions, 
population dynamics, and fitness in different ways, by reducing mo-
bility, growth, or reproduction rates (e.g., Anderson & May, 1978; 
Koprivnikar et al., 2012; Krasnov, Khokhlova, & Shenbrot, 2002; 
May & Anderson, 1978; Stanko, Krasnov, & Morand, 2006). Actually, 
studies have shown that parasites may be one of the most important 
drivers shaping the distribution, composition, and abundance of spe-
cies and thus the connectedness and functioning of food webs and 

|
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Abstract
Amphibian species are known to carry endoparasitic mites. The infestation probabil-
ity, prevalence, and intensity of mites vary among species and habitats. Mites of the 
genus Endotrombicula are known to infest African and Malagasy frogs. However, the 
factors leading to an increase in the probability of mite infestation are unknown. To 
test for inter-  and intraspecific differences in infestation probability and its potential 
correlation with sex, age, habitat preferences, and/or season within a species- rich 
West African leaf- litter frog assemblage, we examined more than 6,800 individual 
frogs for the presence of mites throughout two independent time increments, 1999–
2000 and 2016–2017. We found only members of the leaf- litter frog genus 
Phyrnobatrachus to be infested, while other syntopically occurring genera were not 
affected. Within Phrynobatrachus, only four out of eight species were infested. Mites 
prevalence differed between species (highest P. phyllophilus, followed by P. alleni), sex 
(males higher than females in P. alleni and P. phyllophilus), and age (adults higher than 
juveniles in P. alleni), as well as season (more mites during wet than dry season in 
P. phyllophilus). The prevalence of mite infestation did not influence mate choice in
P. alleni. Increased humidity showed a clear positive effect on infestation prevalence.
We also detected a marked decrease in the prevalence of mites from 1999–2000 to
2016–2017, a period during which climatological changes within the study area have
been reported with a tendency toward drier conditions. The decrease in mite infesta-
tion prevalence over time might be a signal of increasingly drier conditions.
Abstract in French is available with online material.

Amphibia, global change, Ivory Coast, mate choice, parasitism, Phrynobatrachus, rain forest, 
Taï National Park
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ecosystems (Hudson, Dobson, & Lafferty, 2006; Lafferty, Dobson, 
& Kuris, 2006). Unfortunately, studies investigating host–parasite 
relationships are generally rare and in particular missing concerning 
West African species and ecosystems. Lastly, mate choice and sex-
ual selection are assumed to be driven by the ability of an individual 
to discriminate against parasitized mates (“good genes” model sensu 
Hamilton & Zuk, 1982).

Amphibians are known to carry a wide range of parasites and 
recently have suffered tremendous declines due to fungal and viral 
pathogens (e.g., Lips, 2016; Martel et al., 2013; Teacher, Cunningham, 
& Garner, 2010). Apart from these prominent and devastating exam-
ples, amphibians are frequently infested by many other parasites, for 
instance endoparasitic mites (Alvarado- Rybak et al., 2018; Anthony, 
Mendelson, & Simons, 1994; Attademo et al., 2012; Biolé, Valetti, 
Grenat, Salas, & Martino, 2015; Diaz- Paez, Cortez, de la Fuente, 
& Moreno Salas, 2016). The mites’ effects on the fitness and mate 
choice of their hosts, or their role as vectors for other parasites are 
little understood and require systematic research. The prevalence 
of mites varies between amphibian species (Alvarado- Rybak et al., 
2018; Biolé et al., 2015), as well as between habitats (Attademo 
et al., 2012). The genus Endotrombicula, a member of the family 
Trombiculidae, is known to parasitize African and Malagasy leaf- 
litter frogs (Hyland, 1961; Krantz & Walter, 2009; Wohltmann, du 
Preez, Rödel, Köhler, & Vences, 2007). Only the Endotrombicula lar-
vae are parasitic. They are intradermal and may infect the host for 
more than three years (Spieler & Linsenmair, 1999). However, overall 
little is known of the mites’ biology and their host species prefer-
ences (Spieler & Linsenmair, 1999; Wohltmann et al., 2007).

Spieler and Linsenmair (1999), and Wohltmann et al. (2007) 
provided basic data, and the first list of West African frog species 
known to be parasitized by these mites. In this present study, we aim 
to investigate the infestation of endoparasitic mites on members of a 
well- studied rain forest frog assemblage in Ivory Coast, West Africa 
(Ernst & Rödel, 2005, 2008; Rödel & Ernst, 2004). Specifically, we 
addressed the following questions: Does prevalence of mite infes-
tation differ interspecifically? Does mite infestation differ intraspe-
cifically, with specific respect to sex and/or age? Is mite infestation 
sex-  and/or age- dependent due to variations in sex and age habitat 
preferences? Is the frogs’ mate choice influenced by parasite load 
(good genes hypothesis)? Finally, we investigated whether the prev-
alence of mite infestation changed over time by comparing two time 
periods (1999–2000 vs. 2016–2017), as our study site has report-
edly faced pronounced climate changes during recent years (Kühl, 
N'Guessan, Riedel, Metzger, & Deschner, 2012).

|

|

This study was conducted in Taï National Park (TNP), southwestern 
Ivory Coast (Figure S1). TNP extends over 536,000 ha of rain forest 
and is the largest remaining area of connected and protected rain 
forest in West Africa (Lauginie, 2007). The wet season lasts from 

March to October, with a decline in rain intensity in July/August. The 
dry season extends from November until February/March. However, 
timing of the rainfall has become less predictable over the past two 
decades (Brou, 2009). For more details on the TNP, see Riezebos, 
Vooren, and Guillaumet (1994) and Adou Yao et al. (2005). Our 
study site was situated at the western central edge of TNP (5°50’ 
N, 7°20’ W) and comprised roughly 30 km2 of primary and second-
ary rain forest in the surroundings of the “Station de Recherche en 
Ecologie Tropical” (SRET; Figure S1). The “secondary” forests have 
been logged in the 1960–70s. Logging has been shown to affect the 
composition of the species- rich (total of 57 species) amphibian as-
semblages of TNP (Ernst, Linsenmair, & Rödel, 2006; Ernst & Rödel, 
2005, 2006, 2008; Hillers, Veith, & Rödel, 2008).

|

Fieldwork was carried out in two periods, separated by more than 
16 years. The first data collection occurred from February–May 
and September–December 1999, as well as from March–September 
2000 (data collected by MOR & RE). The second period extended 
from August–October 2016 and May–August 2017 (data collected 
by TFK). During both periods, we recorded frogs on exactly the same 
ten rectangular transects: six in primary forest (T1–T6) and four in 
previously logged (secondary) forest (T7–T10; Rödel & Ernst, 2004; 
Figure S1). Each transect had a length of 600 m. As oviposition and 
egg development of trombiculid mites depends on humid soil con-
ditions (Nadchatram, 2006; Wohltmann, 2000), we assigned each 
transect to one of the four distinct categories, depending on the 
presence or absence of swampy areas: wet primary forest (T1, T3, 
T5 and T6), dry primary forest (T2 and T4), wet secondary forest (T8 
and T10), and dry secondary forest (T7 and T9). Swampy forest areas 
(wet) usually have water- saturated sandy or loamy soils. “Dry” forest 
parts were usually situated on small hills and consisted of gravel and 
rocky soil. Primary forest parts have predominantly closed canopy 
and thus higher air humidity than secondary forests, where canopy 
is often opened. Each transect was visited about twice a week. In 
total, we performed 765 transect walks in 1999–2000 (Ernst & 
Rödel, 2005, 2006) and 520 transect walks in 2016–2017. Transect 
walks were done during day and night, and frogs were recorded visu-
ally and acoustically (Rödel & Ernst, 2004). Here, only the visual data 
are reported. Transects were surveyed by one observer (TFK, RE, 
or MOR), independent of prevailing weather conditions. Transects 
were patrolled at a constant speed, lasting approximately 30 min. 
Frogs were marked by clipping of one toe tip (compare Grafe, 
Stewart, Lampert, & Rödel, 2011), to avoid pseudoreplication (Ernst 
& Rödel, 2005). During the first time period, additional amphibian 
species, not encountered on transects, were opportunistically cap-
tured and examined for the presence of mites.

