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ANNOTATION 

 

The thesis explores the effects of ecological factors at different spatial and 

temporal scales on biodiversity patterns of butterflies and moths in 

Afrotropical rainforests and savannahs. Habitat associations of both fruit-

feeding butterfly and moth communities were compared in Afrotropical 

lowland rainforests of Mount Cameroon, Cameroon.  In the same time, the 

impact of natural disturbances (forest elephants) on diversity and structure 

of butterfly, moth and tree communities at mid-elevation were examined. 

Then, the effects of combined seasonal dynamics and elevation on 

different groups of Lepidoptera were evaluated along the complete 

elevational gradient on Mount Cameroon. Another aspect of this thesis 

focuses on the relationships between species richness and abundance of 

moths with environmental productivity on a continent-wide gradient in 

Southern African savannah ecosystems. Finally, new country records and 

new species are reported via the contribution of barcoding and traditional 

morphological identification to the knowledge of butterfly and moth 

diversity in the Afrotropics. 
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INTRODUCTION 
 

 

Biodiversity is generally about the number of species in a given area but 

can also encompasses abundance and other related diversity measures 

(Purvis & Hector, 2000). Biodiversity is not uniformly distributed 

throughout the world. First works studying spatial patterns of 

biodiversity showed that it increases from the poles to the equator, from 

high elevations to low elevations and from islands to continents (Darwin 

1839, 1859; von Humboldt, 1849; Wallace 1876, 1878), those patterns 

being driven by favourable climatic conditions (Wildenow 1805). 

Unravelling and describing species distributions and diversity, and 

comprehending the mechanisms shaping these patterns is still one of the 

main goals in the current research (Rosenzweig 1995; Waide et al. 1999; 

Hillebrand 2004; Rangel et al. 2018). Key questions on diversity patterns 

remain unanswered (Rangel et al. 2018). While ecological research has 

largely focused on global biodiversity patterns (Rosenzweig 1995; 

Hillebrand 2004), geographic and temporal gradients in local species 

richness have long fascinated ecologists (Dobzhansky 1950; Hutchinson 

1959; Pianka 1966; MacArthur 1972; Rosenzweig 1995), establishing the 

importance of spatial and temporal scales on biodiversity patterns 

(Lomolino 2001). Ecological processes and factors shaping diversity and 

assemblage of communities have been studied at smaller scale (Ricklefs & 

Schluter 1993), leading to the concept of metacommunity (Holoyoak et al. 

2005), and at landscape or regional scales (Gutzwiller 2002). Comparison 

of biodiversity at different spatial scales and amongst different studies 

raised issues regarding biodiversity measurement (see Magurran & McGill 

2011 for a review). 
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Lepidoptera as a biological model 

 

Inaccessibility, time and money limitations, the complexity of habitats and 

the great number of species make studying all insect species hardly doable 

in tropical areas (Gardner et al. 2008). Focusing on a single taxon in 

tropical ecological studies can overcome this bias. 

Lepidoptera (butterflies and moths) is one of the major groups of 

insects in terms of species richness, just behind Hymenoptera, Diptera and 

Coleoptera (Gaston 1991; van Nieukerken et al. 2011; Forbes et al. 2018). 

About 160,000 species of Lepidoptera were described, whose ca. 140,000 

belong to moths (Footitt & Adler 2009; Kristensen et al. 2007; van 

Nieukerken et al. 2011), and extrapolative estimates bring their global 

richness up to 700,000 species (van Nieukerken et al. 2011). High diverse 

groups of organisms, such as Lepidoptera, are usually considered as 

potential environmental indicators as they rapidly respond to changes in 

climate or vegetation (Kitching et al. 2001; Beck et al. 2002; 2006, 

Bonebrake et al. 2010), and not all groups are affected by the same 

environmental change (Kremen 1992; New 2004). 

Lepidoptera play key roles in ecosystems by their broad range of 

interactions with other organisms. Most caterpillars are primary 

consumers, including a wide spectrum of herbivory on trees, shrubs, forbs, 

grasses, algae, fungi and lichens, but they also include detritivores and 

carnivores (Powell et al. 1999). Adults feed on other specific resources, 

such as flower nectar, plant saps, juices of rotten fruits, decaying materials, 

or are simply unable to feed (Krenn 2010). Lepidoptera are also an 

important link within foodwebs as hosts for parasitoids, such as 

Ichneunonoidea, Chalcidoidea, and Tachinidae (Forbes et al. 2018), for 

pathogens (Hawkins et al. 1997), but also as preys for bats, birds, and many 

other predators (Kalka et al. 2008; ter Hofstede & Ratcliffe 2016; Sam et 

al. 2017). They play an essential role as pollinators (MacGregor et al. 2015; 

Ollerton 2017), and most of the species have specialized host associations 
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with at least a few closely related plants (Novotny et al. 2002; Forister et 

al. 2015), leading to close evolutionary interactions with their host plants 

and their predators (Ehrlich & Raven 1964; Agrawal 2007; Krenn 2010; 

Mikhail et al. 2018). Thus, variation in the structure and diversity of 

Lepidoptera assemblage can represent of changes at other trophic levels as 

well. Furthermore, Lepidoptera communities are known to be indicators of 

habitat change influencing many other taxa. Their diversities are highly 

correlated with diversity characteristics of other insects, spiders, but also 

vertebrates and plants (Barlow et al. 2007; Gardner et al., 2008). Thus, 

Lepidoptera represent an ideal biological model to study various 

ecological research, such as biodiversity patterns along ecological and 

biogeographical gradients.  

Another advantage of using Lepidoptera as a model are their well-

standardised sampling methods. Although some methods focus on 

caterpillars (Zandt 1994; Raimondo et al. 2009), only adults were studied 

in this thesis. Amongst the most used methods focusing on adults are 

transect walks, quantifying relative abundance of individual species (i.e. 

Pollard technique, Pollard 1977; Nowicki et al. 2008), and the Mark-

Release-Recapture method, allowing to precisely quantify population 

sizes, or to measure their dispersal abilities (Ehrlich 1965; Nowicki et al. 

2008). However, these two methods did not serve the purposes of the 

studies included in the thesis. Instead, bait trapping, light trapping and light 

catching were extensively used. Bait trapping is commonly used to attract 

adult butterflies by various food baits, but it also attracts adult moths which 

are totally neglected in bait-trapping studies (Freitas et al. 2014). Light 

trapping and catching simply attract moths to light sources. Since the two 

methodological approaches attract largely different Lepidoptera 

communities, using both bait and light methods allow to sample a wider 

species spectrum of the Lepidoptera communities. Their main advantage 

lies in their efficiency to sample many individuals in a short period of time, 

offering a relatively good description of the communities (Beck & 
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Linsenmair, 2006; Freitas et al. 2014). Bait traps can also be set in different 

layers of vegetation, i.e. canopy and understory, allowing a comparison of 

communities from different vegetation strata (DeVries et al. 1997). 

However, using different kinds of baits or light wavelengths attract 

different species (Langevelde et al. 2011; Freitas et al. 2014), and those 

methods can be also influenced by environmental and meteorological 

conditions (moon phases, temperature, precipitation; see Yela and 

Holyoak 1997 for a review). Nonetheless, protocols involving those 

methods are easy to standardise which result in strong interpretable 

datasets for Lepidoptera biodiversity pattern research. 

Due to their popularity among naturalists, their relatively well-

stabilized taxonomy and their attractive nature, moths and butterflies 

appear to be an appropriate biological model in order to study diversity 

patterns of tropical insects. 

