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Abstract 

Natural history collections are hosed in very important institutions called museums, and 

they play an essential role in documenting species and to let people be educated about 

ecology, biogeography, and conservation processes. Through the use and digitation of 

collections, I worked on projects that utilized digitized data using scientific collections 

from Ecuador and the US (UNRMNH and the McGuire Center) to examine traits related 

to thermoregulation processes. I also examined land use and habitat change of 

Lepidoptera and Coleoptera (Scarabaeidae: Scarabaeinae) across different gradients 

based on museum specimens. I have identified the main variables influencing dung beetle 

distribution in Ecuador based on a niche model, finding also high turnover levels in 

functional groups at larger scales, suggesting that dung beetles show high levels of 

habitat specialization in Ecuador, providing an essential framework for evaluating 

potential dung beetle habitat and diversity at different scales.  We also implemented an 

analysis to determine if agroforestry systems support biodiversity in the tropics, using 

Dung Bettles as a model, we determined that agroforestry production systems are 

potentially important for maintenance of insect species richness and ecosystem 

functioning and could be viable alternative conservation systems and biological corridors. 

Also, by using digitation methods I was able to determine that western Skippers 

(Hesperiidae) do not follow Bogert’s rule which states that dark coloration in ectotherms 

becomes beneficial when ambient temperatures are low, allowing faster heating rates and 

higher body temperatures than in lighter-colored individuals; instead, their color could be 

an immune response or crypsis for predator protection. The same digitation methos 
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allowed me to create a workflow for specimens at the UNRMNH that provides a 

framework for efficient and faster digitization protocols. 

Key Words:  Natural history collections; Natural history museums; Biogeography; 

Ecology; Species Distribution; Agroforestry; Coloration; Digitation. 
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Preface 

 Museums of Natural History and their scientific collections are, as you’ll see 

throughout this dissertation, very important in the development of biodiversity 

knowledge. Maintaining, curating, and digitizing collections requires a huge amount of 

labor for academics, museum associations, government agencies, and science and 

technology. Here, I outline other dissertation research that I completed, and that yielded 

papers that are not part of this dissertation document but were substantial 

accomplishments that focus on museum science and that were partly a consequence of 

my PhD training. 

During the time I worked as a PhD student at UNR, I continued my previous 

research focus on using scientific collections from the tropics, especially Ecuador, and I 

did this in collaboration with different agencies and funding sources. We embarked on a 

journey where we used taxonomic groups like Macroinvertebrates, from the National 

Institute of Biodiversity collections, to elucidate watershed behavior and water quality in 

southern Ecuador, from which I was able to publish a book along with scientists from the 

National Institute of Biodiversity in Ecuador called “Ecosistemas dulceacuícolas de la 

Provincia de El Oro” (Valdiviezo-Rivera et al. 2018) where I worked as an editor of the 

book and author for six chapters. The first two chapters of this book (Garzon et al. 2018 

and Valdiviezo-Rivera et al. 2018) describe general characteristics of El Oro province, 

which is a very important biodiversity site. This is the only province in Ecuador that has 

ecosystems ranging from the coast to the paramos, making it very rich in ecosystem 

diversity. Villamarin-Cortez et al. (2018a) summarizes biodiversity metrics used to assess 

richness, abundance, and Hill numbers of all macroinvertebrates from the province, as 
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well as functional diversity, where we have found the amount of variability fluctuates 

across the province and in different watersheds. Villamarin-Cortez et al. (2018a and 

2018b) quantified the composition and structure of macroinvertebrate communities from 

two watersheds as well as the important topic of water quality and conservation of all 

watersheds along an elevation gradient. In this work, we implemented a unique water 

quality index for Southern Ecuador. 

The museum collections associated with the regions summarized in Valdiviezo-

Rivera et al. (2018) highlighted the fact that there are few studies at a macroinvertebrate 

community level, resulting in more focused collections from chronomids, a dipteran 

family that is widespread and used as low water quality bioindicators. We worked with 

different experts in the area, to test hypotheses about chironomid distributions along the 

elevational gradient in El Oro province, and we found that for the watersheds sampled, 

the variation in chriomid communities was most strongly affected by oxygen, 

conductivity, and pH, which are highly correlated with land use and dominant vegetation 

(Villamarin et al. 2021). These variables are in turn strongly influenced by anthropogenic 

activities, especially in the lowlands of the province. This prompted genetic 

investigations into a widely distributed chironomid genus, Polypedilum, which occurs 

from the lowlands to the Andean highlands. We found that dissolved oxygen and 

temperature are the main environmental factors affecting Polypedilum distributions 

across elevational gradients and between basins (Ballesteros et al. 2022). 

My collections-based research continued during my PhD, particularly with a 

project based in Ecuador: “Orugas y Parasitoides de los Andes del Ecuador.” The goal of 

this ongoing project is to quantify how diversity of trophic interactions fluctuates across 
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time and space. As part of this project, I collaborated on the science planning, and I 

worked extensively with the Ministry of the environment from Ecuador to secure 

collections permits for 16 years. The permits include a Genetic Access Contract which 

allows us to collect genetic data. As a part of this project, I have continued to work with 

different researchers during my dissertation studies to document important data on larval 

stages of butterflies and moths (Lepidoptera). One product from this work focused on 

new larval host records for tropical Tortricidae at Yanayacu Biological Station, Ecuador 

(Brown et al. 2019). We also documented patterns of larval abundance across Ecuador, 

where more specialized caterpillars are locally more abundant than generalists, consistent 

with a key component of the ‘jack of all trades, master of none’ hypothesis (Sudta et al. 

2022). 

All of this research, completed during this period as a graduate student, has been 

important in my formation as a professional. Further, this work has helped me define and 

test hypotheses related to behavior, bioindicators and genetics for different taxa of 

invertebrates. This was a successful academic training program that was both rewarding 

and key for developing my skills as a future academic. I performed tasks as a researcher, 

acted as an environmental administrator getting collection, genetic, and bioprospecting 

research permits, and participated in outreach activities at the UNR museum and with 

Earthwatch volunteers in the field. The references below are products of this work, and 

even though I am not first author, I view them as products of my PhD research.  
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I. Introduction 

Natural history collections housed by institutions around the world play a central 

role in documenting species diversity and providing a physical framework for 

conservation biology (Drew 2011). These collections can provide invaluable taxonomic 

and community data for addressing questions in biodiversity research, conservation, 

ecology, and evolution. Research areas that have depended on collections include 

documenting recent changes in composition of biotic communities (Lister 2011), 

examining biogeographic patterns or distributional range changes across biomes or 

elevations (Boakes et al. 2010), documenting phenological shifts (Robbirt et al. 2011), 

and testing specific evolutionary hypotheses using genetic or morphological traits from 

museum specimens. Data from museums can be used to document changes at different 

time scales, including community composition in the recent past (historical samples) and 

to infer past ecological conditions (Krishtalka. 2000). 

Museum specimens also provide a variety of source materials for a range of 

analyses focused on environmental change. Collections comprise not only the products of 

opportunistic collecting but are also repositories of major surveys (Lister 2011). The 

localities and dates of collection associated with these vouchered specimens, often shared 

in online repositories, provide the only large-scale, verifiable data available on native 

distributions of organisms. These data are the foundation of and how the distributions of 

organisms have changed over time. Such shifts in species distributions that can be 

quantified from collections are important and have profound impacts on both natural 

environments and human welfare (Lawrence et al. 2015). 
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Over the past century, there have been two major causes of changes in species’ 

geographical distributions: (i) climate and land-use change have caused redistributions 

within continents (e.g. Chen et al. 2011; Parmesan 2007); and (ii) intentional or 

accidental introductions to new continents or new areas within continents and the 

subsequent spread of introduced species have caused global changes in distributions. 

Understanding species’ responses to global change or introduction to novel environments 

informs predictions of the impacts of future environmental changes and, for some 

species, prospects for conservation (Kharouba et al. 2018). 

As fortunate as it is that institutions house huge numbers of specimens that 

document spatial and temporal patterns of biological diversity, the full potential of these 

collections has not been achieved. For instance, access to collections is a constraint 

limited only to nearby researchers and students (Lawrence et al. 2015). In addition, it is 

estimated that less than 10 percent of information about specimens is in digital form, and 

even less is available online (Page et al. 2015). Several efforts have targeted this problem 

by digitalizing collections for public access. For example, the Lepidoptera of North 

America Network (LepNet) is guided by an overall goal to transform Lepidoptera 

specimen data into readily available digital formats to foster global research in taxonomy, 

ecology, and evolutionary biology (Seltmann et al. 2017). For systematists, online data 

and images of specimens, especially type specimens, can lessen the need to borrow 

specimens or to travel to other institutions. For ecologists, wildlife biologists, and other 

researchers, online data and images allow reasonable identifications that are not 

otherwise attainable. 
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For my PhD research, summarized in this formal dissertation, I worked on 

projects that utilized digitized data from museum specimens to examine traits related to 

thermoregulation processes. I also examined land use and habitat change of Lepidoptera 

and Coleoptera (Scarabaeidae: Scarabaeinae) across different gradients based on museum 

specimens. The proposed work was designed to close knowledge gaps on how processes 

of thermoregulation and habitat change play an important role in the survival, 

specialization, and adaptation of different taxonomic groups using scientific collections 

from Ecuador and the US (UNRMNH and the McGuire Center). 
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Abstract 

Introduction. Ecuador harbors an astounding number of ecosystems and species. 