Frogs were captured by hand, identified to the species level, 
sexed (using the presence of characters such as eggs, vocal sacs, or 
nuptial pads) and aged (size taken to indicate juvenile or adult age), 
and examined for the presence of encysted mite larvae. All mite 
larvae collected from various West African frog species, including 
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frogs from TNP, have been identified by Wohltmann et al. (2007) as 
Endotrombicula pillersi (Sambon, 1928).

Encysted mite larvae are visible as small red spots under the 
frogs’ skin, mostly positioned on the ventral side of thighs and near 
the cloaca (Quinzio & Goldberg, 2015; Spieler & Linsenmair, 1999; 
Wohltmann et al., 2007). However, the entire body of all leaf- litter 
frogs was examined for mites. According to Wohltmann et al. (2007) 
and our own observations, only frogs living terrestrially are para-
sitized by mites. We regularly examined arboreal species but never 
detected any mites. The present study is thus restricted to leaf- litter 
frogs.

To determine the influence of mite infestation on mating suc-
cess, we chose the most abundant species known to carry mites, 
Phrynobatrachus alleni. We searched mating aggregations of P. alleni 
after heavy rainfall. Then males congregate around shallow puddles 
on the forest floor or stagnant parts of small rivers in the swampy 
parts of the forest, where they call and mate during daylight. In 1999 
and 2000, we caught mating pairs, as well as single males, at these 
aggregations and counted the mites on each individual.

|

All Phrynobatrachus transect captures from the two field periods 
were included in the statistical analyses. We calculated: (a) the 
proportion of particular Phrynobatrachus species to the total of all 
recorded Phrynobatrachus and (b) the prevalence of mites as the 
proportion of hosts infested within one species to the total number 
of potential hosts examined of this species (Bush, Lafferty, Lotz, & 
Shostak, 1997). We compared, whether the prevalence of mite in-
festation was significantly different between species with Kruskal–
Wallis rank sum test and a Post hoc pairwise Wilcoxon rank sum test 
with FDR correction for multiple testing (Benjamini & Hochberg, 
1995). On a subset of specimens, we recorded the exact placement 
of mites on the frogs’ body.

We tested for the effect of season, habitat types, sex, age, and 
study period on the probability of mite infestation by using gen-
eralized linear models (GLM) with logistic link function (Dobson & 
Barnett, 2008; McCullagh & Nelder, 1989). Infestation state (in-
fested or not) was the dependent variable, with zero for non- infested 
and one for infested. The independent variables were season (dry vs. 
rainy season), habitat type (see above), sex and age (adult male or fe-
male, juvenile), and study period (1999–2000 vs. 2016–2017). Prior 

to analysis, we tested all independent variables for multicollinearity 
using variance inflation factors (VIF) with a threshold of 3.0 as an 
exclusion criterion. No correlation between independent variables 
was detected (Table S1), and thus, we included all five independent 
variables in our analysis.

To test whether infestation with mites influences mate selection 
by female P. alleni (good genes hypotheses), we compared mite num-
bers in single males with mite numbers in amplectant males, using a 
GLM with Poisson link.

A Wilcoxon rank sum test was used to test if the mite number 
was significantly different between groups. We conducted all cal-
culations and analyses using R (R Core Team 2017). We used the 
package ggplot2 for visualization (Wickham & Chang, 2016).

|

|

In total, we examined 4,510 amphibians belonging to 48 species in 
1999–2000 (Rödel & Ernst, 2004) and 2,308 amphibians belong-
ing to 27 species in 2016–2017 (Table S2). For the first time period, 
captures comprise amphibians from transects and opportunistic 
searches, and for the second period, the numbers comprise tran-
sect data only. We exclusively observed mites in four species of 
the diverse leaf- litter frog genus Phrynobatrachus. The following 
analyses are therefore restricted to frogs of this genus and to the 
standardized data from transect walks. In total, 3,257 individuals 
of eight Phrynobatrachus species were examined for the presence 
of endoparasitic mites during both sampling periods (1999–2000: 
N = 1,512, 2016–2017: N = 1,745) (Table S3). Only four species, P. al-
leni (infested individuals: 106 females, 292 males and 30 juveniles), 
P. phyllophilus (6 females, 12 males and 9 juveniles), P. villiersi (7 fe-
males, 1 male and 7 juveniles), and P. plicatus (1 male) were para-
sitized (Table 1). The four species represent 94.47% of all examined
Phrynobatrachus specimens.

We found a significant difference in the number of infested 
individuals between species (Kruskal–Wallis χ2 = 45.503, df = 3, 
p = 0.001). The post hoc pairwise Wilcoxon rank sum test revealed 
significant differences between all species pairs, except between 
P. alleni and P. phyllophilus (Table S4). Concerning individuals, P. al-
leni was the most abundant species and comprised most individuals
recorded with mites (Table 1). However, the proportion of infested

Endoparasitic mites on Phrynobatrachus alleni, P. phyllophilus, P. villiersi, and P. plicatus from Taï National Park, Ivory Coast

%

N female N male N juvenile

P. phyllophilus 135 20.00 40 6 41 12 54 9

P. alleni 2,563 16.70 764 106 939 292 860 30

P. villiersi 201 7.46 52 7 64 1 85 7

P. plicatus 178 0.56 43 0 87 1 48 0

Note. Given are the number of recorded individuals per species (No.), the overall proportion of individuals infested with mites per species (%), and the 
number of recorded individuals with and without mites per sex and age.
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individuals was highest in P. phyllophilus (20%), followed by P. alleni 
(16.70%), P. villiersi (0.76%), and P. plicatus (0.56%; Table 1). Mites 
were most frequently recorded on the ventral side of thighs and ven-
tral region (belly) in infected individuals (Figure 1, Table 2).

|

We excluded P. plicatus from this analysis due to small sample size 
(Tables 1 and 2). In the remaining three species, factors influencing 
mite infestation differed. We only detected an effect of season (dry 
vs. wet) on mite infestation in P. phyllophilus. Here, the prevalence 
of infestation was higher in the wet season compared with the dry 
season (GLM, p = 0.021, Table 3, Figure 2). The prevalence of in-
festation in P. alleni was highest in wet primary forest (p = 0.001), 
higher in males than in females (p = 0.001), and higher in adults than 
juveniles (p = 0.001). Thus adult male P. alleni living in swampy pri-
mary areas had more mites than those in dry or secondary forest or 
females and juveniles (Table 3). In P. villiersi, we observed females 
carrying more mites than males (p = 0.044). However, sample size 
of that species was very small and no infested individuals were re-
corded during 2016–2017 (Table 1, Figure 4).