 

 

Patterns of tropical Lepidoptera communities along elevation 

gradients 

 

Elevation gradients are particularly interesting to study biodiversity 

patterns, as abiotic conditions, such as temperature, precipitation, moisture 

rate and soil, vary quickly with elevation (Marrs et al. 1998; Wolf 1993; 

Begon et al. 2006). Although biodiversity used to be expected to linearly 

decrease along elevation, numerous recent studies revealed other 

elevational patterns of biodiversity as well (Rahbek 1995, 2005; McCain 

& Grytnes 2010). 

 Regarding tropical Lepidoptera, existing studies originated mainly 

from the Neotropics (Pyrcz & Wojtusiak 2002; Brehm & Fiedler 2003; 

Brehm et al. 2003, 2005, 2007; Hilt 2005; Hilt & Fiedler 2005; Hilt et al. 

2007; Beck & Chey 2008; Fiedler et al. 2008; Pyrcz et al. 2009; Beck et 

al. 2011; Ignatov et al. 2011; Despland et al. 2012) and southestern Asia 
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and Australia (Ashton et al. 2011, 2016a, 2016b; Sam 2011; Bhardwaj et 

al. 2012; Odell et al. 2016), while Afrotropical mountains were less studied 

(Axmacher et al. 2004, 2009; Axmacher & Fiedler 2008; Peters et al. 

2016). These studies revealed that Lepidoptera species richness patterns 

along elevation gradients follow four main patterns:  a low plateau, a low 

plateau with a mid-peak, a decrease of species richness with elevation, and 

a peak of species richness at mid-elevations representing the large majority 

of the studies (McCain & Grytnes 2010, Beck et al. 2017). Although 

climatic, biotic, historic, and spatial factors were supposed to explain these 

patterns (Grytnes & McCain 2007), no single driver can fully explain them 

(Beck et al. 2017). The decrease of productivity, plant diversity, and 

available area (species-area relationship), with increase of extreme 

conditions probably cause the decrease of Lepidoptera species richness 

along elevation (Lawton et al. 1987). The mid-altitudinal peak could also 

be caused by the mid-domain effect, a geometric approach which implies 

an increasing overlap of species ranges at mid-elevation (Colwell et al. 

2005, 2016). However, studies on moths did not reveail the effects of the 

geometric model on the species richness patterns (Brehm et al. 2007; Beck 

et al. 2017). Then the mid-altitudinal peak could be simply explained by 

the favourable conditions at middle elevations (averaged temperature), 

conditions modulated by the mid-domain effect (Colwell et al, 2016). 

 

 

Temporal dynamics of tropical Lepidoptera communities 

 

The diversity and the short generation time make insects an ideal group for 

describing seasonality roles on tropical diversity (Janzen 1983). Seasonal 

aspects are important factors in structuring of insect communities and life 

history strategies (Wolda 1988; Kishimoto-Yamada & Itioka, 2015). 

Although seasonality is more pronounced in temperate regions, leading to 
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a strong phenological synchrony towards the optimal climatic conditions, 

its role is crucial for many insect species (Wolda 1980, 1988).  

Regarding Lepidoptera, in tropical rainforests, annual or biannual 

peaks of abundance and richness of fruit-feeding butterflies and moths 

were detected during the drier seasons recording a time delay of three 

months following the beginning of rainy season(s) (Intachat et al. 2001; 

DeVries et al., 2012; Grøtan et al. 2012, 2014; Valtonen et al. 2013; 

Maicher et al. 2018). Other short-term studies also found similar results 

(Hamer et al. 2005; Aduse-Poku et al. 2012), while Molleman et al. (2006) 

did not reveal any seasonal pattern during their relatively longer-term 

monitoring (3 years) in the Afrotropics. Contrastingly, richer and more 

abundant butterfly communities were detected during wet seasons in 

Neotropical rainforests, where the seasonality is usually less pronounced 

(DeVries et al. 1997; DeVries & Walla, 2001; Checa et al. 2014). More 

humid conditions are associated with resprouting (Hill et al. 2003), when 

host plants produce new and young leaves and offer ideal sites for 

oviposition and herbivory, increasing the survival rate of eggs and 

caterpillars during the wet season (Tauber et al. 1986; DeVries 1997; 

Valtonen et al. 2013). Moreover, higher temperature and solar radiation 

rate during the drier seasons extend butterfly activity, contributing to the 

highest abundance and richness of adults (Ribeiro et al. 2010; Grøtan et al. 

2014). 

Assessing the processes impacting elevational diversity patterns 

remain important. With the aim of predicting the consequences of climate 

change on the diversity patterns, some authors have studied its impact on 

species elevation ranges (Colwell et al. 2008; Laurance et al. 2011). 

Upward shifts of Lepidoptera community ranges have been recorded from 

tropical mountains (Colwell et al. 2009; Chen et al. 2009, 2011a, 2011b). 

However, the studies have focused on those patterns within a single season 

or have totally neglected seasonality (Ashton et al. 2016b). As discussed 
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above, Lepidoptera communities are seasonal. Thus, there is a need to 

consider their seasonal character in such studies. 

 

 

Small-scale spatial mechanisms structuring tropical Lepidoptera 

communities 

 

While environmental productivity and climate are more responsible for 

structure of communities at large scales, other factors, such as microhabitat 

characteristics and biotic interactions, are more important at local scale 

(Cottenie 2005; Benton 2009). Moreover, changes in plant communities 

often lead to modifications of the vegetation diversity and structure, and 

therefore in the heterogeneity of the available microhabitats and niches 

(Lawton 1983; Tews et al. 2004). 

Regarding tropical Lepidoptera, their communities are strongly 

dependant on diversity of plants (Novotný et al. 2002), and environmental 

changes may favor some host plants, and thus some species of Lepidoptera 

(Beck et al. 2002; Novotný et al. 2003). Vegetation structure is also linked 

to Lepidoptera communities. The stratification of vegetation directly 

causes discret stratification of Lepidoptera communities (DeVries et al. 

1997; Aduse-Poku et al. 2012; Roche et al. 2015; Ashton et al. 2016a), and 

not all groups of Lepidoptera follow a unique pattern of diversity (Fermon 

et al. 2003, 2005). Such modification of the vegetation characteristics 

alters the climatic conditions of microhabitats, and generally, light, 

temperature and humidity are crucial factors structuring Lepidoptera 

communities. (Spitzer et al. 1997; Beck & Chey 2008; Ribeiro and Freitas 

2012). 

Since Lepidoptera are strongly sensitive to habitat characteristics, 

they have been used as relevant indicators of habitat quality, responding to 

successional processes (Veddeler et al. 2005; Hilt & Fiedler 2006; 

Nyafwono et al. 2015; Valtonen et al. 2017), to natural disturbances, such 
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as fire (de Andrade et al. 2017) and tree-fall gaps (Pardonnet 2013), and to 

human disturbances, such as selective logging and farming leading to the 

habitat fragmentation (Horner-Devine et al. 2003; Bobo et al. 2006; Brito 

et al. 2014; Filgueiras et al. 2016). 

 

 

Afrotropical Lepidoptera: poorly understood diversity rich in 

threatened ecosystems 

 

Tropical ecosystems host tremendous Lepidoptera species richness. Since 

this hyperdiverse group is a key for fully functional ecosystem, our 

knowledge of its taxonomy and distribution is an unavoidable condition to 

study their ecological roles and their diversity patterns. Linnean and 

Wallacean shortfalls (Brown & Lomolino 1998, Lomolino 2004) are 

difficult to address in poorly tropical regions such as the Afrotropics 

(Whittaker et al. 2005). Unfortunately, the knowledge on the Afrotropical 

Lepidoptera remains unsatisfactory.  