However, anthropogenic land-use changes are the primary drivers of biodiversity loss in 

major taxonomic groups, especially insects. Among them, the Scarabaeinae subfamily 

containing dung beetles, is an excellent taxon for studying taxonomic and functional 

diversity, as they are relatively stable taxonomically and have a wide variety of 

ecological services. Their distribution is mainly influenced by biogeography and climate 

as their main ecological and environmental factors will allow us to quantify what aspects 

of diversity are being impacted under different circumstances and at different scales.  

Methods. To understand the main of dung beetle distribution drivers, we analyzed a 

museum database from the National Institute of Biodiversity, Ecuador (INABIO) of over 

5000 dung beetle specimens with 122 species collected throughout the country, we 

addressed the following questions: i) How does tribe distribution vary across climatic and 

elevational gradients? And ii) How does functional and taxonomic beta diversity vary 

across spatial scales? To address them, we focused on three main tribes: Canthonini, 

Coprini, and Phanaeini. We constructed GLM’s and niche-based models to estimate 

Ecuador’s distributions based on climate variables to explore potential predictor 

variables, using tree classification models, along with taxonomic and functional beta 

diversity across scales.  

Results. The main variables influencing dung beetle distribution were elevation, and 

precipitation. The Phanaeini niche model is significantly better at predicting dung beetle 

presence throughout Ecuador than Canthonini and Coprini. We found high turnover in 

functional groups at larger scales, suggesting that dung beetles show high levels of 
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habitat specialization, which associates to our findings where taxonomic beta diversity 

was higher in the Amazon basin compared to the coastal region. This may be due to the 

higher rate of dung production in Amazonia. Our findings also suggest that dung beetles 

are not found in areas above 2000m, mainly because dung beetles are well adapted to 

warmer and moist climatic regions. Precipitation and elevation are consistently essential 

variables for predicting Canthonini and Coprini presence, while temperature explains 

Phanaeini presence. Low levels of species turnover at the regional scale may be because 

the total species richness in Ecuador is different, where divergence in taxonomic beta 

diversity between the two regions is an artifact of such differences in richness in 

Amazonia versus the coast, the distinction is also due to nonrandomly low taxonomic 

beta diversity levels in the coastal region.  

Conclusions. Our results provide an essential framework for evaluating potential dung 

beetle habitat and diversity at different scales; therefore, by identifying dung beetles’ 

diversity, combined with considerations of habitat fragmentation, human land-use 

alteration, and climate change, will be an important next step to inform better and 

prioritize dung beetle conservation efforts in other countries. 

Keywords: Dung Beetles, Ecological niche modeling, Distribution, Beta Diversity. 
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Introduction 

Ecuador is the smallest of the 17 megadiverse countries (Mittermeier 1988) 

harboring an astounding number of ecosystems and species, with many endemic species 

occurring in small geographic ranges (Bass et al. 2010, Brooks 2002, 2006). 

Unfortunately, the country has experienced profound changes to its natural habitats 

(Cuesta et al. 2017). In 2014, the country reported an estimated 1.83 million-hectare 

(14%) loss of forest area since 1990 (MAE 2015). The annual deforestation rate for 

2008–2014 was – 0.37%, equivalent to an average annual loss of 47,000 hectares (MAE 

2015). Due to these recent trends in habitat loss and extensive historical changes that 

occurred during the mid-20th century, only ~30% of the original natural vegetation 

remains in the coastal plains, 60% in the Andean region, and 88% in the Amazon 

lowlands. In this context, anthropogenic land-use changes are the primary drivers of 

global biodiversity loss in major taxonomic groups (Reid et al. 2005), and Ecuador is not 

the exception. Invertebrates are often particularly susceptible to landscape changes (Dunn 

2004, Samways 2005), and because of the key roles they play in many ecosystem 

processes, their loss could produce cascading effects on the entire communities (Coleman 

& Hendrix 2000). Despite this, our knowledge about the response of many insects to 

climate conditions and human activity is minimal (Wagner 2020; Nichols et al. 2008). 

Understanding the response of insects to human activity and climate is necessary to 

support conservation policies and assess the functional consequences of human 

disturbance (Halsh et al. 2021; Balmford & Bond, 2005). 

 The order Coleoptera constitutes the richest group of species of any animal taxa, 

with more than 400,000 species described so far (McKenna et al. 2015; Zhang et al. 
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2018). Among this diverse order, dung beetles belong to the Scarabaeoidea superfamily, 

one of the largest superfamilies of beetles in the world, with approximately 150 families 

and 30,000 species (Carvajal et al. 2011). Scarabaeoidea is the most diverse group within 

the Coleoptera order in terms of its biology, ecology, and behavior (Woodruff 1973). 

Dung beetles are an excellent taxon for studying both taxonomic and functional diversity 

because they are widely distributed, diverse, and abundant in tropical and warm 

temperate ecosystems. Additionally, the ecological roles of dung beetles are known 

(Hanski & Cambefort 1991) and the group has a relatively stable taxonomy (Philips et al. 

2004). Adults and larvae are part of a specialized group that feeds mainly on the feces of 

herbivorous mammals, thus playing an integral role in recycling nutrients, improving 

plant growth, reducing pests, bioturbation, pollination, and secondary seed dispersal 

(Nichols et al. 2008). In addition, this taxon has been proposed as an excellent 

bioindicator group of environmental processes, being very sensitive to anthropic 

disturbance events (Halffter & Favila 1993, McGeoch et al. 2002, Spector 2006, Otavo et 

al. 2013, Noriega et al. 2021).   

Two principal ecological factors influence present tribal, genera, and species 

distribution patterns of Scarabaeinae dung beetles worldwide (Davis & Scholtz 2001): 

suitable climate and the number of dung types. At the species and generic level, there is a 

strong correlation between dung beetle taxon richness and the area of suitable climate in 

each of the world’s biogeographical regions. However, at the tribal level, taxon richness 

and composition strongly correlate to both climatic area and the number of dung types. 

Dung type diversity also varies between biogeographical regions according to the 

evolutionary history of mammals (Davis et al. 2002).  However, their relative influence 
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differs according to the two main components of biodiversity: overall numerical richness 

and taxonomic identity. In the first instance, current distributional variance in species 

richness is often correlated strongly with current ecological or environmental factors 

(Moura et al. 2016; Davis & Scholtz 2001; Francis & Currie 1998). Scarabaeinae dung 

beetles also show strong spatial specializations stemming from their evolutionary history. 

Due to their Gondwana land origins (Silva & Hernandez 2014; Halffter & Matthews 

1966, Halffter 1974), at the global scale, dung beetle specialization and richness is 

highest in warmer, moister, climatic regions (Birkett et al. 2018; Davis et al. 2002; 

Halffter 1991). At a regional scale, climate type exerts a significant influence on dung 

beetle diversity (Duncan et al. 2009; Kirk & Ridsdill-Smith 1986, Davis & Dewhurst 

1993; Davis 1997), which appears to be a general rule in the large-scale distribution of 

any taxonomic group (Clark et al. 2011; Currie et al. 1999). At a local scale, soil and 

vegetation types, influence dung beetle distribution (Nealis 1977; Doube 1983; 

Cambefort 1991; Davis 1996; Daniel et al. 2021); which, could strongly affect ecosystem 

functioning and disrupt all ecosystem services provided by this group of insects. Potential 

distribution and/or niche models for this group of species in Ecuador are scarce.  

To quantify the effects of this habitat alteration and climate change, we need to 

understand which roles, functions, and ecological services exist on the landscape. 

Understanding where and how species assemblages change in relation with the 

environment will allow us to quantify what aspects of diversity are being impacted under 

different circumstances and at different scales of land-use change (Barragán et al. 2011). 