We compared the prevalence of mite infestations between the 
two study periods (1999–2000 and 2016–2017) and detected sig-
nificant differences in P. alleni and P. phyllophilus (GLM, p = 0.001, 
Table 3). The prevalence of mites was much lower in the more recent 
period (Figure 4). Similarly in P. villiersi and P. plicatus, the number of 
individuals was less during the second study period. During the first 
period, we only found 15 and 1 infested individuals, respectively. 
During the second period, we found no infested individual in these 
two species. However, here sample size was too small for a mean-
ingful test (differences in P. villiersi would be significant; Wilcoxon 
test, p = 0.0007).

|
mating success

We assessed prevalence of mite infestation of 161 individuals (83 
single males and 39 mating pairs) of Phrynobatrachus alleni (Table 4). 
Parasite numbers did not differ between single and amplectant males 
(GLM = 0.53; Figure 3a). We observed 1 to 23 mites in single males 

(mean ± SD: 5 ± 4) and 1 to 20 mites in amplectant males. Within 
mating pairs (N = 39), the number of mites differed significantly be-
tween males and females (GLM < 0.001, Figure 3b); females carrying 
fewer mites (mean ± SD: 4 ± 2; range: 1 to 8).

|

|

Parasitism of frogs by mites has been documented in all major bi-
omes, in which anurans are present (Alvarado- Rybak et al., 2018; 
Anthony et al., 1994; Attademo et al., 2012; Biolé et al., 2015; Diaz- 
Paez et al., 2016; Guerrero & And Yánez- Muñoz, 2018; Hatano, 
Gettinger, Van Sluys, & Rocha, 2007; Mertins, Torrence, & Sterner, 
2011; Quinzio & Goldberg, 2015; Sladky, Norton, & Loomis, 2000; 
Torrence, Smith, & McMurry, 2007; Wohltmann, Köhler, & Martin, 
2006). However, in Africa, frog mites have so far only been reported 
from West Africa (Bénin, Ghana, Ivory Coast, Liberia, Guinea, Sierra 
Leone; Spieler & Linsenmair, 1999; Wohltmann et al., 2007 and MOR 
unpub. data). Here, the mite Endotrombicula pillersi has been detected 
on frogs of two genera Phrynobatrachus (Phrynobatrachidae) and 
Odontobatrachus (Odontobatrachidae) (Wohltmann et al., 2007). Our 
study supports the importance of the mainly leaf- litter inhabiting 
frogs of the genus Phrynobatrachus as hosts of the endoparasitic mite 
genus Endotrombicula in West Africa. In a species- rich amphibian com-
munity, we detected E. pillersi in only four species: P. alleni, P. phyllo-
philus, P. villiersi, and P. plicatus. Spieler and Linsenmair (1999) studied 
E. pillersi in northern Ivory Coast on the savanna- dwelling P. francisci.
As they observed the mites in none of the other 33 anurans in that
community (Rödel, 2000; Rödel & Spieler, 2000), they concluded
that these mites are likely species- specific. This was questioned by
Wohltmann et al. (2007) who found no morphological difference be-
tween mites from one Odontobatrachus (reported as Petropedetes) and 
five Phrynobatrachus species, two (P. francisci, P. latifrons) from open
habitats, and three (P. alleni, P. plicatus, P. villiersi) from forest habitats. 
Wohltmann (2000) also showed for other Parasitengona that species- 
specific parasite–host associations are exceptional. So far trombiculid 
mites have been exclusively found infesting predominantly terrestrial
frogs. Mites were never detected infesting arboreal or aquatic spe-
cies (e.g., Guerrero & And Yánez- Muñoz, 2018; Spieler & Linsenmair,

F I G U R E  1 Phrynobatrachus alleni (a, 
b) and Phrynobatrachus phyllophilus (c,
d) males. These are the two frog species
which most often have been found with
endoparasitic mites, here visible as red
dots on the ventral side of thighs (b, c)(a)

(b)

(c) (d)
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Proportion of mites on different body regions of Phrynobatrachus alleni, P. phyllophilus, P. villiersi, and P. plicatus

Body region

P. alleni (N = 166) P. phyllophilus (N = 15) P. villiersi (N = 15)
P. plicatus 
(N = 1)

Mean Mean Mean

VLT 314 2.55 1–10 6 2 1–3 3 1 1 2

VRL 321 2.58 1–8 10 1.66 1–3 4 1 1 2

VeB 55 2.11 1–7 19 3.16 2–6 13 3.25 1–5 0

Fo 2 1 1 4 1.33 1–2 7 2.33 2–3 0

OtR 15 1.50 1–3 8 2 1–3 2 2 2 0

Notes. VLT: ventral left thigh; VRT: ventral right thigh; VeB: venter/belly; Fo: foot of hind legs; OtR: other region (forefoot, back).
Given are the number of examined frogs, the total number of mites, as well as the mean and range within species.

Summary of generalized 
linear modeling (GLM) results concerning 
the factors which influence the prevalence 
of mite infestation of Phrynobatrachus 
alleni, P. phyllophilus, and P. villiersi in Taï 
National Park, Côte d'Ivoire; the infection 
state was the dependent variable and “dry 
primary forest” was chosen as intercept

P. alleni P. phyllophilus P. villiersi

AIC 1759.2 125.94 91.69

Residual deviance 1743.2 111.94 75.69

SE Z p

P. alleni

 (Intercept) 0.169 < 0.001

Habitat: DSF 0.326 0.349 0.933 0.350

Habitat: WPF 0.964 0.135 7.114

Habitat: WSF 0.557 0.338 1.645 0.100

Sex: Male 0.782 0.132 5.904

Age: Juvenile 0.300

Period: 2016–2017 0.120

Season: Wet 0.129 0.087

P. phyllophilus

 (Intercept) 0.824 0.014

Habitat: DSF

Habitat: WPF 0.260 0.676 0.385 0.700

Habitat: WSF 1315.6 0.991

Sex: Male 0.475 0.537 0.885 0.376

Age: Juvenile 0.526 0.548

Period: 2016–2017 0.521

Season: Wet 1.547 0.674 2.295

P. villiersi

 (Intercept) 1.253 0.176

Habitat: DSF 1.551 17821.77 0.000 0.999

Habitat: WPF 1.293 1.090 1.185 0.235

Habitat: WSF 0.566 11896.32 0.000 1.000

Sex: Male 0.891

Age: Juvenile 1.733 0.910 1.904 0.057

Period: 2016–2017 1802.64 0.991

Season: Wet 0.8118 0.248

Notes. WPF: wet primary forest; WSF: wet secondary forest; DSF: dry secondary forest.
Given are the estimates, standard errors (SE), z values (Z), and p- values (p).
p- value in bold means statistically significant differences.
Formula used: State ~ Habitat + Sex + Age + Period + Season, family = binomial.
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1999; Wohltmann et al., 2006, 2007). We never observed mites on 
any other leaf- litter frogs including Bufonidae (Spieler & Linsenmair, 
1999 mention one infested toad), Arthroleptidae, or Ptychadenidae 

species, which share the habitat with infested Phrynobatrachus. At our 
study site, the mites seem to be specific to the genus Phrynobatrachus. 
However, not all Phrynobatrachus species were parasitized. Mites 
were detected on only four of eight species, with large variations in 
mite prevalence between species and individuals. According to Spieler 
and Linsenmair (1999), Wohltmann (2000), and Wohltmann et al. 
(2007), the mites need humid environmental conditions for repro-
duction, that is, successful oviposition and egg development. These 
conditions largely overlap with reproductive requirements of their 
host taxa (Ernst & Rödel, 2006; Kouamé, Tohé, Assemian, Gourène, 
& Rödel, 2018; Rödel & Ernst, 2002a). Differences in the prevalence 
of mite infestation thus may reflect different habitat preferences of 
the various species, as well as different habitat preferences of sexes 
or age stages. For instance, we observed highest mite prevalence in 
P. phyllophilus, followed by P. alleni. Phrynobatrachus phyllophilus and
male P. alleni occur almost exclusively in swampy areas (Kouamé, Tohé, 
Assemian, Gourène, & Rödel, 2008; Kouamé et al., 2018). Female P. al-
leni were much more often encountered in drier parts of the forest
than males and consequently carried significantly fewer mites than
males. Juveniles of this species are usually absent from swamps, and