The three main areas studied in this thesis, besides involving 

interesting ecological process, are particularly relevant to show the lack of 

knowledge on distribution and taxonomy of Lepidoptera. Mount 

Cameroon and the Gulf of Guinea Highlands belong to the eastern limit of 

the Guinean Forests of West Africa. This high mountain range stands on 

the border between the Guinean and the Congolian biogeographic regions 

and is known to be a biodiversity hotspot with a high endemism rate 

(Myers et al. 2000; Mittermeier et al. 2011). Unfortunately, it is also 

critically threatened by high human population densities and human 

disturbances (e.g. agriculture, logging, poaching) resulting in shrinking 

and fragmented forests (Oates et al. 2014; Sloan et al. 2014). The diversity 

of butterflies from Cameroon is relatively well known, a few butterfly 

species even already known being endemic to Mount Cameroon (Larsen 

2005; Sáfián & Tropek 2016; Sáfián et al. 2019). However, our knowledge 
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on moth diversity is comparatively low (De Prins & De Prins 2021) The 

numerous new country records (Tropek et al. 2013; Tropek et al. 2015; 

Maicher et al. 2016; Przybyłowicz et al. 2019) and new described species 

of moths have been reported the last decade (Yakovlev & Sáfián 2016; 

Ustjuzhanin et al. 2018), a higher regional species richness of moths is 

expected. The establishment of the Mount Cameroon National Park in 

2009 has substantially improved the conservation and protection of this 

incredible biodiversity hotspot. 

Moth diversity of forests and savannahs of Gabon, belonging to the 

Congo Basin, has also been targeted by this thesis. The Congo Basin is 

considered as a Major Tropical Wilderness, which represent important 

reserves of biodiversity not being dramatically threatened by human 

activities (Mittermeier et al. 1998; Myers 2000). The Central African forest 

is the second largest tropical forest area after the Amazon. It is still 

relatively well-preserved, and its recent shrinkage emphasises the need of 

conservation and management of this aeras (de Wasseige et al. 2014). 

While butterfly diversity is also relatively well-known in Gabon (Vande 

Weghe 2010), there is a general lack of knowledge on the regional 

diversity of moths. 

Finally, Southern Africa hosts a great diversity of habitats, from 

deserts and grasslands to woodland savannahs. Their dynamic and unstable 

ecosystems are maintained by regular disturbances, and they generally host 

a high biodiversity (Murphy et al. 2016). If the pressure from human 

activities has been historically relatively low in many tropical grassy 

biomes, this trend is likely to be reversed the next decades (Roxburgh et 

al. 2010; Searchinger et al. 2015), threatening its unique biodiversity. 

Paradoxically, because of the high interest of entomologists in South 

Africa, Southern Africa is probably one of the most studied areas of the 

Afrotropics. Nevertheless, knowledge on the moth diversity remains 

unsatisfactory. 
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Aims of the thesis 

 

In this thesis, the Lepidoptera biodiversity patterns were investigated at 

different spatial and temporal scales in different Afrotropical regions in 

order to answer distinct ecological questions. 

Comprehension of small-scale ecological mechanisms shaping local 

communities is important for building up the conservation strategies. If the 

association of fruit-feeding butterfly communities with forest habitat have 

been relatively well studied in tropical regions, moth communities were 

largely neglected. To partly fill this gap, we compared forest habitat 

associations of both fruit-feeding butterfly and moth communities in the 

Afrotropical lowland rainforests of Mount Cameroon, Cameroon. The 

effects of forest openness, forest structure, and plant diversity on both 

communities have been described for both canopy and understory 

communities in Chapter I. Furthermore, Mount Cameroon is known to 

hold a small population of megaherbivores (i.e. forest elephants) on its 

southwestern slopes. Elephants are considered as key ecological engineer 

species. To evaluate the impact of natural disturbances on diversity and 

structure of butterfly, moth, and tree communities, we examined these 

communities at mid-elevation (two altitudes) in elephant disturbed and 

elephant excluded zones in Chapter II. 

Besides, biodiversity patterns of Lepidoptera along elevational 

gradients have been relatively well-studied, although hardly any data 

originated from the Afrotropical forests. However, the seasonal dynamics 

of these patterns were not described or even considered in any previous 

studies. While there is a current increasing need to inquire the effects of 

climate change on biodiversity, it is however necessary to first understand 

the short-termed temporal effects related to seasonal cycles. Consequently, 

in Chapter III, we aimed to reveal the effects of seasonal dynamics of 

different groups of Lepidoptera along the complete elevational gradient of 

Mount Cameroon. 
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Furthermore, unravelling the global biodiversity patterns belongs 

among one of the main goals of the current ecology. Environmental 

productivity, commonly defined as the amount of biomass produced by 

primary producers in a given period and area, is considered as one of the 

main factors affecting local biodiversity. However, the relationship 

between environmental productivity and species richness of most 

organisms, including Lepidoptera, is not so simple. Moreover, it is not 

clear whether this relationship is scale-dependent. In Chapter IV, we 

focused on the relationships between species richness and abundance of 

moths with environmental productivity on a continent-wide gradient in the 

Southern African savannah ecosystems. 

Finally, the above-mentioned ecological studies were performed in 

the highly understudied areas where lepidopteran fauna is largely 

unknown. Our ecological projects brought an interesting and abundant 

material, and such intensive inventories in poorly sampled areas brought a 

unnegligible number of unknown species together with new information 

on species’ distribution. Therefore, we examined this exceptional diversity 

of Lepidoptera from the Afrotropical rainforests and savannahs and 

showed how barcoding (Chapter V) and traditional morphological 

identification (Chapters VI, VII and VIII) could contribute to the 

knowledge of Lepidoptera diversity in the Afrotropical savannahs and 

rainforests while reporting new country records. Moreover, in Chapter 

VIII, we emphasized the status of Cameroon as a biodiversity hotspot by 

describing several new species of many-plumed moths (Alucitidae).   
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CHAPTER I 

 

Butterfly and moth communities differ in their 

response to habitat structure in rainforests of 

Mount Cameroon 

 

Delabye, S., Maicher, V., Sáfián, Sz., Doležal, J., Altman, J., 

Janeček, Š., Kobe, I.N., Murkwe, M., Šebek, P., & Tropek, R. 

 

Biotropica (in press) 

 

 

 
Quantification of light transmitted through the forest canopy on Mount Cameroon with 

fisheye lens photographs. © S. Delabye 
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SUPPORTING INFORMATION 

TABLE S1. Pearson correlation coefficients of the habitat descriptors for 

(A) forest structure, (B) forest openness, (C) plant diversity, and (D) 

habitat descriptors across the groups. The variable selected for the final 

GLMMs are in bold (Pearson ρ ≤ |0.7|). For details on particular variables, 

see Table 1. 
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TABLE S2. Details on the most plausible GLMMs (ΔAIC < 2) 

explaining species richness of butterflies and moths. Models are ranked 

according to their 2nd-order Akaike information criterion (AICc). 

Parameter estimates (coefficients), model weights (wi), and model total 

R2 are reported. For details on particular variables, see Table 1. 
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FIGURE S1. Individual-based rarefaction curves of species richness of 

fruit-feeding butterflies and moths in the particular sampling localities in 

three rainforests of Mount Cameroon with 95% confidence intervals 

(shaded areas). The solid lines represent the rarefied reference samples, 

while the dashed lines represent the extrapolated samples. 
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CHAPTER II 

 

Effects of disturbances by forest elephants on 

diversity of trees and insects in tropical 

rainforests on Mount Cameroon 

 

Maicher, V., Delabye, S., Murkwe, M., Doležal, J., Altman, J., 

Kobe, I.N., Desmist, J., Fokam, E.B., Pyrcz, T., & Tropek, R. 

(2020). 

 

Scientific Reports, 10: 21618. 