These patterns allow for more effective management of natural areas to avoid 

biodiversity loss in critical regions (Hayes et al. 2009). In this context, beta diversity may 
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be a handy metric for elucidating the processes underlying dung beetle community 

assembly at a regional scale (Socolar et al. 2016). Beta diversity, which measures how 

species composition changes across space, can allow us to evaluate how community 

structure and assembly processes change      as a function of the environment (McKnight 

et al. 2007; Buckley & Jetz 2008; Lepori & Malmqvist 2009). At local scales, high beta 

diversity measurements can reflect a decisive role of environmental filtering and species 

interactions in community organization (Fukami 2005). At regional scales, high beta 

diversity can reflect a strong role in trait evolution, habitat specialization, and speciation 

(Graham & Fine 2008). Taxonomic diversity, however, is often sensitive to stochastic 

effects such as genetic and ecological drift due to dispersal limitations (Baiser & 

Lockwood 2011) and, furthermore, the presence of functionally redundant species limits 

the ability of taxonomic diversity to reflect environmental filtering (Swenson et al. 2011; 

Siefert et al. 2012). To tease apart these processes, one solution is to compare taxonomic 

and functional beta diversity. In comparison to taxonomic diversity, functional trait 

diversity is highly responsive to deterministic environmental processes      but not to the 

stochasticity caused by ecological drift and dispersal limitation (Villéger et al. 2012; 

Myers et al. 2013). When functional beta diversity and taxonomic beta diversity respond 

similarly to spatial or temporal changes, communities are likely to assemble 

deterministically, while opposed responses suggest that stochastic effects may be causing 

mismatches in functional and taxonomic levels (Condit et al. 2002; Chase & Myers 2011; 

Leibold & Chase 2017). The dung beetle assemblages of Ecuador span a large and 

heterogeneous area, making it is critical to also consider regional habitat type, which can 

affect beta diversity (Swenson et al. 2011). By measuring the correlation between 
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taxonomic and functional beta diversity across scales and habitats, we hope to understand 

whether dung beetle assemblages in coastal and Amazonian Ecuador are organized via 

habitat filtration and species interactions, which act at the functional level, or dispersal 

limitation and ecological drift, which operate at the species level.  

To understand distribution and biodiversity patterns among Ecuador’s dung 

beetles, we conducted two analyses utilizing a database of over 5000 dung beetle 

specimens collected throughout the country, addressing the following questions: i) How 

does tribe distribution vary across climatic and elevational gradients? Ii) How does 

taxonomic and functional beta diversity vary with spatial scale? And iii) How does 

taxonomic and functional beta diversity vary across ecoregions? We first examined the 

distribution of three widespread tribes that play distinct roles in ecosystem functioning 

(Canthonini, Coprini, and Phanaeini) using distribution models to evaluate which 

environmental and topographic variables are significant drivers of tribe presence. We 

hypothesized that elevation and temperature would be the most important drivers of these 

tribes’ distributions because of the dung beetle’s small body size and dependence on 

mammal populations, which likely vary according to vegetation assemblages driven by 

elevation and moisture. Second, to assess the relative importance of stochastic versus 

ecologically driven community assemblage processes throughout Ecuador, we compared 

the relationship between alpha and beta diversity at the taxonomic level (taxonomic 

alpha/beta diversity) and functional group level (functional alpha/beta diversity) using 20 

different spatial scales. Spatial scale was represented here as 20 spatial grids which all 

covered the same extent of Ecuador, but which differed in grain size, ranging from a 4-bit 

grid to a 256-bit grid. Based on their sensitivity to climate and specialization to dung 
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type, we hypothesized that dung beetle community assemblage processes are likely 

driven by ecological factors such as niche specialization and biotic interactions both at 

the local and regional levels. We thus expected functional beta      diversity and 

taxonomic beta diversity to respond similarly to spatial scale and alpha richness. Finally, 

to assess the importance of habitat type on stochastic versus ecologically driven 

community assembly processes, we compared the response of taxonomic and functional 

beta diversities to scale in the northern coastal region to the northern Amazonian region 

of Ecuador. We hypothesized that highly productive and more environmentally stable 

regions, such as the Amazon basin, would promote ecological drift and show higher 

taxonomic beta diversity at a much finer scale than heterogeneous regions such as the 

northern coast. 

Methods 

Data were analyzed from the Coleoptera Collection of the National Institute of 

Biodiversity, Ecuador. This database includes adult dung beetle collections with records 

from the 1970s, with more than 5000 entries, encompassing 122 species from three 

natural regions (Coast, Andes, and Amazonia), 19 provinces, and 11 vegetative 

formations. All the collections belong to more than 200 locations across Ecuador. All 

analyses focused on the three main tribes: Canthonini (42 species), Coprini (42 species), 

and Phanaeini (17 species), as they belong to groups with broad distributions and adapted 

to high percentage of canopy cover. Ecuador is divided into four unique geographical 

regions; the Coast, which has seven provinces ranging from 0 – 900m and limiting with 

the western Andes cordillera; the Sierra region (Andes) has 10 provinces all in high 

elevations ranging from 900 – 6263m, the Amazon has six provinces all located in the 
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Amazon Basin from the Eastern Andes foothills at 800m towards the evergreen forests at 

200m.  

The Coleoptera Collection was trimmed to 20unctioe only one entry per species per 

location to account for sampling bias. We analyzed the data in two ways. First, to 

understand how different tribes are distributed across the landscape, we fitted distribution 

models using several climate variables and elevation data (Table S1). Second, we 

analyzed how grain size affects β-diversity using taxonomic and functional approaches, 

where the largest grain size divides the region (Amazonia or Coast) into fourths, each 

plot about 22,000 km2, and the smallest grain size divides the region into 256 plots each 

equal to 344 km2. All data analysis was conducted in R (R Core Team 2022). 

Distribution modeling of dung beetle tribes 

We constructed a niche-based model to infer climatic processes driving the species 

spatial distribution. To characterize the niche climatic space, we used 9 bioclimatic 

variables (Table S1) obtained from the WorldClim database, including global monthly 

climate data from 1970 to 2000 at approximately 1km resolution. We selected climate 

variables related to temperature and precipitation. These raster data and elevational data 

were imported in the statistical software R (R Core Team 2022) as a raster stack for 

spatial analysis and the models were generated using the “sf” (Pebesma 2018), “dismo” 

(Hijmans et al. 2022) and “raster” (Hijmans 2022) packages. Since elevation data were 

available as spatial polylines, the data were converted to a raster using nearest-neighbor 

interpolation with the same extent and resolution as the climate data for ease of analysis. 

Global climate data were cropped to Ecuador, then extracted to the location of each dung 

beetle specimen. Although vegetation data were also available, we did not use these data 
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in distribution modeling because of the large number of different vegetation classes for 

the number of observations available, then we performed distribution models separately 

for each tribe. 

Because our data were presence-only, we generated pseudo-absences by randomly 

sampling background locations across Ecuador to produce approximately equal sample 

sizes of presence/absence data, as recommended by Barbet-Massin et al. (2012). Climate 

and elevation data were again extracted to these background locations.  

In order to select the most appropriate climate variables, we used a classification and 

regression tree model (CART) (Lewis 2000, Ona et al. 2012) to identify potential 

predictor variables for determining tribe presence/absence. Classification trees partition 

the response recursively into hierarchical subsets that are increasingly homogeneous in 

presences/absences (Urban 2002). The model uses single predictor variables for 

partitioning at each branch of the tree. Classification trees were ‘pruned’ using a cost-

complexity parameter that minimized the relative misclassification rate from 10-fold 

cross-validation to avoid overfitting. To evaluate each reduced classification tree, we fit a 

model on a training subset (70% of the data), then predicted tribe presence/absence on the 

holdout dataset. Variables identified through each pruned classification tree were then 

used to model tribe distribution using generalized linear models using the package “rpart” 

(Therneau & Atkinson 2022) in R (R Core Team 2022). The final models specify the 

logit (ln(P/(1-P)) of presence probability, P, as a linear combination of the specified 

predictor variables and interactions between predictors. 

We selected elevation, mean annual temperature, annual precipitation, precipitation of the 

wettest and driest months, precipitation seasonality, and precipitation of the warmest and 
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coldest quarters for inclusion in our models based on a threshold Pearson’s correlation of 

0.7 (Sedgwick 2012). Classification tree models predicting tribe presence/absence 

allowed us to reduce the number of potential predictor variables for further consideration 

in logistic regression. 

Generalized linear models 

We began our analysis by exploring potential predictor variables for explaining the 

distribution of dung beetle tribes across Ecuador. We first plotted univariate histograms 

of the possible predictor variables (Figure S1), the response variable, and tribe presence 

to understand the underlying distribution of each variable. We then explored a correlation 

and bivariate scatterplot matrix of all variables to understand the full scope of 

correlations between the potential predictors. After considering redundancy in several 

variables and visualizing possible important predictor variables graphically and through 

the CART model, we decided to explore elevation and all bioclimatic variables, as 

potential predictor variables in generalized linear models. Because the response variable, 

tribe presence/absence, is discrete binary count data bounded at zero, we specified a full 

generalized linear model (GLM) with a binomial distribution and logit-link function for 

each tribe. We then identified several reduced models predicting tribe presence/absence 

with predictor variables and determined the statistically significance with an ANOVA – 

chi-squared test in the entire model. The final models for each tribe were selected by 

comparing Akaike Information Criterions (AIC) and Bayesian Information Criterions 

(BIC) (Table 1), as well as their evaluation performance. Using the last models for each 

tribe (Table 2), we predicted the probability of occurrence across Ecuador based on the 

climate and elevation raster inputs.  
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Model diagnostics and validation 

To assess whether a binomial GLM with a logit link function was appropriate for 

characterizing the distribution of different dung beetle tribes, we produced diagnostic 

plots for the model and performed ANOVA, chi-square analyses to compare its ability to 

explain variance in the data with the full binomial model. We assessed linearity by 

plotting the residuals versus the model’s fitted values and examining the normal quantile-

quantile (Q-Q) plots. The residual versus fitted values plot was used to detect non-

linearity, unequal error variances, and outliers. We used Cook’s distance and plotted hat 

values in an index plot to determine if any outliers were exerting undue influence on the 

model. We examined response, Pearson, and deviance residual plots for each final model 

to assess for normality. To determine the accuracy of our distribution models, we used a 

threshold-dependent metric. We took an initial random sample of 70% training data to fit 

the top distribution models. We then predicted dung beetle tribe presence/absence using 

the validation set on the training model. We performed this holdout model selection and 

validation five times to examine consistency in the top model’s covariates, parameter 

estimates, and accuracy, afterwards, we specified the threshold for each validation set 

around the prevalence of a tribe in the data and converted our predicted probabilities to 

presence/absence predictions, and produced a contingency table to gauge overall 

accuracy, false positives, and negatives. We also assessed the error rate in classification 

using the same threshold. The class agreement command produced the overall accuracy 

metric and the kappa coefficient, which measures the agreement between predicted and 

observed data beyond chance agreement between classes. Furthermore, we used receiver 
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operating curves (ROC) based on the overall accuracy to calculate an area-under-curve 

statistic (AUC) given our specified threshold. 