Seasonal variation in 
activity and infestation state with mites 
in four Phrynobatrachus species (a: 
P. alleni; b: P. phyllophilus; c: P. villiersi;
d: P. plicatus) from Taï National Park;
show are the total number of recorded
frogs (P. alleni: N = 2563; P. phyllophilus:
N = 135; P. villiersi: N = 201; P. plicatus:
N = 178) with or without mites in the dry
(black bars) and wet season (gray bars).
Generally, more frogs were recorded
during the wet season. No significant
difference was observed between
mite infestation and season except in
P. phyllophilus (see text, Table 3)

Comparison of mite 
number per individual in single (N = 83) 
and amplectant males (N = 39, (a) and 
between males and females within mating 
pairs (N = 39, (b) of Phrynobatrachus alleni. 
Single and amplectant males did not differ 
in parasite load. In contrast, males carried 
significantly more mites than the females 
with which they mated (Wilcoxon rank 
sum test: p = 0.001). Bars give median 
(dark line), 25%–75% quartile range (box), 
non-outlier range (vertical lines), and 
outliers (black dots)

Comparison of prevalence of mite infestation on 
four Phrynobatrachus species (n = 3077) across two time periods 
(1999–2000 and 2016–2017): P. alleni (black round), P. phyllophilus 
(dark gray triangle), P. plicatus (light gray square), and P. villiersi (light 
gray cross). Mite prevalence declined over the years in all species; 
sample size in P. plicatus was only one, however
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we detected no mites on them. Likewise, Phrynobatrachus plicatus was 
frequently recorded outside of swamps. Phrynobatrachus phyllophilus 
lives almost permanently in swamps and also boasts the highest mites’ 
infestation prevalence. Mite prevalence in this species was also higher 
in the wet compared with the dry season, underlining the correlation 
between humidity and mite parasitism.

Higher mite prevalence in male frogs compared with females and 
adults compared with juveniles was also reported by Quinzio and 
Goldberg (2015), Anthony et al. (1994), Moore and Wilson (2002), 
Klein (2004), and Biolé et al. (2015). Several studies observed verte-
brate males being more parasitized than females and attributed the 
higher parasite numbers to larger home ranges or higher testoster-
one level of males. This potentially put them in contact with more 
parasites or lowers their resistance to parasite infestation, respec-
tively (Anthony et al., 1994; Sheridan, Poulin, Ward, & Zuk, 2000). 
Although we have no data to exclude these non- mutually exclusive 
explanations, we showed that mite numbers in TNP can be parsi-
moniously explained by species, sex and age- dependent preferences 
of variably humid habitats. However, it is possible that within these 
habitats, testosterone driven higher activity of reproductive male 
frogs, further increases their likelihood of contact with mite larvae.

Two of the Phrynobatrachus species, in which mites were never 
observed, P. tokba and P. guineensis, support our interpretation that 
mite infestation is related to high humidity of the soil. Due to their 
reproductive biology, these two frog species are restricted to drier 
parts of the forest; P. tokba has terrestrial egg deposition with non- 
feeding, non- hatching tadpoles (Rödel & Ernst, 2002b), and P. guineen-
sis reproduces in water- filled tree holes (Rödel, Rudolf, Frohschammer, 
& Linsenmair, 2004). We cannot, however, explain why the swamp- 
dwelling P. villiersi had comparatively few mites. Maybe with a body 
size of below 15 mm (Guibé, 1959; Rödel & Ernst, 2002a), it is simply 
too small to be an ideal host. This argument is backed by our observa-
tion that female P. villiersi (mean body length 13.9 mm), which are larger 
than the males (mean body length 11.4 mm; Rödel & Ernst, 2002a), 
showed higher infestation prevalence compared with males. The 

absence of mites in P. gutturosus, a species which we usually encoun-
tered in swampy parts of TNP, might be due to the small sample size 
(Table S3). Phrynobatrachus liberiensis, a large- bodied Phrynobatrachus 
(Guibé & Lamotte, 1958; Kpan et al., 2018), and very abundant along 
small rivers in swamps (Kouamé et al., 2018; Kpan et al., 2018), was 
never observed being parasitized by mites. So far this lack of parasitic 
mites lacks a convincing explanation. We have no evidence for phylog-
eny playing any role in the patterns of mite parasitism, that is, parasit-
ized and non- parasitized species show up in various Phrynobatrachus 
lineages present in TNP (Figure S2). The presence of Endotrombicula 
mites in Odontobatrachus (Wohltmann et al., 2007), being unrelated 
to Phrynobatrachus (Barej et al., 2014), but which live in very moist 
habitats, torrent streams, and waterfalls (Barej et al., 2015), provides 
further support for the role of habitat preferences in the prevalence 
of mite infestation over phylogeny. Interestingly, Endotrombicula mites 
have so far not been reported from any African Ptychadena species 
(Ptychadenidae), although they parasitize these frogs in Madagascar 
(Wohltmann et al., 2007). In contrast to the TNP Ptychadena, which 
are found close to water only when breeding, the Malagasy host 
species is more or less permanently living in and around rice pad-
dies (Glaw & Vences, 2007; Ndriantsoa, Riemann, Raminosoa, Rödel, 
& Glos, 2017). The intrusion of the mite larvae and the formation of 
endodermal cysts require specific adaptations of the mites to the 
morphology and immune system of the respective hosts. How minor 
changes in the hosts’ immune system, or skin morphology, may favor 
or prevent embedding of the parasites is so far, unknown, but may 
disturb phylogenetic analyses.

We detected most mites on the ventral sides of the thighs and the 
belly, as it was also reported by Quinzio and Goldberg (2015), Spieler 
and Linsenmair (1999), and Biolé et al. (2015). Only one study found that 
the dorsal faces of legs and flanks carried high mite numbers (Hatano 
et al., 2007). The number of mites on ventral surfaces, in particular, the 
thighs and around the cloaca, can be explained by the fact that these 
regions are most often in contact with the leaf- litter, where the unfed, 
host- searching larvae of the mites occur (Wohltmann, 2000). The ac-
tive, predatory, postlarval deutonymph and adults of Trombiculidae are 
usually living in the soil, and soil structure seems to influence species- 
specific occurrences (Daniel, 1965). The differences in the prevalence 
of mite infestation between species with different habitat preferences, 
as well as the intraspecific differences in mite numbers between sexes, 
age class, and position on frogs’ bodies, suggest that mites need high 
humidity. Whereas the host- searching larvae seem to be less sensitive 
to humidity and the encysted, parasitic larvae are protected from desic-
cation, the mites’ eggs depend on high humidity to develop and survive 
(Nadchatram, 2006; Wohltmann, 2000). As the activity range of host- 
searching mite larvae is likely rather limited, parasite- host interactions 
most plausibly will occur close to the humid areas which ensure suc-
cessful egg development. Changes in parasite prevalence thus could 
reflect changes in habitats, in particular, changes in humidity. Recently 
Kühl et al. (2012) reported the effects of localized climate change on 
chimpanzees from our study area, the Taï National Park. We thus as-
sumed that climate change may have likewise affected frogs and/or 
their parasites, and indeed, we found that mite numbers significantly 

Summary of generalized linear modeling (GLM) results 
comparing the prevalence of mite infestation in females versus 
male Phrynobatrachus alleni within mated pairs and between single 
and paired males of this species (compare Figure 3), we performed 
the GLM with Poisson link

SE Z p

Paired (male vs. female)

 (Intercept) 0.4806 0.1147 4.190 <0.001

Sexmale 1.0020 0.1341 7.471 <0.001

Male (paired vs. single)