 

 

 
Dead trees and broken logs in the montane forest disturbed by elephants on Mount 

Cameroon (1,850 a.s.l.). © S. Delabye 
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SUPPORTING INFORMATION 

 

Table S1. Abundances and diversity of trees and insects in forests 

disturbed and undisturbed by elephants in particular seasons. 
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Table S2. Summary of the redundancy analyzes (RDA) analysing the 

effect of interaction between disturbance by forest elephant and elevation 

for trees, butterflies, and light-attracted moths species richness of families 

with ≥5 species. For butterflies and light-attracted moths, the temporal 

variation was treated by adding season as a covariate. See biplots in 

Supplementary Fig. S1. 

Statistic 
 Axis 

1 
Axis 

2 

Trees     

 Adjusted explained variation: 52.3% 

 Eigenvalues 0.4 0.2 

 Explained variation (cumulative) 36.3 56.0 

 Pseudo-canonical correlation 0.9 0.8 

 Explained fitted variation (cumulative) 64.0 98.4 

    

Butterflies   

 Adjusted explained variation: 36.4% 

 Eigenvalues 0.4 0.03 

 Explained variation (cumulative) 35.9 39.3 

 Pseudo-canonical correlation 0.9 0.5 

 Explained fitted variation (cumulative) 91.0 99.6 

    

Light-attracted moths   

 Adjusted explained variation: 49.1% 

 Eigenvalues 0.3 0.2 

 Explained variation (cumulative) 29.6 47.2 

 Pseudo-canonical correlation 0.9 0.8 

 Explained fitted variation (cumulative) 56.4 
90.0

5 
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Figure S1. RDA ordination diagrams visualizing the effect of interaction 

between disturbance by elephants and elevation for species richness of 

families of (a) trees, (b) fruit-feeding butterflies, and (c) light-attracted 

moths. For butterflies and light-attracted moths, the temporal variation was 

treated by adding season as a covariate. See detailed results in 

Supplementary Table S2. 
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CHAPTER III 

 

Seasonal shifts of biodiversity patterns and 

species’ elevation ranges of butterflies and 

moths along a complete rainforest elevational 

gradient on Mount Cameroon 

 

Maicher, V., Sáfián, Sz., Murkwe, M., Delabye, S., 

Przybyłowicz, Ł., Potocký, P., Kobe, I.N., Janeček, Š., 

Mertens, J.E.J., Fokam, E.B., Pyrcz, T., Doležal, J., Altman, J., 

Hořák, D., Fiedler, K., & Tropek, R. (2019). 

 

Journal of Biogeography, 47: 342-354. 

 

 
Kobe and Pavel on their way to empty traps at the highest elevation (treelin, 2,200 m 

a.s.l.) of the gradient on Mount Cameroon. © S. Delabye  
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SUPPORTING INFORMATION 

 

APPENDIX S1. Map of Mount Cameroon with the seven sampled 

elevations. 

 
FIGURE S1. Map of Mount Cameroon with the seven sampled elevations. 
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APPENDIX S2. Details of the collected weather data. 

 

TABLE S1. The 

measured monthly values 

for mean day temperature 

(±SD), monthly 

precipitation, and number 

of rainy days (>2 mm) 

measured by our 

dataloggers (see Methods 

for details) at individual 

sampled elevations (but 

the lowest 30 m asl) on 

Mount Cameroon. 
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APPENDIX S3. Summary table of the focal groups of Lepidoptera 

diversity for individual elevations and seasons. 

 

TABLE S1. Diversity of the focal lepidopteran groups for individual 

elevations and seasons. 
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APPENDIX S4. Detailed results of the GLMMs. 

 

TABLE S1. Results of the generalised mixed-effect models (GLMM) with 

elevation as fixed effect factor, and season and plot nested in elevation as 

random effect factors. The type II Wald χ2 tests were applied for the 

models testing, while the “delta” method (Barton, 2018) was applied for 

the marginal R2 calculations. 

 
 

 

TABLE S2. Results of the generalised mixed-effect models (GLMM) 

carried out separately for fruit-feeding butterflies and moths collected in 

canopy and understory. Elevation was treated as fixed effect factor, and 

season and plot nested in elevation as random effect factors. The type II 

Wald χ2 tests were applied for the models testing, while the “delta” method 

(Barton, 2018) was applied for the marginal R2 calculations. 
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TABLE S3. Results of the generalised mixed-effect models (GLMM) with 

elevation, season, and their interaction as fixed effect factors, and plot 

nested in elevation as random effect factor. The type II Wald χ2 tests were 

applied for the models testing, while the “delta” method (Barton, 2018) 

was applied for the marginal R2 calculations (n.s.: not significant). 
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TABLE S4. The 

GLMMs fixed effect 

coefficients for the 

individual groups of 

variables (Estim: 

models estimates; SE: 

standard error). 

*When the 

interaction was not 

significant, i.e. the 

effect of season was 

not consistent across 

all elevations, only 

the overall effects of 

season was shown. 
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TABLE S5. Results of the generalised mixed-effect models (GLMM) 

carried out separately for fruit-feeding butterflies and moths collected in 

canopy and understory, with elevation, season, and their interaction as 

fixed effect factorss, and plot nested in elevation as random effect factor. 

The type II Wald χ2 tests were applied for the models testing, while the 

“delta” method (Barton, 2018) was applied for the marginal R2 

calculations (n.s.: not significant). 
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FIGURE S1. Changes of the fruit-feeding Lepidoptera species richness 

along elevation and season, analysed separately for understory and canopy 

strata on Mount Cameroon. The two columns represent visualisation of the 

GLMM results for species richness per plot and elevation (Table S2 in 

Appendix S4), and GLMM results per plot, elevation and season (Table 

S5 in Appendix S4). Means per plot with 95% unconditional confidence 

intervals are visualised; asterisks visualise significance of individual tests 

(effects of elevation in the third column: * p<0.05; ** p<0.01; *** 

p<0.001; and of elevationseason interaction in the fourth column: . 

p<0.01; † p<0.05; †† p<0.01; ††† p<0.001). Letters visualise results of the 

post-hoc pairwise comparisons. 
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APPENDIX S5. Nonmetric multidimensional scaling (NMDS) two-

dimensional plots of individual focal group. 

 

 
FIGURE S1. Nonmetric multidimensional scaling (NMDS) two-

dimensional plots of bait-trapped (a) fruit-feeding butterflies and (b) fruit-

feeding moths; and light-attracted (c) Arctiinae, (d) Lymantriinae, (e) 

Notodontidae, (f) Lasiocampidae, (g) Sphingidae, (h) Saturniidae, and (i) 

Eupterotidae collected on Mount Cameroon. Ordinations are based on 

matrices calculated with the Bray-Curtis similarity index of square root 

transformed data. The low stress values indicate a high goodness-of-fit of 

the ordinations. 
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FIGURE S2. Nonmetric multidimensional scaling (NMDS) two-

dimensional plots of bait-trapped (a) fruit-feeding butterflies and (b) fruit-

feeding moths collected in both canopy (upper charts) and understory 

(lower charts) on Mount Cameroon. Ordinations are based on matrices 

calculated with the Bray-Curtis similarity index of square root transformed 

data. The low stress values indicate a high goodness-of-fit of the 

ordinations. 
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APPENDIX S6. Results of PERMANOVAs of the differences in 

community composition of individual focal groups of Lepidoptera. 

 

TABLE S1. Results of sequential PERMANOVAs carried out for all focal 

groups of Lepidoptera on Mount Cameroon. 
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TABLE S2. Results of sequential PERMANOVAs carried out separately 

for fruit-feeding butterflies and moths collected in canopy and understory 

on Mount Cameroon. 
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APPENDIX S7. Detailed results of the Wilcoxon signed-rank tests of 

seasonal shifts of species’ elevational ranges. 