Taxonomic and functional alpha and beta diversity across scales 

For our taxonomic approach, within the three tribes, we used the collection data of 87 

species spread among 682 observation points throughout Ecuador. Afterwards, we 

identified 14 functional groups (Table S2), conceptualized as non-phylogenetic, 

aggregated units of species sharing an important ecological characteristic and playing an 

equivalent role in the community (Orfanidis et al. 2011), based on their feeding strategy 

(coprophagous, necrophagous, generalist), nesting behavior (paracoprid – tunnellers and 

telecoprid – ball-rollers), and size (big, medium, and small). Using the sf package 

(Pebesma 2018), we created twenty different spatial grids, dividing the area of the total 

spatial extent by (x2), where x equals two through 21 (Figure 1). The largest grid divided 

the total area of Ecuador into fourths, each 22,000 km2, while the smallest grid had 256 

cells of area 343.9      km2. Alpha diversity was calculated as the number of species 

(taxonomic richness) and the number of functional groups (functional richness) present in 

each cell; while beta diversity (species turnover or replacement) was calculated as the 

total number of species or functional groups present within the entire grid, divided by the 

species/functional group richness within a given cell, minus one (beta= gamma/richness – 

1), following Whittaker (1960) approximation. All cells containing no points were 

excluded from the diversity calculations.       

To compare the coastal and Amazonian regions, we subsetted the data from these two 

regions and repeated the above methodology for each using 15 different spatial grids with 

cell sizes from 5,264 km2 down to 82.3 km2. We then compared the coefficients from 
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each linear model. To evaluate whether differences in beta diversity between the two 

regions was an artifact of differences in species richness between the two regions, we 

used a null model to compare the observed beta diversity to the expected beta diversity, 

given richness (Crist et al. 2003, Myers et al. 2013). The null model randomly sampled 

individuals from the regional species pool to fill each cell within the grid, while keeping 

the number of individuals sampled per cell equal to that observed and the number of 

records per species in the regional pool equal to that observed. We then compared the 

observed beta diversity values to the mean of 1000 iterations of the null model outputs 

and calculated p-values for each grid as the ratio of iterations with values less than the 

observed beta diversity value. 

Results 

Distribution modeling of dung beetle tribes 

The probability of presence for each tribe is a function of the predictors specified in 

Tables 2 and 3, being elevation the most significant predictor variable in all three models. 

Canthonini presence varied as a function of elevation, annual precipitation, and 

precipitation of the coldest quarter and based on the tree model, all the precipitation 

variables worked as important predictor variables, with a 21% error rate predicting on a 

holdout dataset; its probability decreased as elevation increased, with a much more 

pronounced negative trend as annual rainfall increased, indicating the importance of the 

timing of precipitation for this tribe (Figure S5). Coprini presence increased slightly as 

elevation increased, precipitation of the driest month, and precipitation seasonality, and 

its classification tree suggested precipitation and seasonality as potentially important 

variables, with a 24% error rate predicting on a holdout dataset (Figure S6). Finally, 
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Phanaeini presence varied as a function of elevation and mean annual temperature. The 

probability of Phanaeini presence increased with mean annual temperature but decreased 

as elevation increased with the classification tree suggesting elevation, mean annual 

temperature, and precipitation of the wettest month as potentially important variables, 

with a 5% error rate predicting on a holdout dataset (Figure S7). 

The distribution model for the Phanaeini tribe performed significantly better than the 

final distribution models for Canthonini and Coprini (Table 3). The average error rate 

from five trials of validating the last models on a holdout dataset was 31.02% for 

Canthonini, 30.88% for Coprini, and 9.28% for Phanaeini. These error rates are based on 

average threshold values for each tribe of 0.40 for Canthonini, 0.40 for Coprini, and 0.31 

for Phanaeini. The threshold values used were optimized to maximize accuracy in each 

trial while minimizing false positives and negatives. To evaluate each model with a 

threshold-independent metric, we used the area under the receiver operating curve 

(AUC), representing the tradeoff between true positives and false positives. The average 

AUC for five holdout validation trials were 0.73, 0.76, and 0.97, respectively. Therefore, 

the Phanaeini distribution model is significantly better at predicting dung beetle presence 

throughout Ecuador compared to the final Canthonini and Coprini models (Figure 2).  

3.2. Alpha and Beta diversity analyses – comparing functional and taxonomic diversity 

Over the scope of Ecuador, taxonomic beta diversity (species turnover) had an inverse 

relationship to taxonomic alpha diversity (species richness) (Figure 3a), such that at 

smaller spatial scales, the rate of species turnover among plots was much higher than the 

mean species richness of any individual plot. Functional beta diversity (functional 

turnover) also increased as plot size decreased (Figure 3b), however, unlike with 
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taxonomic turnover, functional turnover was only marginally greater than functional 

richness at small spatial scales. In other words, even at small spatial scales, there was low 

variation of functional groups among plots. 

Beta diversity analyses – comparing the coast and Amazonia regions 

In this dataset, 72 species of dung beetle from 287 observations were recorded in 

Amazonia, and 38 species from 291 observations were recorded in the coastal region. Out 

of the 14 identified functional groups, all 14 were represented in Amazonia and 12 were 

represented in the coastal region. Taxonomic beta diversity was higher in Amazonia 

compared to the coast (Figure 4a) while functional beta diversity did not differ between 

the two regions (Figure 4b). Taxonomic beta diversity levels in Amazonia were in line 

with what null model analysis predicted based on the region’s species richness: the higher 

levels of taxonomic turnover in Amazonia compared to the coast can be largely attributed 

to higher species richness in Amazonia (Figure S8a). However, taxonomic beta diversity 

levels from the coastal region were significantly lower than expected based on the null 

model in 9 out of the 15 grids and marginally lower in 11 out of 15 grids (Figure S8b). 

Thus, while some of the divergence in taxonomic beta diversity between the two regions 

is an artifact of differences in species richness in Amazonia versus the coast, the 

distinction is also due to nonrandomly low taxonomic beta diversity levels in the coastal 

region. Functional beta diversity did not significantly differ from the null expectation in 

either region.    
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Discussion 

Distribution modeling of dung beetle tribes 

Precipitation and elevation were consistently significant for predicting presence of 

Canthonini and Coprini, while the temperature was more important for predicting 

presence of Phanaeini in Ecuador. These climatic distribution patterns of dung beetle taxa 

reflect historical and current ecological influences, where tribes are correlated to a 

combination of tropical climate types (Davis et al. 2002). Despite broad limitations to 

dung beetle diversity associated with annual temperatures below 15 °C, and annual 

rainfall below 250 mm (Halffter 1991, Espinoza & Noriega 2018), taxa distribution 

models reveal taxa-specific climatic niches, with some taxa exhibiting narrower climatic 

preferences and consequently more distribution-limited than others. The probability of 

Canthonini presence decreased with increasing elevation, with a much more pronounced 

negative trend as annual rainfall increased. Despite these trends, the probability of 

Canthonini presence increased as the precipitation of the coldest quarter increased, 

indicating the importance of the timing of precipitation for this tribe. In contrast to 

Coprini presence increased slightly as elevation augmented, with a stronger positive trend 

as precipitation of the driest month increased. Furthermore, Coprini presence also 

increased as precipitation seasonality increased. Phanaeini had a much higher probability 

of occurrence across much of Ecuador, exhibiting a more generalized climatic niche. The 

probability of Phanaeini presence increased with mean annual temperature and decreased 

as elevation increased.  