 (Intercept) 1.48257 0.06950 21.331 0.001

StateSingle 0.08499 0.539

Notes. Sexmale = males, StateSingle= non- mated males; Intercept fe-
males and mated pairs, respectively.
Given are the estimates, standard errors (SE), z values (Z), and p- values 
(p).
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decreased in P. alleni and P. phyllophilus from 1999–2000 to 2016–2017. 
In the other two species, a decline of mites was likewise observed, al-
though not tested due to the small sample size. Thus the decrease in 
mites’ infestation over time potentially is mirroring the decrease in rain-
fall in that area (Coulibaly, Coulibaly, Mpakama, & Savané, 2018).

|
mating success

Throughout various taxonomic groups, mating success and par-
asite numbers of the chosen partner have shown either posi-
tive (Beltran- Bech & Richard, 2014; Dass et al., 2011; Pfennig & 
Tinsley, 2002) or negative correlation (Beltran- Bech & Richard, 
2014; Kennedy, Endler, Poynton, & McMinn, 1987; Møller, 1991). 
The preference of parasite- free males has been explained by fe-
males choosing “healthy” males with strong immune systems 
(Andersson & Simmons, 2006; Beltran- Bech & Richard, 2014), 
whereas the preference of parasitized males has been explained 
with the “handicap” principle. A parasitized male still being com-
petitive for mating must be exceptionally strong and thus hav-
ing “good genes” (Dass et al., 2011; Pfennig & Tinsley, 2002). We 
tested for a correlation of mating success (defined as a male being 
in amplexus with a female; neither spawning nor fertilization rate 
was assessed) with the prevalence of parasite infestation in male 
P. alleni. We assumed that females would either prefer males with
no or few mites (strong resistance to parasites) or males with high
mite infestation, as this could be an indication for their long preva-
lence in the swamps and thus longer participation in mating activi-
ties (Pfennig & Tinsley, 2002). However, we could not detect any
differences between mated and non- mated males. In contrast, the
number of mites in amplectant and single males was always higher
than in females. This again supports the observation that males
usually live longer in very humid conditions, thereby accumulat-
ing more mites, whereas females enter the swamps for reproduc-
tion only. Presumably, mites have little effect on the fitness of
these frogs and thus are of no importance for female mate choice.
Spieler and Linsenmair (1999) indeed showed that only very high
mite numbers, more than 100 per host, could cause pathological
effects, such as necrosis or rectal prolapsus. We never observed
such high numbers on our frogs. This implies that mites are usu-
ally no serious problem for frogs living under natural conditions in
TNP. However, we do not know whether the mites may serve as
vectors for other pathogens, as another trombiculid species reput-
edly causes pathological effects (Alvarado- Rybak et al., 2018).

|

In summary, Endotrombicula pillersi exclusively parasitize 
Phrynobatrachus species in TNP. Out of eight Phrynobatrachus 
species regularly encountered in TNP, only four species (P. alleni, 
P. phyllophilus, P. villiersi, and P. plicatus) were infested with mites.
Other frog species which shared the habitat with the infested

Phrynobatrachus species never carried mites. The mites thus exhibit 
some specificity, at least on the genus level of their hosts. The ab-
sence of mites in half of the Phrynobatrachus species tested and the 
higher mite prevalence in particular species of different genetic lin-
eages (P. phyllophilus, followed by P.  alleni), sex (male vs. female in 
P. alleni), and age (adult versus juvenile in P. alleni), as well as season
(wet vs. dry season in P. phyllophilus) indicates that mite prevalence
describes species- , sex- , and age- dependent habitat use of these
leaf- litter frogs and does not show an apparent phylogenetic signal.
Moreover, the sharp decrease in mite prevalence over time might
be a warning signal of potential climate change, hinting at increasing
drier conditions in the rain forests of western Ivory Coast. However, 
this needs to be confirmed in further studies.
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APPENDIX 1

Phrynobatrachus voucher specimens, examined for morphological and genetic comparison (in italic: no voucher collected,

tissue sample only). 

Phrynobatrachus intermedius: ZMB 71538 (holotype, ANK28, GB: FJ 415751, adult female), primary forest near stream, 

partly swampy, Ankasa Conservation Area, Ghana, 05°16.642’N, 02°38.253’W, 2 April 2007, coll. C.O. Boateng & A. Hillers; 

ZMB 71539 (paratype, ANK30, GB: FJ415752, subadult female), other data same as ZMB 71538.

Phrynobatrachus liberiensis: Ghana: ZMB 70725 (ANK68, GB: FJ415754, EU718725, juvenile), and ZMB 70726 (ANK69, 

juvenile), Ankasa Conservation Area, 05°15.714'N, 02°38.703'W, primary forest with brook and swampy area, with Raphia 

palms, 8 August 2005, coll. A.C. Agyei & A. Hillers; MOR ANK127 (GB: FJ415755), Ankasa Conservation Area,

05°16.642'N, 02°38.253'W, primary forest near stream, partly swampy, 2 April 2007, C.O. Boateng & A. Hillers; ZMB 70727–

70729 (MOR KAK77, GB: FJ415756, adult female; KAK79, GB: FJ415757, adult female; KAK81, GB: FJ415758, adult 

male), Kakum National Park, 05°26.819'N, 01°24.873'W, forest with swampy area and stream, 10 & 11 August 2005, coll. A.C. 

Agyei & A. Hillers; MOR KAK50 (GB: FJ415759) & KAK80 (GB: FJ415760), Kakum National Park, 05°21.208'N,

01°22.875'W & 05°26.819'N, 01°24.873'W, near stream within primary forest, 12 August 2005, coll. A.C. Agyei & A. Hillers; 

ZMB 71559 (MOR DRR0308, adult female), Draw River, 05°09' 41.95"N, 02°23' 31.16"W, 23 October 2003, coll. A.C. Agyei 

& R. Ernst; Ivory Coast: ZMB 71563 (MOR B03.7, adult female), Banco National Park, 05°23.104'N, 04°03.072'W, swampy 

forest, 4 September 2003, coll. M.-O. Rödel, E.N. Assemian, B. Tohé & N.G. Kouamé; ZMB 71558 (adult female), May 2002, 

other data same as ZMB 71563; ZMB 86966–86991(KT1–26) (ZMB= GB; males: ZMB 86966–86976, ZMB 86966= 

MG209127, ZMB 86981= MG209132, ZMB 86990= MG209135; females: ZMB 86977–86991, ZMB 86972= MG209128, 

ZMB 86974= MG209129, ZMB 86975= MG209130, ZMB 86977= 209131, ZMB 86984= MG209133, ZMB 86987= 

MG209134), Banco National Park, 05°23.233'N, 04°03.298'W, 44 m asl, swampy forest, 6 August – 3 October 2014, coll. N.G. 

Kouamé & B. Tohé; ZMB 71557 (adult male), Taï National Park, 05°50.003’N, 07°20.536’W, SRET station, swampy primary 

forest, coll. M.-O. Rödel; T4, (GB: FJ415753) & T5 (GB: GU457561), Taï National Park, 05°50.003’N, 007°20.536’W,

primary rain forest, 30 May 2000, coll. R. Ernst & M.-O. Rödel; Guinea: ZMB 80515 (JP7-168, adult female), Simandou 

Forest Foko, 08°29.789’, 08°54.956’, primary forest, some distance from river, 19 September 2008, coll. C. Brede, M.A. 

Bangoura & J. Doumbia; ZMB 80518 (JP7-190, adult female), Simandou Forest Foko, 08°29.554’, 08°54.445’, primary forest, 

small river with cascades, 18 September 2008, coll. C. Brede, M.A. Bangoura & J. Doumbia; ZMB 71561–71562 (MOR 242; 

MOR 470, adult females), Pic de Fon / Simandou range, Foma and Banko villages, forest, 19 August & 3 October 2004, coll. 