 

TABLE S1. Detailed results of the 

Wilcoxon signed-rank tests of the 

changes of the three measures of 

species’ elevational ranges for all focal 

groups of Lepidoptera on Mount 

Cameroon. The first number gives the 

V-statistic, while the second number 

represents the p-value (W-D: Transition 

from wet to dry season; Dry: Full-dry 

season; D-W: Transition from dry to wet 

season; + <0.06; * p <0.05; ** p <0.01; 

*** p <0.001). 
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CHAPTER IV 

 

Patterns of moth diversity along a continent-

wide environmental productivity gradient in 

south African savannahs 

 

Delabye, S., Storch, D., Sedláček, O., Albrecht, T., Hořák, D., 

Maicher, V., Tószögyová, A., & Tropek, R. 

 

Manuscript 

 
Four sites where moths were sampled along the productivity gradient. From the lowest 

to the highest productivity sites: A) Namibgrens, B) Etosha, C) Bwabwata and D) 

Chizarira. 
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ABSTRACT 

 

Unravelling global biodiversity patterns is one of the main goals of current 

ecology. Environmental productivity, commonly defined as the amount of 

biomass produced by primary producers within a given period and area, is 

considered to belong among the main factors affecting local biodiversity. 

However, reliable data on the relationship between productivity and 

species richness of most organisms, including Lepidoptera, are largely 

missing. Moreover, this relationship seems to be scale dependent. We 

present moth biodiversity patterns along a continent-wide gradient of 

environmental productivity in southern African savannah ecosystems, at 
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local and regional spatial scales. Moths (Heterocera) were sampled along 

a gradient of environmental productivity (quantified by Normalized 

Difference Vegetation Index – NDVI) from the Namib Desert to woody 

savannahs of the valley of Zambezi. By standardised light trapping, we 

collected moths at 120 sampling plots within 12 localities along the 

gradient, resulting in 12,372 specimens of ca. 487 (morpho)species. The 

relationship between species richness of most of the focal groups and 

environmental productivity was positively exponential at both local and 

regional scales. Moreover, the absence of a relationship between 

abundance and environmental productivity emphasized the number of 

individuals as an irrelevant factor for shaping species richness patterns of 

moths. The role of environment productivity in structuring of the moth 

diversity patterns may be explained by the direct and indirect effects of 

climatic covariates, such as temperature and water availability. 
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INTRODUCTION 

 

Environmental productivity, defined as the rate of biomass production by 

a given ecosystem, ranks among the most studied ecological factors 

responsible for the global patterns of biodiversity (Waide et al. 1999; 

Mittelbach et al. 2001; Gaston 2000; but see Storch 2012). It determines 

availability of various resources, which should drive intensity of 

interspecific competition (Grime 1973), and consequently limit the 
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maximum number of coexisting species (Hutchinson 1959; Wright 1983; 

Hurlbert & Stegen 2014; Huston 2014). 

However, the relationship of species diversity to environmental 

productivity has been insufficiently studied and therefore remains highly 

questionable (Mittelbach et al. 2001; Gillman & Wright 2006; Adler et al. 

2011; Fraser et al. 2015). Mainly, this relationship has been showed as 

highly variable across geographic scales. Environmental productivity (or 

its surrogates; see Šímová & Storch 2017) usually shows a positive linear 

correlation with species richness at large (continent-wide or global) spatial 

scales (e.g. Wright 1983; Waide et al. 1999; Hawkins et al. 2003; Gillman 

& Wright 2006; Field et al. 2009). Nevertheless, several studies validated 

a unimodal relationship (diversity first increases and then declines with 

increasing environmental productivity) at local scales (Leibold 1999; 

Dodson et al. 2000; Chase & Leibold 2002). Too high eutrophication of 

the ecosystem at higher productive sites can cause a decrease in species 

richness by reducing species dissimilarity between habitats or by the 

presence of a few competitive species of a few competitive species in 

communities. Nevertheless, such unimodal patterns were reported even in 

some large-scaled studies, often in aquatic sytems (Guo & Berry 1998; 

Mittelbach et al. 2001), 

The More Individuals Hypothesis (MIH) has been suggested to 

explain the positive linear relationship of species richness to 

environmental productivity. It expects that environmental productivity 

limits the number of species either through limiting the number of 

individuals (Wright 1983; Srivastava & Lawton 1998) or the total niche 

space (Schemske 2002). Although several studies found that species 

richness has often been positively related to available energy, the number 

of individuals, diversity patterns do not seem to be mediated by the number 

of individuals (Currie et al. 2004; Šímová et al. 2011, 2013; Storch 2012).  

The MIH stays a strongly limited hypothesis at local scales, and most often 
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its formulation even differs between authors (Šímová & Storch 2017; 

Storch et al. 2018). 

The patterns of animal species richness along gradients of 

environmental productivity vary among taxonomic groups, particularly in 

relation to the differences in thermal physiology between endotherms and 

ectotherms (Wiens 2007; Wiens et al. 2009, 2010; Buckley et al. 2012), as 

predicted by the Metabolic Theory (Brown et al. 2004). Corroboratively, 

species richness of endotherms was revealed positively correlated with 

primary productivity, whilst species richness of ectotherms corresponded 

more with temperature (Buckley & Jetz 2010; Buckley et al. 2012). 

Based on vertebrate diversity patterns, environmental productivity 

has also been suggested as a potential driver of insect diversity and 

abundance (Lightfoot & Whitford 1991; Wenninger & Inouye 2008). 

However, the lack of studies on this relationship are scare. Moreover, the 

impacts of environmental productivity were often studied along latitudinal 

and elevational gradients. At a global scale, insect species richness is 

known to be highest in the tropics and to decrease towards the poles 

(Wallace 1878; Kusnezov 1957; Kaspari et al. 2004; Schuldt et al. 2018), 

although the pattern is reversed for ichneumon wasps (Janzen 1981), 

aphids (Dixon et al. 1987) and sawflies (Kouki et al. 1994). Along 

elevational gradients, the midpeak patterns of richness for moths were best 

explained by area-integrated productivity, although the relationship 

remained relatively weak (Beck et al. 2011; Levanoni et al. 2011). Because 

latitude and elevation broadly covary with productivity, energy, insolation 

and thermal seasonality, it is difficult to separate the possible effects of 

productivity on those insect diversity patterns. When environmental 

productivity is not studied along elevational or latitudinal gradients, either 

a significant positive linear relationship (Bailey et al. 2004; Seto et al. 

2004), or a weak positive linear relationship or no significant relationships 

were found for butterflies (Kerr et al. 2001), ants (Kaspari et al. 2004) and 

damselflies (Brasil et al. 2019) at local and regional scales. Regarding the 

https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12941#ele12941-bib-0016
https://onlinelibrary.wiley.com/doi/full/10.1111/geb.12039#geb12039-bib-0012
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insect beta diversity patterns, the relationship with environmental 

productivity has not been studied along a latitudinal- or elevation-

independent gradient. However, the scale dependence of the productivity-

diversity relationship implies a positive relationship between 

environmental productivity and beta diversity, as found for butterflies in a 

temperate region along a latitudinal gradient (Andrew et al. 2011). 

Similarly, little evidence for a relationship between environmental 

productivity and insect abundance was found (Srivastava & Lawton 1998), 

while a positive decelerating function of abundance was found at local, 

regional, and continental scales in ant communities (Kaspari et al. 2000).  

In the Afrotropics, only the patterns of sphingid moth richness has 

been studied at a continental scale, evaluating environmental productivity 

as one of the many factors, with a strong positive relationship with species 

richness (Ballesteros-Mejia et al. 2013). Nevertheless, this study did not 

work with the field data, but with modelled species distribution. This 

highlights how poorly insect diversity patterns and productivity 

relationships were studied in the Afrotropics, and particularly in 

Afrotropical grassy biomes (Murphy et al. 2016; Delabye et al. 2020). 