Our results suggest that dung beetles were not frequently found in areas above 2000 m, 

consistent with Halffter (1991) and Espinoza & Noriega (2018), who emphasizes that 
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dung beetles are well adapted to climatic regions which are warmer and moister than 

those found at high elevations (Fig. 2). Specifically, dung beetles in Ecuador are unlikely 

to be found in the High Andes, where climatic conditions get colder and have low 

atmospheric pressure, where only few a species like Dichotomius cotopaxi, can tolerate 

elevations above 2500 m (Carvajal et al. 2011, Villamarin-Cortez 2013, 2010). 

All tribes analyzed are well distributed throughout the Neotropics and are expected to be 

found in areas where environmental conditions are favorable to their survival, especially 

the Coast and Amazonia, consistent with our distribution predictions. These regions have 

an appropriate environment for dung beetles to accomplish their life cycle. For example, 

the Coast has the most fertile and productive land, along with a tropical climate and a 

mean temperature of 25 °C (77 °F). Amazonia, in contrast, has less productive soil but is 

comprised mainly of rainforest, with a mean temperature of 23 – 25 °C. Despite known 

temperature limitations, tribes were most strongly correlated to both rainfall (Walter & 

Lieth 1964; Noriega et al. 2015) and elevation (Espinoza & Noriega 2018), which may 

reflect past Cenozoic dispersal patterns into northern regions when their climates were 

warmer (Laporte & Zihlman 1983, Parrish 1987, Carvajal et al. 2011), these different 

climate conditions have helped dung beetles to evolve and survive since the megafauna 

extinction and Pleistocene climate oscillations (Maldaner et al. 2021). Nevertheless, these 

regions and ecosystems have changed drastically, due to the expansion of the agricultural 

border, such activities reflect deep modifications in dung beetle assemblage composition, 

mainly because they are a very sensitive group to even low-intensity habitat modification 

(Bicknell et al. 2014) While our results suggest differences in climatic niche breadth for 

the three taxa, it is important to recognize the limitations of the distribution models 
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presented here, specifically, the lack of true absence data and the importance of species 

interactions and finer scale resource limitations in moderating habitat use and 

distributions. However, this broad scale understanding of taxa distribution and climatic 

preferences aids our understanding of potential climate change impacts and helps identify 

critical habitat for dung beetle diversity from Ecuador. 

Beta diversity patterns 

Taxonomic beta diversity (species turnover) was more sensitive to spatial scale than 

functional beta diversity (functional group turnover) in assemblages of dung beetles 

throughout Ecuador (Figure 3). When plot size was decreased, species turnover increased 

at a greater rate compared to functional group turnover. In other words, plots were more 

likely to contain distinct species of beetle, but not necessarily distinct functional groups. 

This pattern signifies that a few key functional groups are present in most habitats, but 

that these functional roles are often filled by unique species. The presence of many 

functionally redundant species suggests that dispersal limitation may structure dung 

beetle communities in Ecuador. When species are dispersal limited, communities often 

become spatially heterogeneous through ecological or evolutionary drift (Baur 2014), 

which creates high taxonomic beta diversity. However, it is also possible that the 

functional groups that we have delineated, which are based on size, feeding strategy, and 

nesting behavior, do not capture critical traits that distinguish a species’ ability to survive 

in a particular habitat or community. Additionally, while this analysis considered an array 

of spatial scales, all were above 80 km2. Taxonomic and functional beta diversities may 

perform differently at smaller scales, where dispersal is likely to be less limiting.       
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According to our findings, taxonomic beta diversity was higher in the Amazon basin 

compared to the coastal region. This may be due to the higher rate of dung production in 

Amazonia, which is known to influence dung beetles’ abundance and diversity (Campos 

& Hernández 2013, da Silva & Hernández 2014, 2015, 2016). The physical structure of 

the forest floor, which is influenced by leaf litter, can affect the nesting activities of 

certain dung beetles’ guilds such as rollers (Nichols et al. 2008). Roller dung beetles roll 

food resources several meters away from their source until they find an adequate place to 

bury them. This behavior helps them escape high competition on ephemeral resources 

such as dung and carrion. In contrast, we see lower levels of species heterogeneity in the 

Coast. We expected the drier climate in this region to reduce the diversity of dung beetle 

nesting behaviors found in Amazonia. However, surprisingly, the two regions contained a 

similar number of functional groups (12 in the coast and 14 in Amazonia) and, 

furthermore, functional beta diversity responded to spatial scale equally in both regions 

(Figure 4b). This suggests that ecological drift and dispersal limitation, affect taxonomic 

diversity more than functional diversity, may play large roles in maintaining high species 

richness in the Amazonian region. While deterministic factors such as niche partitioning 

certainly must also be at play, the similarity of functional beta diversity between the coast 

and Amazonia suggests that stochastic processes are more responsible for the 

maintenance of species diversity in the Amazon. 

In the context of threats due to land use, our results demonstrate the necessity of 

conserving landscapes across a wide variety of environmental gradients to respond to 

beetle diversity. Dung beetle communities can be sensitive to habitat change and it is 

common to see the reduction in diversity and compositional changes in degraded habitats 
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(Nichols et al. 2007, Solar et al. 2016). Our results suggest that habitat changes primarily 

drive these responses to the microclimate and vegetation composition and structure. The 

high levels of taxonomic beta diversity at small spatial scales suggests that the amazon 

maintains a high species richness by having higher species turnover, especially because 

vegetation is well preserved, maintaining good soil conditions, augmenting successful 

breeding and manure burial (Maldonado et al. 2018), which are essential for dung beetle 

survival. 

Our results provide an essential framework for evaluating potential dung beetle habitat 

and diversity at different scales. Overall, our results are consistent with the knowledge of 

dung beetle biological and ecological requirements, and provides a country-wide analysis 

of Canthonini, Coprini, and Phanaeini dung beetle tribes distribution and diversity. 

Therefore, by identifying dung beetles’ diversity, combined with considerations of habitat 

fragmentation, human land-use alteration, and climate change, will be an important next 

step to inform better and prioritize dung beetle conservation efforts in other countries. 
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Tables. 

Table 1. AIC and BIC data for model selection for each of the three tribe distribution 

models using binomial generalized linear regressions. Models with the lowest AIC and 

BIC were selected for further evaluation and final predictions. 

Model AIC BIC 

Canthonini 

PA ~ Elev + MAT + MAP + PPT Seasonality + PPT Warmest Quarter + PPT 
Coldest Quarter 462.00 489.91 

PA ~ Elev + MAP + PPT Seasonality + PPT Coldest Quarter 489.13 509.06 

PA ~ Elev + MAP + PPT Coldest Quarter 494.27 510.21 

PA ~ (Elev + MAP + PPT Coldest Quarter)2 460.11 484.03 

PA ~ Elev + MAP + PPT Coldest Quarter + Elev:MAP + MAP:PPT Coldest 
Quarter 456.08 483.99 

Coprini 

PA ~ Elev + PPT Driest Month + PPT Seasonality + PPT Warmest Quarter + 
PPT Coldest Quarter 496.48 520.52 

PA ~ Elev + PPT Driest Month + PPT Seasonality + PPT Warmest Quarter 499.51 519.54 

PA ~ Elev + PPT Driest Month + PPT Seasonality 510.48 526.51 

PA ~ (Elev + PPT Driest Month + PPT Seasonality)2 447.97 476.01 

PA ~ Elev + PPT Driest Month + PPT Seasonality + Elev:PPT Driest Month + 
PPT Driest Month:PPT Seasonality 446.42 470.46 

Phanaeini 

PA ~ Elev + MAT + MAP + PPT Wettest Month + PPT Driest Month + PPT 
Warmest Quarter + PPT Coldest Quarter 232.85 248.44 

PA ~ Elev + MAT 232.80 244.49 

PA ~ Elev + MAT + Elev:MAT 189.25 204.84 
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Table 2. Coefficients and significance statistics of final tribe distribution models using 

logistic generalized linear regression. 