M.A. Bangoura & K. Kamara; ZMB 71554–71555 (FO59, adult female; FO60, subadult), Simandou range, 08°31.499'N, 

08°56.20'W, secondary and primary forest, app. 6 km from Banko, app. 1.5 km within forest reserve, 650 m asl., 2 December 

2002, coll. M.A. Bangoura & M.-O. Rödel; ZMB 71552–71553 (GU102-103, adult females), Diécké Classified Forest, 

07°35'49.7''N, 08°12.02.9''W, primary forest, 21–23 November 2003, coll. M.A. Bangoura & M.-O. Rödel; ZMB 80511–80512 

(GU71, subadult; GU72, young female), Diécké Classified Forest, 07°35'46.9''N, 08°52.182.8''W, primary forest, 454 m asl, 

21–23 November 2003, coll. M.A. Bangoura & M.-O. Rödel; ZMB 71556 (MOR GU267, subadult female), Mont Béro 

Classified Forest, 08°08'37.0''N, 08°33'17.7''W, swamp in degraded forest, 5 December 2003, coll. M.A. Bangoura & M.-O. 

Rödel; ZMB 71551 (GU33, subadult), Déré Classified Forest, 07°36'13.2''N, 08°12'42.3'' W, secondary forest, 444 m, 17 

November 2003, coll. M.A. Bangoura & M.-O. Rödel; ZMB 80516–80517 (JP7-131, JP7-132), adult females, Ziama, 

Massadou, 08°21.237’’N, 09°26.504’’W, primary forest, very small, slow river, sand and rocks, 24 September 2009, coll. C. 

Brede, A. Bangoura & J. Doumbia; ZMB 73818 (MTN68, adult male), Nimba mountains, 07°40.975’N, 08°23.006’W, small 

gallery forest, 10 May 2006, coll. N.-S. Loua & A. Hillers; MTN 130 (GB: GU457560), male, Nimba Mountains, 07°38.390'N,

08°30.337'W, 18.5.2006, Forest Bossou, partly swampy area, 18 May 2006, coll. N.-S. Loua & A. Hillers; ZMB 73819 

(MTN199, adult male), Nimba mountains, 07°38.390’N, 08°30.337’W, Forest Bossou, partly swampy forest, 18 May 2006, 

coll. N.-S. Loua & A. Hillers; Liberia: ZMB 73768 (GO41, GB: GU457562, adult male), Gola National Forest, 07°27.352’N, 

10°41.483’W, valley within forest with small brook, partly swampy area and forest around, partly on hill, 30 November 2005, 

coll. A. Hillers; ZMB 73767 (WOL50 GB: FJ415761), adult female, North Lorma National Forest, 08°01.434'N, 09°44.414'W, 

primary forest with slightly swampy area and creek, near river, 21 November 2005, A. Hillers; ZMB 73769 (GRE13, adult 

female), and ZMB 73770 (GRE53, subadult), Grebo National Forest, 05°24.358’N, 07°44.106’W, swampy area in forest with 

small stream, many gaps, 8 December 2005, coll. A. Hillers; MOR GRE6 (GB: FJ415762), Grebo National Forest,

05°24.358’N, 07°44.106’W, swampy area in forest with small stream, with many treefall gaps and lianas, 8 December 2005,

coll. A. Hillers; Sierra Leone: ZMB 71560 (MOR LOM105, GB: FJ415763), adult female, Loma Mountains, 09º13.424'N, 

11º09.511'W, primary forest around sandy, rocky stream, soil very sandy, only thin leaf litter layer, 749 m, 3 July 2007, coll. J. 

Johnny & A. Hillers; MOR GOL34 (GB: FJ415764), Gola North Forest Reserve, 07°34.869'N, 11°01.012'W, primary forest 

near stream, with rocks, dry forest as well as lightly swampy area, 15 September 2005, coll. A. Barrie & A. Hillers; ZMB 80521 

(GS192), adult male, tip of thumb divided to heart-shaped disc, Gola Forest; Extension 2, 07°50.271’N, 10°38.585’, swampy, 

disturbed forest, 10 March 2009, coll. A. Hillers; NIM40 (GB: FJ415765, male), Nimini North Forest Reserve, 08°29.554'N,

11°12.385'W, swampy area near stream, bamboo, 21 September 2005, coll. A. Barrie & A. Hillers; ZMB 73821 (JP0151, GB: 

FJ415766, subadult), Nimini Forest Reserve, 08º29.556'N, 11º09.558'W, swampy area and small stream in forest with many 

palm trees and ferns, 487 m, 9 June 2007, coll. J. Johnny & A. Hillers. 
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Follow the forest: Slow resilience of West African rainforest frog assemblages after 

selective logging. 

 

Kpan, T.F., Ernst, R., Rödel, M.-O. (2021). Follow the forest: Slow resilience of West African 

rainforest frog assemblages after selective logging. Forest Ecology and Management 497, 

119489. https://doi.org/10.1016/j.foreco.2021.119489. Published 10 July 2021 
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Appendix: Supplementary information 
 
Fig. S1. Variation of environmental parameters in different forest types (6 pristine forest 

transects and 4 secondary forest transects) across assessment periods. P1 = initial assessment 

period, 30 years after selective logging; P2 = re-assessment period, 45 years after selective 

logging (green boxplots = P1, orange boxplots = P2). Asterisk indicate significant differences 

(*= p ≤ 0.05; **= p ≤ 0.01; ***= p ≤ 0.001; ****= p ≤ 0.0001) between the two assessment 

periods (Mann-Whitney-U tests and Student’s t-test). 

 

Fig. S2. Variation of breeding sites in different forest types (a: 6 pristine forest transects; b: 4 

secondary forest transects) across two assessment periods. P1 = initial assessment period, 30 

years after selective logging; P2 = re-assessment period, 45 years after selective logging (green 

boxplots = P1, orange boxplots = P2). Given are lentic and lotic breeding sites, as well as pooled 

data (combining both lentic and lotic breeding sites). Asterisk indicate significant differences 

(*= p ≤ 0.05; **= p ≤ 0.01; ***= p ≤ 0.001; ****= p ≤ 0.0001) between the two assessment 

periods (Mann-Whitney-U tests and Student’s t-test). 
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Table S1 

Environmental parameters recorded on transects in the Taï National Park. Given are code, 

variables, categories or units and scale. *= Variables used in the model after checking for 

multicollinearity.  

N
° 

Variable Categories / unit Scale 

1 Substrat Type* 1 = Forest soil; Categorical 

2 = Arenaceous forest soil; 

3 = Loamy soil; 

4 = Arenaceous soil; 

5 = Sabulose soil; 

6 = Muddy soil; 

7 = Swampy soil 

2 Leaf Litter coverage* 1 = 0-20 %; Categorical 

2 = 21-40 %; 

3 = 41-60%; 

4 = 61-80%; 

5 = 81-100% 

3 Understory Stratum 1 = Open; Categorical 

4 Bush and Shrub Stratum* 1.5-2.5-3.5= Transition; 

5 Lower Tree Stratum*  2 = Gaps predominating; 

6 Canopy Stratum* 3 = Closed areas predominating; 

7 Number of Small Trees* dbh < 20 cm Continous 

8 Number of Large Trees* dbh ≥ 20 cm Continous 

9 Lotic Water * 0 = Absence Categorical 

10 Lentic Water * 1 = Presence 
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Table S2 

Summary of number of trees in different categories in the different forest transect across 

assessment periods of Taï National Park. T = transect, P1 = initial assessment period, P2 = re-

assessment period, n = number of trees, Pooled = summed up data of either old growth or 

secondary forest transects, respectively.  