In this study, we focus on patterns of diversity and abundance of 

adult moths along a continent-wide gradient of environmental productivity 

in southern African savannahs, at local and regional scales. Moths are a 

diverse group of commonly used bioindicators (Braga & Diniz 2018), with 

an important position in ecosystem foodwebs, including herbivory, food 

for many animals, or pollination. Therefore, their communities should be 

closely related to the availability of energy and other related resources in 

the ecosystems. We focused on the following questions: (1) Do 

relationships between species richness and productivity differ at both local 

(alpha diversity) and regional (gamma diversity) scales? (2) If so, how beta 

diversity varies along the environmental gradient? (3) How abundance is 

related to environmental productivity at both scales? We expected a 

positive linear relationship of species richness at both scales. If the 
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productivity–diversity relationship is scale-dependent, then the difference 

in species composition among sites within regions should increase with 

productivity. We also predicted a positive decelerating relationship 

between the number of individuals and productivity. 

 

MATERIALS AND METHODS 

 

All fieldwork was conducted along a continent-wide gradient of 

environmental productivity in southern Africa, from the deserts in western 

Namibia, through semideserts and open savannahs in Namibia and 

Botswana, to productive woodland savannahs in northwestern Zimbabwe. 

Along this productivity gradient, we sampled moth communities at 12 sites 

in open and semi-open natural habitats (Fig. 1; Table 1).  

 

 

Fig.  1. Studied sites in southern Africa sampled for moth communities 

along the gradient of environmental productivity. Spatial distribution of 

mean NDVI in the beginning of vegetation season (October to December) 

is visualised. Site codes are reported in Table 1. 
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Table 1. Summary of the 

sampling sites with their 

elevation, GPS coordinates, 

description of the vegetation 

type, maximum, mean and 

minimum NDVI values and 

individual vegetation layer 

coverages (visually 

estimated). NDVI values and 

vegetation layer coverages 

were averaged over the 10 

plots for each site. 
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At each sampling site, 10 plots were placed at least 1 km apart from 

each other, forming a 10 km-transect, or two perpendicular transects in 

some sites. Nocturnal moths were collected using portable light traps 

(made by Hutur NGO, Hradec Kralove, Czechia, with 48 LED lights 

arranged into two strips, prevailing UV light spectrum – 400 nm, 400 lm; 

run by a 12 V battery). All sampling was conducted in the beginning of the 

vegetation season, i.e. November and December. All captured moths were 

euthanised by ammonium carbonate placed in a small mesh bag in each 

trap. A light trap was exposed for a night (from dusk till dawn) at each 

sampling plot. Moth specimens were immediately sorted out in the field, 

dried by silicagel, and stored in paper envelopes. All individuals of the 

target moth groups (Noctuoidea: Erebidae, Eutellidae, Noctuidae, 

Notodontidae; Bombycoidea s.l.: Eupterotidae, Lasiocampidae, 

Saturniidae, Sphingidae; Zygaenoidea: Limacodidae) were later mounted, 

identified to species or morphospecies by combining morphological 

characters and genitalia dissections, and counted. Specimens of 

Geometroidea were counted but not identified, therefore this superfamily 

was used only for analyses of abundances but not for analyses of species 

richness. Vouchers were deposited in the Nature Education Centre of the 

Jagiellonian University in Krakow, Poland. 

Environmental productivity of each site was characterised by the 

normalized difference vegetation index (NDVI; Rouse et al. 1974) for 

quantifying remotely sensed vegetation greenness (Tucker et al. 1985). It 

is a widely accepted proxy for environmental productivity, commonly 

applied in many studies at different spatial scales in order to predict species 

richness (Šímová & Storch 2017). We used the NDVI values produced by 

an extended 8-km Advanced Very High Resolution Radiometer (AVHRR; 

Tucker et al. 2005). We used the average of monthly maximum NDVI 

from the beginning of the vegetation season in the studied region (i.e. from 

October to December) from years 1982–2004 (Tucker et al. 2005). Each 

sampling plot was characterised by three characteristics of environmental 
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productivity (maximum NDVI, minimum NDVI, mean NDVI) of its 8-km 

grid cell. Moreover, to partly describe the habitat complexity, individual 

vegetation layer coverages were visually estimated at each plot during the 

light traps setting, the values were averaged over the 10 sampled plots for 

each site (Table 1). Finally, values of each characteristic were averaged for 

the 10 plots of each site. We tested collinearity among all described 

characteristics. Because virtually all characteristics were intercorrelated 

(Pearson ρ ≤ |0.5|; Table S1), we selected mean NDVI as the only proxy 

for environmental productivity in our analyses.  

 

 

Data analyses 

 

We analysed the relationship of moth diversity with environmental 

productivity in R 4.0.3 (R Core Team 2020). All analyses were firstly run 

for the complete datasets (i.e. all moths for abundances, and all moths but 

Geometroidea for diversity indices), followed by separate analyses of 

particular moth groups to reveal potential different patterns between them. 

Based on numbers of sampled species and specimens, we analysed 

separately superfamilies Bombycoidea and Noctuoidea. Because families 

Erebidae and Noctuidae (both belonging to Noctuoidea) were substantially 

abundant in our material, and they are common focal groups for numerous 

diversity studies, we ran additional separate analyses for them as well. 

We tested the relationship to environmental productivity for alpha 

diversity (calculated as a mean number of species sampled at individual 

plots in each sampling site), gamma diversity (expressed as a number of 

species sampled at all plots in each site), beta diversity (calculated as 

gamma diversity divided by alpha diversity for each site) and abundance 

(expressed as a number of all specimens sampled across all plots in each 

site). Because we hypothesised the exponential relationships of these 

response variables to environmental productivity, we log-transformed 
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(x+1) them prior to analyses. We tested relationships of all four diversity 

metrics of moth communities to mean NDVI by linear models (after visual 

checking for the normal distribution in our data). Linear and unimodal 

functions were fit in separate models. 

For significant linear relationships (exponential relationships when 

log-transformed), we compared the fit of log-transformed and non-

transformed species richness to check the validity of the exponential 

relationships. To compare the inter-group relationships to primary 

productivity, we compared slopes of their linear models using the smatr 

package (Warton et al. 2012). 

 

 

RESULTS 

 

In total, 12,372 individuals of the focal moth groups were captured. 

Among these, 9,048 individuals were identified to 487 species or 

morphospecies within families (Noctuoidea: Erebidae, Eutellidae, 

Noctuidae, Notodontidae; Bombycoidea s.l.: Eupterotidae, 

Lasiocampidae, Saturniidae, Sphingidae; Zygaenoidea: Limacodidae; 

Table 2, Table S2), while 3,324 specimens of Geometroidea were counted 

without further identification. 

All studied groups showed significant positive linear or exponential 

relationships of alpha and gamma diversities to mean NDVI, while the 

unimodal relationships were never significant for alpha and gamma 

diversities (Table 3, Fig. 2). For alpha diversity, the coefficients of 

determination were slightly higher when species richness was log-

transformed and were greater than 60% for all families (without 

Geometroidea), and for Bombycoidea, Noctuoidea, and Erebidae, 

suggesting an exponential relationship between mean NDVI and alpha 

diversity. Only Noctuidae showed a lower coefficient of determination  
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Table 2. Diversity 

(gamma, alpha and 

beta diversities, and 

abundance) of the 

focal lepidopteran 

groups at each 

individual sites. 
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(39%) with the linear relationship. For gamma diversity, both coefficients 

of determination for log-transformed and non-transformed species 

richness were comparable. Only Erebidae showed a better fit with the log-

transformed data (82% vs 69%) (Table 3). The test for a common slope 

between the different groups did not show any difference from the 

common slope (for alpha diversity: likelihood ratio = 0.98, p = 0.91, df = 

4; for gamma diversity: likelihood ratio = 1.78, p = 0.78, df = 4). 