Canthonini 

P ~ Elevation + Annual Precipitation + Precipitation of Coldest Quarter + Elevation: Annual 
Precipitation + Annual Precipitation: Precipitation of Coldest Quarter 

 Odds 
Estimate 

Log Odds 
Estimate 

Standard 
error 

Z value Pr (>|z|) 

Intercept 2.133088 0.7575708 0.4221209 1.7946772 0.0727052 

Elevation 0.997687 -0.0023156 0.0004102 -5.6446864 0.0000000 

Annual precipitation. 0.998669 -0.0013321 0.0003237 -4.1147182 0.0000388 

Precipitation of coldest quarter 1.009537 0.0094921 0.0014441 6.5728855 0.0000000 

Elevation; Annual Precipitation 1.000001 0.000001 0.0000002 4.4234679 0.0000097 

Annual Precipitation: 
Precipitation of Coldest Quarter 0.999998 -0.0000016 0.0000003 -4.5809495 0.0000046 

Coprini 

P ~ Elevation + Precipitation of Driest Month + Precipitation Seasonality + Elevation: Precipitation of 
Driest Month + Precipitation of Driest Month: Precipitation Seasonality 

 Odds 
Estimate 

Log Odds 
Estimate 

Standard 
error 

Z value Pr (>|z|) 

Intercept 4.1780556 1.4298460 0.9994721 1.4306012 0.1525445 

Elevation 0.9984615 -0.0015397 0.0003580 -4.3015037 0.0000170 

Precipitation of driest month 0.9745912 -0.0257371 0.0040670 -6.3282093 0.0000000 

Precipitation seasonality 0.9707436 -0.0296929 0.0087657 -3.3873942 0.0007056 

Elevation; Precipitation of 
Driest Month 1.0000148 0.0000148 0.0000035 4.2638772 0.0000201 

Precipitation of Driest Month: 
Precipitation Seasonality 1.0009903 0.0009898 0.0001930 5.1290686 0.0000003 

Phanaeini 

P ~ Elevation + Mean Annual Temperature + Elevation: Mean Annual Temperature 
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 Odds 
Estimate 

Log Odds 
Estimate 

Standard 
error 

Z value Pr (>|z|) 

Intercept 0.0051192 -5.2747593 1.3899440 -3.7949439 0.0001477 

Elevation 1.0017771 0.0017755 0.0005362 3.3110261 0.0009295 

Mean annual temperature 1.4615541 0.3795003 0.0662990 5.7240707 0.0000000 

Elevation; Mean annual 
temperature 0.9998195 -0.0001805 0.0000277 -6.5169304 0.0000000 

 
Table 3. Predictor variables selected in the final distribution model for each tribe. 

Average error rate, AUC, and maximum accuracy threshold from five trials of model 

validation on a holdout data set are also shown. 

Tribe Predictors Error rate AUC Threshold 

Canthonini 

Elevation 
Annual precipitation 

Precipitation of coldest 
quarter 

31.02% 0.73 0.40 

Coprini 

Elevation 
Precipitation of driest 
month Precipitation 

seasonality 

30.88% 0.76 0.40 

Phanaeini Elevation 
Mean annual temperature 9.28% 0.97 0.31 
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Figures 

 
Figure 1. Dung beetle occurrence records (red) throughout Ecuador, fitted with a 64-bit 

grid to calculate taxonomic and functional beta diversity. Base map colors represent 

vegetation regimes. Grid cells with no occurrence records were excluded from analysis. 
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Figure 2. Predicted tribe distribution maps from logistic generalized linear models for 

Canthonini (a), Coprini (b), and Phanaeini (c) in Ecuador. Colors represent presence 

probability. Plus, signs represent presence data points.   

      



 

 

51 

 
Figure 3. Taxonomic (a) and functional (b) alpha (black circles) and beta (blue triangles) 

diversity of dung beetles as a function of grain size. Plot area is the size of each grain 

within a grid, transformed with log base ten for visual examination. 20 grids of 

decreasing grain size were used, ranging from a 4-bit grid with 22,000 sq km cells, to a 

256-bit grid with 344 sq km cells.  
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Figure 4. Taxonomic (a) and functional (b) beta diversity as a function of log grain size. 

At smaller spatial scales, dung beetle beta diversity in Northern Ecuador is higher in the 

Amazon (closed circles) than in the coastal region (open circles). Functional beta 

diversity shows equal dependence on grain size in both regions. 
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Project 1—Supporting Information 

Table S1. Climate data (WorldClim) and elevation data are considered in tribe 

distribution models. All data are 1-km resolution. 

 
  

Explanatory Variable 

Mean Annual Temperature (°C) 
Max Temperature of the Warmest Month (°C) 
Min Temperature of the Coolest Month (°C) 
Mean Temperature of the Wettest Quarter (°C) 
Mean Temperature of the Driest Quarter (°C) 
Mean Annual Precipitation (mm) 
Precipitation of the Wettest Month (mm) 
Precipitation of the Driest Month (mm) 
Precipitation Seasonality (CV) 
Precipitation in the Warmest Quarter (mm) 
Precipitation in the Coldest Quarter (mm) 
Elevation (m) 
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Table S2. Representation of functional groups according to their Nesting behavior 

(Paracoprid, Telecoprid); feeding strategy (coprophagous, necrophagous and generalists); 

and size (big, medium, small). 

Group 
No. Functional group Occurrences Example species 

1 Paracoprid Coprophagous Big 42 Coprophanaeus ohausi, Dichotomius 
quinquelobatus, Phanaeus lunaris 

2 Paracoprid Coprophagous 
Medium 175 Copris incertus, Dichotomius ohausi, 

Ontherus trituberculatus 

3 Paracoprid Coprophagous Small 39 Canthidium aurifex, C. pseudaurifex, 
Cryptocanthon campbellorum 

4 Paracoprid Generalist Big 130 Coprophanaeus morenoi, Dichotomius 
mamillatus, Oxysternon conspicillatum 

5 Paracoprid Generalist Medium 64 Canthidium centrale, Coprophanaeus pecki, 
Dichotomius batesi 

6 Paracoprid Necrophagous Big 5 Coprophanaeus edmondsi, Dichotomius 
worintzoni 

7 Paracoprid Necrophagous 
Medium 12 Dichotomius inachus, Coprophanaeus 

callegarii, C. suredai 

8 Telecoprid Coprophagous Big 32 Deltochilum loperae, D. mexicanum, D. 
gibbosum ssp. Amazonium 

9 Telecoprid Coprophagous 
Medium 94 Canthon aberrans, Sylvicanthon bridarollii, 

Deltochilum crenulipes, 

10 Telecoprid Coprophagous Small 13 Deltochilum barbipes 

11 Telecoprid Generalist Big 16 Deltochilum gibbosum ssp. Panamensis 

12 Telecoprid Generalist Medium 49 Scybalocanthon kastneri, Deltochilum parile, 
Sylvicanthon bridarollii 

13 Telecoprid Generalist Small 6 Deltochilum barbipes 

14 Telecoprid Necrophagous 
Medium 5 Deltochilum femorale 
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Figure S1. Univariate Pearson histograms of residuals for possible predictor 

variables. A. Deviance of residuals for Canthonini; B. Histogram of residuals of 

Canthonini; C. Deviance of residuals for Coprini; D. histogram of residuals for 

Coprini; and E. Deviance residuals for Phanaeini; F. Histogram of residuals for 

Phanaeini. 

 
Figure S2. Classification tree predicting Canthonini presence/absence. The model had a 

21% error rate when predicting a 30% holdout dataset. Climate variables included are: 

19) Precipitation of the coldest quarter, 12) annual precipitation, 15) precipitation 

seasonality, 18) precipitation of the warmest quarter, 13) precipitation of the wettest 

month, and 14) precipitation of the driest month. 
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Figure S3. Classification tree predicting Coprini presence/absence. Climate variables 

included are: 19) precipitation of the coldest quarter, 15) precipitation seasonality, 18) 

precipitation of the warmest quarter, and 14) precipitation of the driest month. The model 

had a 24% error rate when predicting a 30% holdout dataset. 
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Figure S4. Classification tree predicting Coprini presence/absence. Climate variables 

included are elevation, 01) mean annual temperature, and 13) precipitation of the wettest 

month. The model had a 5% error rate when predicting a 30% holdout dataset. 
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Figure S5. Estimated probabilities of the Canthonini presence in Ecuador related to a) 

elevation, b) annual precipitation, and c) precipitation of the coldest quarter, according to 

a binomial generalized linear model respectively.  
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Figure S6. Univariate relationships from the final generalized linear models predicting 

the probability of Coprini presence in Ecuador. 
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Figure S7. Univariate relationships from the final generalized linear models predicting 

the probability of Phanaeini presence in Ecuador. 
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Figure S8. Dung beetle beta diversity in (a) the coast and (b) Amazonia as a function of 

log grain size. The expected beta diversity scores (green diamonds) were calculated with 

a null model which randomly sampled individuals from the regional species pool while 

maintaining the number of individuals sampled per cell equal to that observed. P-values 

were calculated as the ratio of iterations with values less than the observed beta diversity 

value. 
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Abstract 

Conversion of natural landscapes by fragmentation and habitat modification is one of the 

main causes of biodiversity loss and damage to ecosystem functioning, and studies 

focused on modified landscapes make it possible to infer how specific land uses, such as 

conversion to agriculture, affect ecosystem structure and function. Here, we examine how 

dung beetle communities in the Chocó in Ecuador vary according to land use, including 

conventional agroecosystems with cacao and coffee production crops and reference 

forests at a similar elevation. We used Pitfall trapping methodology baited with human 

feces. All treatments were sampled in dry and wet seasons. Diversity patterns, 

community relationships, as well as biomass were analyzed. We collected a total of 4378 

specimens and identified 48 species of dung beetles. The areas with the greatest diversity 

corresponded to agroforestry cacao and reference forests, while seasonally, the wet 

season had the highest dung beetle diversity. Beta diversity was driven by turnover in 

cacao systems, while coffee systems were characterized by high levels of nestedness. 

Reference forests in the two systems exhibited high levels of biomass, followed by areas 

with agroforestry management. From this we can infer that agroforestry production 

systems are potentially important for maintenance of insect species richness and 

ecosystem functioning and could be viable alternative conservation systems and 

biological corridors. 