    

Small trees 
  

Large trees 
(< 20 cm dbh, n = 20,845) (≥ 20 cm dbh, n = 1386) 

Forest  P1 P2  P1 P2 
(n = 12,895) (n = 7950) (n = 313) (n = 1073) 

Old growth Pooled 4554 5130  135 700 
T1 585 596  16 78 
T2 666 939  27 89 
T3 758 1011  29 147 
T4 801 777  24 222 
T5 815 857  19 84 
T6 929 950  20 80 

Secondary Pooled 8341 2820  178 373 
T7 2755 970  37 104 
T8 1887 659  43 103 
T9 2192 549  42 90 
T10 1507 642   56 76 
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Table S3  

Composition and relative abundances (individual/transect walk) of frogs recorded during two assessment periods (P1 = initial assessment period, P2 

= re-assessment period) in the Taï National Park in two different forest types (secondary and old growth). Given are species’ general habitat preferences 

(in leaf litter, aquatic or arboreal; being forest generalist = FG, or forest specialist = FS) according to Rödel and Ernst (2004), Ernst and Rödel (2006, 

2008), and Ofori-Boateng et al. (2013), and the results of Mann-Whitney-U tests calculated between P1 vs. P2. a = species were detected on a single 

occasion on transect with only one specimen. In brackets we provide species codes as used in Fig. 4. Numbers in bold represent taxa whose relative 

abundances were significantly different between P1 and P2. 

        Secondary   Old growth 

Family  Taxa (code) Basic 
Habitat 

Habitat 
preferences P1 P2 p-value   P1 P2 p-value 

Arthroleptidae Arthroleptis spp. (Art.spp) Leaf litter FG 6.83 6.82 1  6.67 4.48 0.09  
Astylosternus occidentalis (As.occ) Leaf litter FG 0.01 0.02 0.50  0 0.01 0.07  
Cardioglossa occidentalis (C.occi) Leaf litter FS 0.16 0.24 0.64  1.55 1.57 0.38  
Leptopelis macrotis (L.macr) Arboreal FS 0.01 0 0.45  0.16 0.06 0.86  
Leptopelis occidentalis (L.occi) Arboreal FS 0.09 0.63 0.02  1.20 1.10 0.38  
Leptopelis spiritusnoctis (L.spir) Arboreal FS 0.34 1.32 0.03  1.93 1.24 0.47 

Bufonidae Sclerophrys togoensis (S.togo) Leaf litter FS 0.05 0.04 0.47  0.07 0.14 0.06 
Hyperoliidae Afrixalus dorsalis (A.dors) Arboreal FG 0.06 0.02 1  0 0 - 

 Afrixalus nigeriensis (A.nige) Arboreal FS 0.08 0.08 0.30  0.60 0.62 0.94  
Hyperolius chlorosteus (H.chlo) Arboreal FS 0.01 0 0.18  0.72 0 0.01  
Hyperolius concolora (H.conc) Arboreal FG 0 0 -  0.02 0 0.40 
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Hyperolius fusciventris (H.fusc) Arboreal FG 0 0 -  0.03 0.25 0.60  
Hyperolius picturatus (H.pict) Arboreal FG 0 0.01 0.45  0 0 -  
Hyperolius sylvaticus (H.sylv) Arboreal FG 0.05 0.01 0.36  0.67 0.02 0.02  
Hyperolius zonatus (H.zona) Arboreal FS 0 0.01 0.18  0.05 0.14 0.23  
Kassina lamottei (K.lamo) Leaf litter FS 0 0.11 0.45  0.08 0.21 0.75 

Pipidae Xenopus tropicalisa (X.trop) Aquatic FG 0 0   0.01 0 0.75 
Phrynobatrachidae Phrynobatrachus alleni (P.alle) Leaf litter FS 0.30 0.60 0.11  2.66 3.71 0.01 

 Phrynobatrachus annulatusa (P.annu) Leaf litter FS 0 0 -  0.02 0 0.4 

 Phrynobatrachus fraterculus (P.frat) Leaf litter FG 0.01 0 0.45  0 0 -  

Phrynobatrachus guineensis (P.guin) Leaf litter, 
arboreal FS 0 0.48 0.02  0.16 0.23 0.1 

 
Phrynobatrachus gutturosus (P.gutt) Leaf litter FS 0 0 -  0.15 0.03 0.34  
Phrynobatrachus latifronsa (P.lati) Leaf litter FG 0.01 0 0.45  0 0 -  
Phrynobatrachus liberiensis (P.libe) Leaf litter FS 2.27 1.93 0.25  2.21 3.83 0.01  
Phrynobatrachus phyllophilus (P.phyl) Leaf litter FS 0.08 0.06 0.64  0.82 0.47 0.81  
Phrynobatrachus plicatus (P.plic) Leaf litter FS 0.05 0.33 0.02  0.58 1.02 0.01  
Phrynobatrachus tokba (P.tokb) Leaf litter FG 8.67 6.76 0.06  0.42 0.52 0.52  
Phrynobatrachus villiersi (P.vill) Leaf litter FS 0.20 0.31 0.46  0.82 2.12 0.02 

Ptychadenidae Ptychadena aff. aequiplicata (Pt.aeq) Leaf litter FS 0.01 0.12 0.02  0.17 0.24 0.17  
Ptychadena longirostrisa (Pt.lon) Leaf litter FG 0.01 0 1  0 0 - 

Pyxicephalidae Aubria subsigillataa (A.subs) Aquatic FS 0 0 -  0.02 0 1 
Ranidae Amnirana albolabris (A.albo) Leaf litter FG 0.05 0.08 0.30  0.06 0.14 0.06 
Rhacophoridae Chiromantis rufescens (C.rufe) Arboreal FG 0 0.03 0.19   0.04 0 0.46 
  Average relative abundance total   19.3 20.0     21.8 22.2   
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442. https://doi.org/10.1111/btp.12649.  Published 15 April 2019 

 

 

 

 

 

 

 

 

 

73



SUPPORTING INFORMATION 

 

Prevalence of endoparasitic mites on four West African leaf-litter frogs 

depends on habitat humidity  

 

Tokouaho Flora Kpan1,2,3, Raffael Ernst4, Philippe K. Kouassi5, and Mark-Oliver 

Rödel1,3,6 

 

1Museum für Naturkunde – Leibniz Institute for Evolution and Biodiversity Science, 

Invalidenstrasse 43, 10115 Berlin, Germany 

2Centre Suisse de Recherche Scientifique, Adiopodoumé, km 17, route de Dabou, 01 BP 

1303 Abidjan 01, Abidjan, Côte d´Ivoire 

3Berlin-Brandenburg Institute of Advanced Biodiversity Research – BBIB, Altensteinstr. 34, 

14195 Berlin, Germany 

4Museum of Zoology Senckenberg Natural History Collections Dresden, Königsbrücker 

Landstrasse 159, 01109 Dresden, Germany 

5U.F.R Biosciences, Laboratory of Zoology, University Félix Houphoüet-Boigny of Cocody, 

01 BP V34 Abidjan 01, Abidjan, Côte d’Ivoire 

 
Received 13 September 2018; revision accepted 26 February 2019.  