Beta diversity did not show any significant relationship with mean 

NDVI, except for Bombycoidea with beta diversity significantly linearly 

correlated with mean NDVI (Table 3). Only Bombycoidea, Geometroidea, 

and Noctuidae showed significantly positive linear relationships of their 

abundances to mean NDVI (Table 3, Fig. 3). The correlations were weaker 

for Geometroidea and Noctuidae (37 and 28% of explained variation, 

respectively), while the abundance of Bombycoidea correlated better with 

mean NDVI (57%). No significant unimodal relationships were detected. 

When a common slope between the individual groups is tested, the slopes 

of individual groups did not significantly differ from their common slope 

(likelihood ratio = 2.41, p = 0.30, df = 2). 
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Table 3. Coefficients of determination 

(adjusted R2) between diversity indexes 

(alpha diversity, gamma diversity, beta 

diversity, abundance) and NDVI mean for 

each focal group of moths. Values in bold 

indicate: *p ⩽ 0.05; **p ⩽ 0.01, ***p ⩽ 

0.001.   



107 

 

 

Fig. 2. Effects of the mean NDVI on the species richness (alpha and 

gamma diversities of the focal groups of moths sampled along the 

environmental productivity gradient. Only the groups of moths, whose 

relationships between alpha and/or gamma diversities and the mean NDVI 

were significant, are visualized: a) all families, b) Bombycoidea s.l., c) 

Noctuoidea, d) Erebidae, and e) Noctuidae. Shaded areas indicate 95% 

confidence intervals. The adjusted R2 and p-values are reported in Table 

3. 
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Fig. 3. Effects of the mean NDVI on abundances of the focal groups of 

moths sampled along the environmental gradient. Only the groups of 

moths, whose relationships were significant, are visualized: a) 

Geometroidea, b) Bombycoidea s.l., c) Erebidae. Shaded areas indicate 

95% confidence intervals. The adjusted R2 and p-values are reported in 

Table 3. 
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DISCUSSION 

 

Moth species richness patterns were highly consistent among the 

individual focal groups: there was an exponential growth of species 

richness at local (alpha diversity) and regional (gamma diversity) scales 

along the environmental productivity gradient, rejecting our hypothesis. 

This result differed from other studies on insect species richness, which 

found significant (Bailey et al. 2004; Seto et al. 2004) or weak positive 

linear relationships or no relationships (Kerr et al. 2001; Kaspari et al. 

2004; Levanoni et al. 2011; Brasil et al. 2019) at local and regional scales. 

Several hypotheses focusing on the quantity and variability of energy and 

resource availability could explain the increasing species richness of moths 

with environmental productivity at local and regional scales. Species 

richness of moths, as herbivores, depends on availability of food generated 

through the primary productivity of plants. This refers to the productivity 

hypothesis which stated that energy limits species richness through the 

trophic cascades: higher primary productivity generates higher biomass 

and can also cause the high plant diversity (Wright 1983). This also leads 

to a higher complexity in the vegetation structure, offering more 

microhabitats and resources for moths (Lawton 1983, Tews 2004). 

However, the productivity-diversity relationships of herbaceous 

vegetation are variable (Adler et al. 2011; Fraser et al. 2015), and it was 

admitted that herbaceous vegetation biomass production is a poor predictor 

of herb diversity (Šimová et al. 2013).  

On the other hand, plant diversity can be rather limited by solar 

energy and water availability (Wright 1983; Mittelbach et al. 2001), which 

would act indirectly on moth diversity. This energy hypothesis stated that 

energy availability drives and maintain the species richness gradients: sites 

with higher energy flow (e.g. evapotranspiration) host more species 

(Wright 1983). Climatic conditions, such as temperature and precipitation, 

are covariates of environmental productivity and they have been shown to 
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be a better predictor of insect species richness at local and regional scales 

than the primary productivity itself (Kaspari et al. 2004; Brasil et al. 2019). 

Sites with higher precipitation and evapotranspiration generally host more 

species (O’Brien 1998). The environmental productivity gradient studied 

here is also a gradient of temperature and water availability (Davies 2011). 

Water is a typical limiting factor for plant growth in arid and grassy 

ecosystems, increasing plant biomass (Whitford et al. 1995), offering 

moths protection from desiccation, favorable microclimatic conditions, 

and water for their metabolism (Lightfoot & Whitford, 1991). As 

ectotherms, moths are sensitive to the temperature their environment. They 

may acquire less energy for their metabolism in sites with lower 

temperature, limiting their activity. Temperature has also a positive effect 

on metabolic rates of insects, leading to generation time shortening, and 

accelerate the species diversification (Allen et al. 2007). Besides, the 

climate seasonality or climate heterogeneity (in space and time) seem to 

be the main driver of damselflies species richness in Brazilian savannahs, 

as it generates greater niche and resource variability (Brasil et al. 2019). In 

small geographic ranges, within tropical biomes, a greater diversity was 

observed in heterogeneous climatic sites (Vieira et al. 2018). 

Unfortunately, as we do not have any seasonal climatic data, we cannot 

extrapolate this result to moth communities in this study. 

In our study, environmental productivity was not related to any 

significant patterns of abundance for most of the focal groups, and the 

significant relationships (Geometroidea, Bombycoidea s.l., and Erebidae) 

were relatively weak. This contradicts our expectations: a positive 

(decelerating) relationship between abundance and environmental 

productivity, as found by Kaspari et al. (2000) for ant communities. This 

result has disproved the more individual hypothesis, in which 

environmental productivity limits the number of species through the 

number of individuals (Wright 1983; Srivastava and Lawton 1998). This 

hypothesis suggested that the higher energy availability supports more 
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individuals, which consequently generates communities with more species 

with large and viable populations sizes (Šímová et al. 2011) and decreasing 

extinction probabilities (Evans et al. 2005). Similarly, weak or no 

relationships have been also found between abundance and environmental 

productivity, and species richness and abundance, in several ectotherm 

taxa, including butterflies (Currie et al. 2004). This hypothesis involves 

many problems in its definition and quantification of the energy 

availability (see Storch et al. (2018) for a review). Moreover, insect 

abundance can greatly vary at a given temporal scale (both intra and 

interannual variability) and can mislead the role of abundance in insect 

diversity patterns (Vagle & McCain 2020). As explained previously, 

temperature and water availability may be better predictors of insect 

abundance (Buckley et al. 2012). 

 

 

CONCLUSION 

 

Our study shown that environmental productivity structures exponential 

growth of species richness patterns of Afrotropical moth communities in 

savannahs at both local and regional scales. Covariates of environmental 

productivity, such as temperature and water availability, are likely drive 

those patterns. However, no significant patterns of moth abundance were 

found for the entire communities, suggesting that abundance do not limit 

species richness of moth communities in African savannahs. It also 

indicates that generally, insect abundances are not robust estimates of 

insect diversity patterns. Future research is also needed to ascertain the 

degree to which our results can be generalised to other taxa in African 

savannahs, especially at other trophic levels. 
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SUPPLEMENTARY INFORMATION 

 

Table S1. Pearson correlation coefficients of the habitat descriptors 

characterized at each site. The variables are considered collinear if Pearson 

ρ ≤ |0.5| (in bold). For details on particular variables, see Table 1. 
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Table S2. Summary of species richness and abundance of the focal groups 

of moths sampled along the environmental productivity gradient. 