KEYWORDS: AGROFORESTRY, DUNG BEETLES, CACAO, COFFEE 
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Introduction 

Fragmentation and habitat destruction are major causes of biodiversity loss (Reid et al. 

2005). Due to the exponential growth of consumption by expanding human populations, 

these losses are expected to increase in the coming decades at an alarming rate. (Barragán 

et al. 2011). Habitat fragmentation results in the reconfiguration of continuous natural 

landscapes causing a patchwork of small, isolated, and altered habitats (Schroth et al. 

2004). Understanding how biotic communities respond to such habitat modifications is 

essential for predicting and avoiding biodiversity loss, which can lead to significant loss 

of ecosystem function and services (Barragán et al. 2011). Developing tools for effective 

management of affected natural areas (Hayes et al. 2009), such as the assessment of the 

functional consequences of human disturbance will lead to better informed conservation 

policies with the goal of limiting biodiversity loss (Balmford and Bond 2005). 

It is often assumed that agricultural landscapes have little conservation value 

(Reid et al. 2005), but agroecosystems are often part of a matrix surrounding fragments 

of natural habitat that can vary in functional contributions to biodiversity. The 

development of agroecological or agroforestry technologies and systems has increasingly 

focused on the conservation or regeneration of biodiversity, soil, water, and other 

important resources (Altieri 1999). In the Neotropics, cacao and coffee agroforestry 

systems that include forest fragments are among many land use options that could 

provide some support for maintaining tropical forest biodiversity, as crops in the middle 

of forests cause less impact (Rice and Greenberg 2000). A considerable proportion of 

original biodiversity can persist within such agroforestry landscapes if they retain enough 

tree cover (Celi-Santos & Philpott 2019; Holzschuh et al. 2008; Kremen et al. 2004), 
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adding sufficient organic material to the soil, helping in the maintenance of a certain 

degree of connectivity among landscapes, and contributing to biodiversity conservation 

(Harvey et al. 2004). Consequently, conventional crop techniques may support lower 

levels of biological diversity and relatively few forests dependent organisms, as they 

convert a forest into a crop. 

Insects appear to be declining in multiple biomes (Wagner 2020, Wagner et al. 

2021). Because arthropods are key mediators of many ecosystem processes, invertebrate 

extinctions could produce cascading effects on entire biotic communities (Coleman and 

Hendrix 2000, Dyer and Letourneau 2013). Insects, in particular, are frequently used as 

bioindicators, as insect declines cause or indicate various types of ecosystem degradation 

(Audino et al. 2014) and are often severely affected by landscape changes over rapid 

timescales (Dunn 2004, Samways 2005). Despite this, the response of insects to 

agroforestry can be relatively limited (Nichols et al. 2008), but it is important to better 

understand how the composition and abundance of biodiversity differs across 

agroecosystems, which fluctuate in age, structure, and management (Altieri 1999). 

Dung beetles (mostly Scarabaeinae and Aphodiinae, Scarabaeidae) are an ideal 

functional group for the study of the relationships between anthropogenic disturbances, 

community structure, and insect declines (Favila and Halffter 1997, Spector and Forsyth 

1998). These beetles are diverse and abundant in both temperate and tropical ecosystems 

(Hanski and Cambefort 1991), have well known ecological roles, a relatively stable 

taxonomy (Philips et al. 2004), and are used as tools for conservation (Carvajal et al. 

2011; Villamarín 2010; Larsen 2004, Celi et al. 2004, Hamel-Leigue et al. 2008). Dung 
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beetles associated with agricultural environments promote greater appreciation of the 

ecosystem functions provided by these organisms because their ecosystem functions are 

better understood, including their relationship with soil dynamics (Menegas and Medina 

2017). Both adults and larvae are part of a specialized guild that feeds mainly on feces of 

omnivorous mammals and carrion, and this foraging behavior contributes to recycling of 

nutrients through the burial of feces and carrion in the soil; pest reduction, especially flies 

associated with feces and carrion; bioturbation (oxygenation of the soil); pollination; and 

secondary seed dispersal (Nichols et al. 2008). 

Our study on the structure and composition of dung beetle communities was 

guided by the general question of how agricultural management practices affect insect 

diversity. The work was focused on dung beetles in forests, cacao, and coffee plots in the 

Andean Choco region. We tested these specific hypotheses: 1) the production of 

agroecological cacao and coffee practices can contribute to maintaining dung beetle 

diversity; 2) seasonality contributes to changes over time in dung beetle diversity; 3) 

seasonal changes in dung beetle diversity are similar across different management 

practices. The response variables for this study were abundance, biomass, and diversity 

metrics for dung beetles in the subfamily Scarabeinae. 

 

Methods 

The study was carried out in the northwestern Andean slope in Ecuador, characterized by 

two ecosystems: evergreen montane forest and evergreen foothill forest, both located on 

Western Cordillera of the Andes. The research was completed at three sites, representing 

distinct agricultural crop combinations: 1) coffee and cacao agroforestry systems (shade 
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crops); 2) conventional coffee and cacao crops (open crops); and 3) reference (control) 

forests at a similar elevation as the coffee agroforestry and cacao. The study sites are 

influenced by the Chocó bioregion, identified as a hotspot of biodiversity (Myers et al. 

2000), and characterized by a subtropical humid climate with 800 mm mean annual 

precipitation, with a subtle dry season that lasts for 6 months (Sierra 1999). 

Sample sites included two different agricultural crops, two control sites (pristine 

forest) and two seasons (wet and dry). Specifically, the sites were cacao (AECa) and 

coffee (AECo), conventional cacao (TCa) and coffee (TCo), and reference forests for 

cacao (CaF) and coffee (CoF). This was analyzed as a crossed design between site (3 

levels) and season (2 levels) as treatments. Within each site we utilized three 60 x 60 m 

quadrats, each separated 500 m from each other. Clusters of nine dung beetle pitfall traps 

were placed inside each quadrat and separated by 25 m to ensure community 

independence (REF). Coprotraps (Larsen and Forsyth 2005) were baited with 25 g of 

fresh human feces, gauze wrapped and hanged above 12-ounce plastic containers buried 

at ground level (Newton and Peck 1975, Morón and Terrón 1984, Lobo et al. 1988, 

Halffter and Favila 1993). Coprotraps were monitored once a day and removed after 48 

hours as the attractant loses its potency after this time. Beetles were collected and placed 

in 32-ounce whirl-pack collection bags filled with 96% ethanol. Once in the laboratory, 

the beetle samples were cleaned and identified using specialized taxonomic keys (Jessop 

1984, Medina 2011, Génier 1996, 2009, Sarmiento-Garcés and Amat-García 2009, 

Edmonds and Zídek 2010); and compared with curated identified material at the 

entomological scientific collection from the National Institute of Biodiversity of Ecuador 

(INABIO). 
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To characterize the total biodiversity of different treatments, we used three integrated 

rarefaction extrapolation curves based on three Hill numbers: species richness, the 

exponential of Shannon entropy and the inverse Simpson concentration, corresponding to 

Hill's numbers of order q = 0 (0D), q = 1 (1D) and q = 2 (2D), respectively (Hill 1973; 

Chao et al. 2014). The diversity analysis was used to quantify local diversity (α) of dung 

beetle communities for each treatment level combination, and to determine if there are 

relevant differences in the dung beetle community structure among coffee and cacao 

management systems, and reference forests. The diversity measures spread along Hill's 

continuum provide us with a more complete understanding of shifts in rare and abundant 

species and a simplified interpretation of results because units are always in effective 

number of species (Jost 2006). The values of alpha diversity were compared using 

generalized linear models with appropriate distribution of residuals, and all sites in model 

were nested within the level of the forest treatment. All the analyses were performed 

using R (Core Team 2022). 

Species turnover, or Beta diversity, in dung beetle species composition across 

treatment level combinations was measured as the dissimilarity between the assemblages. 

This function computes the overall dissimilarity (measured as Jaccard dissimilarity) 

between treatment levels, and partitions it into its turnover and nestedness-resultant 

components (Baselga, 2010, 2012). These two components reflect the substitution of 

some species by others across sites (turnover), and the loss or gain of species in a nested 

pattern (nestedness-resultant component), respectively (Baselga, Bonthoux, & Balent, 

2015). Statistics were done using R 3.5.0 (R Core Team, 2022), the adespatial (v0.3-16; 
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Dray et al., 2016) and the ade4 (v1.7-19; Dray & Dufour, 2007) packages. Beetle 

biomass was estimated as the abundance and dry weight in grams of all identified 

species. Specimens were dried at 60 °C for five days, and average biomass per species 

was quantified. Species abundance distributions were generated for the beetle 

communities for each treatment level combination (for a total of 6 distributions). 