6Corresponding author; e-mail: mo.roedel@mfn.berlin 

 

 

74



 

FIGURE S1. The study area, Taï National Park, and its position in western-central Ivory 

Coast (inset figure); given are the locations of transects in primary (red; T 1-6) and secondary 

(yellow, T 7-10) forest; SRET= field station. Map based on source provided by the Office 

Ivoirien des Parcs et Réserves (OIPR).
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FIGURE S2. Bayesian phylogram of twelve Phrynobatrachus species living in Taï National 

Park, Ivory Coast (TNP; see Rödel & Ernst 2004), based on mitochondrial 12S rRNA data; 

modified after Zimkus et al. (2010). Eight of the twelve species have been recorded in 

different transects within this study. In order to check if phylogeny may influence the pattern 

of parasitized and non-parasitized species, we plotted mite infections (yes: coloured 

background; no: no colour background; and preferred forest habitat (wet: blue lines; dry: 

orange lines; dashed line: in dry and wet habitats) on the tree. Species with dark green 

background were infested by mite in TNP, whereas light green indicates a species which we 

found with mites only outside of TNP. Infested species appear in different lineages, and all 

share wet living conditions. 
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TABLE S1. Summary of the Variance Inflation Factors (VIF) results from all independent 

variables testing for collinearity.  

Independant 

variables 
Habitat Sex Age Period Season 

P. alleni      

VIF 1.06 1.05 1.01 1.00 1.01 

P. phyllophilus      

VIF 1.23 1.16 1.07 1.21 1.24 

P. villiersi      

VIF 1.01 2.28 2.40 1.00 1.14 

No correlation was observed between the independent variables (VIF < 3.0). 
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TABLE S2. List of 48 amphibian species and specimens examined for the presence of 

endoparasitic mites during two time periods (1999–2000 and 2016–2017) in Taï National 

Park (TNP), Ivory Coast.  

Taxa 1999–2000 2016–2017 Habitat 

Gymnophiona 

Dermophiidae 

Geotrypetes seraphini 2 0 fossorial 

Anura 

Arthroleptidae 

Arthroleptis sp. 1 1256 231 leaf litter 

Arthroleptis sp. 2 891 51 leaf litter 

Astylosternus occidentalis 2 5 leaf litter 

Cardioglossa occidentalis 51 59 leaf litter 

Leptopelis occidentalis 11 11 arboreal 

Leptopelis spiritusnoctis 9 30 arboreal 

Leptopelis macrotis 1 1 arboreal 

Bufonidae 

Sclerophrys chevalieri 1 0 leaf litter 

Sclerophrys maculata 1 0 leaf litter 

Sclerophrys regularis 1 0 leaf litter 

Sclerophrys taiensis 2 0 leaf litter 

Sclerophrys togoensis 42 49 leaf litter 

Dicroclossidae 

Hoplobatrachus occipitalis 1 0 aquatic 

Hemisotidae 

Hemisus cf. marmoratus 4 0 fossorial 

Hyperoliidae 

Acanthixaclus sonjae 17 0 aquatic/arboreal 

Afrixalus dorsalis 3 6 arboreal 

Afrixalus nigeriensis 10 12 arboreal 

Afrixalus vibekensis 9 0 arboreal 

Hyperolius chlorosteus 4 1 arboreal 
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Hyperolius concolor 3 0 arboreal 

Hyperolius fusciventris 4 21 arboreal 

Hyperolius nienokouensis 5 0 arboreal 

Hyperolius picturatus 1 2 arboreal 

Hyperolius sylvaticus 6 3 arboreal 

Hyperolius zonatus 5 5 arboreal 

Kassina lamottei 26 11 leaf litter 

Phlyctimantis boulengeri 8 0 arboreal 

Phrynobatrachidae 

Phrynobatrachus alleni 1280 1283 leaf litter 

Phrynobatrachus annulatus 5 0 leaf litter 

Phrynobatrachus fraterculus 3 0 leaf litter 

Phrynobatrachus guineensis 241 46 leaf litter 

Phrynobatrachus gutturosus 25 9 leaf litter 

Phrynobatrachus latifrons 4 0 leaf litter 

Phrynobatrachus liberiensis 80 106 leaf litter 

Phrynobatrachus plicatus 120 114 leaf litter 

Phrynobatrachus phyllophilus 72 85 leaf litter 

Phrynobatrachus tokba 10 19 leaf litter 

Phrynobatrachus villiersis 181 83 leaf litter 

Pipidae 

Xenopus tropicalis 13 0 aquatic 

Ptychadenidae 

Ptychadena aequiplicata 51 21 leaf litter 

Ptychadena bibroni 2 0 leaf litter 

Ptychadena longirostris 1 0 leaf litter 

Ptychadena pumilio 2 0 leaf litter 

Ranidae 

Amnirana albolabris 21 39 leaf litter 

Amnirana occidentalis 3 0 leaf litter 

Aubria subsigillata 6 1 aquatic 

Rhacophoridae 

Chiromantis rufescens 14 4 arboreal 

Total 4510 2308 
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The numbers for the first time period comprise specimens captured on transects plus 

additional, opportunistic records; the numbers for the second time period comprises captures 

on transects only; given are species names and numbers of individuals; time period and part 

of the habitat were the species usually occurs (in the soil, in water, leaf litter dwelling or 

arboreal). In addition to these species Hyperolius guttulatus, H. lamtoensis, H. soror, Kassina 

cochranae, Phrynobatrachus calcaratus, P. taiensis, Ptychadena mascareniensis, P. 

superciliaris, and P. sp. have been recorded from TNP (Rödel & Ernst 2004 and unpubl. data 

of the authors), however, not from the study site. With the exception of P. taiensis (only type 

series known) single vouchers of these species have been examined for mites. No mites were 

detected.  
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TABLE S3. The eight Phrynobatrachus species recorded and examined for infestation with 

endoparasitic mites during 1999–2000 and 2016–2017 on different forest transects (N = 10: 

six in primary forest and four in secondary forest) of Taï National Park, Ivory Coast.  

Species 

Total number of 

individuals 

Number of infested 

individuals  

1999–2000 2016–2017 1999–2000 2016–2017 

P. alleni Parker, 1936 1280 1283 228 200 

P. guineensis Guibé & Lamotte, 1962 0 46 0 0

P. gutturosus (Chabanaud, 1921) 0 9 0 0

P. liberiensis (Barbour & Loveridge, 1927) 0 106 0 0

P. phyllophilus Rödel & Ernst, 2002 50 85 17 10

P. plicatus (Günther, 1858) 64 114 1 0

P. tokba (Chabanaud, 1921) 0 19 0 0

P. villiersi Guibé, 1959 118 83 15 0

Total # 1512 1745 261 210 

Given are names and recorded individuals per species and time period, as well as numbers of 

infested individuals per species and period. 
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TABLE S4. Post-hoc pairwise Wilcoxon rank sum tests on the differences in the infestation 

with mite between four infested Phrynobatrachus species. 

  P. alleni P. phyllophilus P. villiersi 

P. phyllophilus 0.318 - - 

P. villiersi 0.001 0.001 - 

P. plicatus 0.001 0.001 0.001 

Significant P-values (< 0.05) marked in bold. 
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underlying doctorate regulations are known to me, the work corresponds to the principles of 

the Humboldt University in Berlin to ensure good scientific practice.  

This work did not exist in the same or similar form to any examining authority.  

 

Hiermit versichere ich, dass ich die vorliegende Arbeit selbstst ̈andig verfasst und keine an- 

deren als die angegebenen Hilfsmittel benutzt habe. Die Stellen der Arbeit, die anderen 

Werken w ̈ortlich oder inhaltlich entnommen sind, wurden durch entsprechende Angaben der 

Quellen ken- ntlich gemacht. Die zugrunde liegende Promotionsordnung ist mir bekannt, die 

Arbeit entspricht den Grunds ̈atzen der Humboldt-Universit ̈at zu Berlin zur Sicherung guter 

wissenschaftlicher Praxis.  

Diese Arbeit hat in gleicher oder ̈ahnlicher Form noch keiner 

Pru ̈fungsbeh ̈orde vorgelegen.  
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