 

Groups Species 
richness 

Abundance 

All families 487 9048 
All families + 
Geometroidea 

- 12372 

Geometroidea - 3324 
Bombycoidea s.l. 44 688 
Noctuoidea 424 7924 
Erebidae 153 2264 
Eupterotidae 5 134 
Eutellidae 1 350 
Lasiocampidae 20 278 
Limacodidae 19 436 
Noctuidae 251 4984 
Notodontidae 19 326 
Saturniidae 8 40 
Sphingidae 11 236 
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Mosaic of savannah and forest galleries in Lopé National Park. © S. Delabye 
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Dorsal (A) and ventral (B) view of Hypopyra africana (Kirby, 1896), new country record 

in Zimbabwe. © P. Potocký 
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Dorsal (A) and ventral (B) view of Euphaedra temeraria Hecq, 2007, new country record 

in Cameroon. © J.E.J. Mertens 
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CHAPTER VIII 

 

Even hotter hotspot: description of seven new 

species of many-plumed moths (Lepidoptera, 

Alucitidae) from Mount Cameroon 

 

Ustjuzhanin, P., Kovtunovich, V., Maicher, V., Sáfián, Sz., 

Delabye, S., Streltzov, A., & Tropek, R. (2020). 

 

Zookeys, 935: 103-119. 

 

 

 
Paratype of Alucita bokwango Ustjuzhanin Kovtunovich, 2020, one of the new described 

species collected on Mount Cameroon. © S. Reshetnikov 
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Summary 

 
The aim of the thesis was to explore how the selected ecological and 

biogeographical factors might influence and structure Lepidoptera 

community structure in the generally understudied Afrotropical systems 

(rainforests and savannahs). 
The first two chapters focused on the effects of small-scale spatial 

mechanisms on butterfly and moth communities. To our knowledge, they 

came as the first comprehensive studies of habitat use by fruit-feeding 

moths in any tropical area. In Chapter I, we focused on habitat 

associations of fruit-feeding butterflies and moths in Afrotropical 

rainforests in the foothills of Mount Cameroon. Mainly, we tested our 

hypothesis that whilst moths are affected mostly by the plant community 

composition, forest openness and structure is more crucial for the 

communities of butterflies. This brought the direct and well-standardized 

comparison of the two closely related groups of herbivorous insects with 

partly different habitat use. We showed that the butterfly communities 

depended mostly on forest openness. Moth species richness depended 

more on plant diversity and forest openness, whereas their community 

composition was mainly influenced by forest openness. Moreover, canopy 

and understory communities differed in their patterns, the latter not being 

influencd by any habitat characteristics, while canopy communties tended 

to follow the general patterns. The revealed strong differences in factors 

responsible for forming of the two closely related insect groups can 

potentially influence community ecology in tropical ecosystems, as it 

warns against too strong generalizations based on single taxon studies. The 

study also highlighted the need to study and sample both canopy and 

understory strata. 
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In Chapter II, we investigated the effects of natural disturbances 

made by forest elephants on Lepidoptera and tree communities on Mount 

Cameroon.  As seen in Chapter I, moths and butterflies differ in their 

habitat requiremens and use. An opening of the forest canopy was expected 

to change the composition of the communities. We surveyed insect and 

tree communities at mid-elevation (two altitudes) during two different 

seasons in forests impacted by forest elephants and in untouched forests. 

The forest structure was modified by elephants, leading to less dense forest 

with generally higher trees and an open canopy. Despite being generalized 

herbivores, elephants are selective browser of palatable species, leading to 

a decrease in tree species richness and changes in tree community 

composition. This had indirect effects on Lepidoptera communties. 

Butterflies are more dependant on solar radiation, explaining the higher 

diversity of butterflies in the disturbed areas. On the other hand, moths are 

more dependant on plant diversity, and the decrease of plant diversity by 

elephants impacted negatively their communities. This work provided 

evidence that forest elephants are the key ecological engineer species, 

similarly to savannah elephants, as they strongly impact both vegetation 

and Lepidoptera communities. In Central Africa, elephant forest 

populations are decreasing at an important rate, and the impacts of such a 

small dense population of elephants on Mount Cameroon raise 

conservation concerns and issues. 

In Chapter III, we focused on shifts of species richness patterns, 

seasonal turnover, and seasonal shifts of species’elevational ranges along 

the elevation gradient on Mount Cameroon. Butterflies and moths were 

sampled at seven elevations during three different seasons. While we 

revealed a mid-elevation peak of species richness for almost all groups of 

Lepidoptera, confirming the most common biodiversity pattern along the 

elevational gradient, this chapter is novel in demonstrating seasonal up- 

and downhill shifts for six out of the nine studied Lepidopteran groups, 

shifts so far not reported from any tropical mountains. This study is an 
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important contribution to research on tropical biodiversity and elevational 

ranges, in the context of assessing the impacts of the global climatic 

change. We brought strong evidence that the seasonal dynamics of local 

communities need to be included in studies on tropical biodiversity, along 

elevational gradients. Moreover, regarding the habitat use and associations 

of Lepidoptera communities studied in the Chapters I and II, it would be 

interesting to describe the niche conservatism and niche breadth of the 

Lepidoptera communities along the elevational gradient of Mount 

Cameroon. The high-elevation species could use the more diverse 

environment, i.e. be more generalised, because their niches are more 

constrained by abiotic factors than interspecific competition. Such 

hypothesis should be tested in the future. 

In Chapter IV, since the effects of environmental productivity on 

insect diversity patterns is understudied, we checked relationships between 

species richness and abundance of moths with environmental productivity 

at noth local and regional scales in southern African savannah ecosystems. 

Moths were sampled at 12 sites, at the beginning of the rainy season, and 

along an environmental productivity gradient not depending on latitudes 

and elevations. While we expected a positive linear relationship of species 

richness at both scales, we revealed a pattern with an exponential growth 

of moth species richness at both scales along the gradient, indicating, 

through temperature and water availability, the indirect effects of 

envirnomental productivity on moth communities in African savannahs. 

However, although we also predicted a positive relationship between the 

number of individuals and environmental productivity, we shown no 

significant relationships, suggesting that abundance does not limit the 

species richness of moth communities, and implying that insect abundance 

is not a strong estimate of insect diversity patterns. Comparative studies 

on other trophic levels on such continent-wide gradients of environmental 

productivity would be interesting to test, especially on insect predators, in 
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order to reveal whether environmental productivity structure similar 

patterns of diversity, as expected by the productivy hypothesis. 

Chapters V till VIII emphasise that the exceptional diversity and 

distribution of Afrotropical Lepidoptera is still largely unexplored. Using 

DNA barcoding enabled to describe the taxonomic diversity and 

composition of Lepidoptera assemblages, and to confirm its low 

knowledge in the Central Africa (Chapter V). The high amount of new 

country records found in our samples shows our general lack of knowledge 

on Afrotropical Lepidoptera (Chapters VI and VII). Moreover, the area 

appeared to be the newly discovered hotspot for many-plumed moths 

(Chapter VIII). 

 

 

Conclusion 

 

The several studies included in this thesis reported several ecological and 

taxonomical aspects of Lepidoptera communities in the Afrotropics. Some 

ecological gradients, such as elevation and productivity, and their effects 

on biodiversity patterns have been studied here. Studying these ecological 

gradients offered the opportunity to reveal how small and large spatial and 

temporal scale mechanisms structure insect communities and their 

diversity patterns. It is remarkable to notice that their spatial and temporal 

mechanisms remain far from being totally understood and deserve more 

attention. Moreover, since temperature is thought to be one of the most 

important factors affecting insect abundance, distribution, and survival, 

understanding those mechanisms seem to be even more important in order 

to predict insect community changes in the context of the global climate. 

Furthermore, identifying areas with the high species richness, vulnerable 

groups of species, or endemic species, is needed for land management and 

conservation. The few examples of the Afrotropical studies in this thesis 

showed how unique they are in terms of biodiversity, climate, and habitats.  
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