Results 

A total of 4,380 dung beetles were collected and categorized as 48 species. Within the 

focal ecosystems, 2598 specimens distributed among 39 species collected in ecosystems 

encompassing cacao agroforestry crops, conventional cacao and the associated reference 

forests. The species assemblages were substantially different among all species level 

combinations (Table 1). In the dry season, the community of dung beetles in agroforestry 

cacao crops was dominated by Deltochilum parile (Canthonini, n= 11) and Onthophagus 

lojanus (Onthophagini, n= 60) in the wet season (Table 1). In conventional cacao crops, 

Canthon delicatulus, was the dominant species across the two seasons (Dry= 336; Wet= 

95; Table 1). In the control forest, Dichotomius forctepunctatus (Dry= 693; Wet= 642; 

Table 1) was the dominant species.  

For the coffee crops and associated reference forests, 1782 specimens within 18 

species were collected. Uroxys brachialis (n= 19) was the dominant species in the dry 

season, and Ontherus diabolicus (n= 164) was dominant in the wet season. In 

agroforestry crops, Ontherus diabolicus (n= 140) was dominant in the dry season, and 

Onthophagus nebeleki (n= 160) was dominant in the dry season, while in conventional 
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coffee crops, Onthophagus nebeleki (n= 160) and Onthophagus nepetensis (n= 272), 

were the dominant species for the dry and wet seasons respectively (Table 1).  

Species richness (S') was significantly higher in forest around areas of 

Conventional Cacao and agroforestry crops, with an effect size of 0.78 (F = 15.39; df = 8; 

p = 6.25E-13; Figure 1). For coffee production, conventional coffee communities had 

significantly lower richness than the reference forests and agroforestry production 

communities, with an effect size of 0.38 (F = 3.96, df = 8, p = 0.00062; figure 2).  

Agroforestry cacao communities had the highest Shannon Entropy (D1= 8), as 

well as the highest Inverse Simpson Concentration (D2 = 6, Figure 2). Coffee 

agroforestry crops have the greatest diversity where Exponential of Shannon Entropy 

(D1= 6) and Inverse Simpson Concentration (D2 = 5) were higher than the reference 

forest (D1 = 5.8, D2 = 4.3) and conventional Cacao (D1 = 4.1, D2 = 3, Figure 2). 

 

Wet season was characterized by the highest diversity across all treatments, as 

well as the greatest variance (Figure 3). The greatest seasonal differences were in 

agroforestry cacao crops, for which the differences between dry and wet seasons had an 

effect size of 0.57 (t = -2.8806, p = 0.006). This trend did not remain in conventional 

cacao crops as there were no differences between the seasons with an effect size of 0.09 

(t = -1.5597, p = 0.1295).  

Beetle diversity was significantly higher during the wet season in coffee 

agroforestry crops with an effect size of 0.46 (t = -4.8537, p = 1.57e-05). A similar 

pattern was found for conventional coffee crops, with greater diversity in the wet season 

with an effect size of 0.41 (t = -4.6537, p = 2.891e-05). Finally, the reference forests also 
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had significantly higher dung beetle diversity in the wet season with an effect size of 0.57 

(Cacao Forest, t = -5.8069, p = 4.119e-07; Coffee Forest, t = -5.8069, p = 4.119e-07). 

Across all ecosystems, there are also significantly higher effective number of species in 

the wet versus dry season with an effect size of 0.57 (F = 14.4, df = 5, p = 3.24E-12, 

Figure 3). 

Quantitative Beta diversity calculated with the multiple-site Jaccard value for all 

cacao sites was 0.40 (Figure 4A “b Total”); 20% of this dissimilarity was due to turnover 

and 20% to nestedness-resultant component. As for coffee sites, beta diversity was 0.3, 

75% due to species replacement and 24% to nestedness (Figure 1B “b Total”).  In 

addition, Jaccard dissimilarity for all cacao treatments was lower than 0.40, mainly due to 

species replacement (Figure 4A “bRepl”), meanwhile in the coffee crops the dissimilarity 

was lower than 0.27, mainly due to nestedness (Figure 4“bRich”). 

Conventional cacao crops and the control forests showed higher Jaccard values 

(0.38 and 0.33 respectively) than Agroforestry (0.27); the same trend was presented in 

conventional coffee crops, where conventional crops and forests showed higher Jaccard 

values (0.38 and 0.36 respectively) than Agroforestry (0.24). The NMDS plot based on 

the Jaccard distance formed three different clusters of cacao treatments, where none of 

the sites overlapped (Figure 4C). Furthermore, the Jaccard dissimilarity in coffee crop 

sites, separated the control forest from Agroforestry and conventional sites which 

overlapped (Figure 4D). 

Dung beetle abundance was greater in areas of forests near cacao crops; however, 

conventional cacao crops had the greatest variability, which occasioned a significant 34% 

difference between their sample means (H: 15.44, p<0.001, Figure 4). Coffee crops, on 
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the other hand, determined more specimens on conventional coffee crops; while other 

treatments had showed less specimens, that did not determine a relevant difference in 

their sample means (H= 2.24, p = 0.322, Figure 5). 

Biomass demonstrated to be higher in control forest near cacao plantations with a 

mean of 50.73 g, while agroforestry cacao crops sustain a total biomass of 17.83 g and 

conventional cacao crops have a low weight with of 3.87 g, determining a 33% in their 

mean weight variability (H= 14.24, p<0.001; Figure 4). Alternatively, coffee treatments 

did not vary significantly, showing that the greatest mean variability was found on 

control forest near coffee crops (1.14 ± 0.7g); unlike agroforestry coffee crops, which had 

a variance alike conventional coffee crops (H= 1.282, p=0.525, Figure 5). 

Discussion 

There were notable differences in dung beetle composition across different cacao-

associated ecosystems. Lower beetle densities associated with conventional cacao crops 

were likely a result of minimal vegetation, which affects important abiotic parameters, 

such as soil hardness and temperature (Nichols et al. 2008), reducing successful breeding 

and manure burial (Maldonado et al. 2018). Indeed, conventional cacao crops contribute 

to lower levels of biological diversity, in particular due to lack of food provided by 

mammals, which is driven by of the absence of trees and shaded areas (Rice and 

Greenberg 2000), The same phenomenon has been characterized in pastures (Villamarin-

Cortez 2010). In the cacao agroforestry system, the arrangement of mixed crops with 

other fruit trees and dense plant cover enhances soil conditions and understory 

temperature, which could provide good conditions for dung beetles (Barlow et al. 2007, 

Nichols et al. 2008, 2009; Chung et al. 2009). Thus, despite changing the forest matrix, 
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production systems with agroforestry management may be valuable refuges for 

biodiversity (Barlow et al. 2007, Nichols et al. 2008, 2009; Chung et al. 2009). Similarly, 

in our study, it appears that dung beetles with a preference for forest interiors, as the 

genus Deltochilum also use agroforestry systems as feeding areas. In fact, the dung beetle 

community in this type of crop was similar to the forest, but with fewer individuals. This 

also makes these agroforestry systems a good corridor between forests, unlike the 

conventional crop systems, which did not have forest species. Conventional crops, 

considered fragmented areas, showed lower alfa diversity values than agroforestry 

systems. This diversity pattern follows the intermediate disturbance theory (Grime, 

1973).  

Species turnover was the primary driver of beta diversity and complementarity of 

dung beetle communities found in cacao treatments, whereas nestedness drove beta 

diversity in coffee treatments. There were up to 15 species not shared between treatments 

in Cacao and up to 3 species not shared in coffee treatments. Turnover was greater 

between for agroforestry crops versus forest controls in cacao treatments and 

conventional vs forest controls in coffee treatments. These differences might be due to 

anthropic disturbances, as dung beetles are very susceptible to environmental variability 

(Arellano et al. 2008; Costa et al. 2017). We found that the differences in species 

assemblages are mainly due to turnover in cacao treatments. These differences are not 

random, but are likely due to changes in soil use, which change environmental variables 

drastically, affecting dung beetles’ distribution, such patterns determine how species 

belong to a certain community (Püttker et al. 2015). 
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Dung beetle abundance in agroforestry systems was positively correlated with 

biomass, in contrast to the conventional cultivation systems that had greater abundances 

of lower biomass species (Montoya et al. 2015). Similar abundance-biomass patterns 

have been identified in areas with different levels of use (Klein et al. 2002, Somarriba et 

al. 2004, Villada-Bedoya et al. 2016). The overall increase in areas with intensive 

anthropic disturbances acted as an environmental filter (Spector & Ayzama, 2003; 

Gardner et al., 2008), allowing small species, such as Canthon delicatulus, to act as a 

stress-tolerant dung beetle and able to survive, have wide distributions, high abundances, 

and dominance in conventional cacao crops. These beetles are highly adaptable, 

becoming dominant in open areas, allowing the use small patches of shade under plant 

species (Carvajal et al. 2011). Forests adjacent to agricultural systems may provide tree 

cover that influences species dispersal capacity and diversity in these productive 

ecosystems (Lumaret and Kirk 1987, Halffter and Matthews 1966, Lobo et al. 1998). 

This idea was supported in our study, since several of the collected species, have 

generalist habits and can be found within the forest, in open areas, and in cacao 

plantations. 

In agroforestry systems there is a considerable amount of food for dung beetles 

due to the presence of wild mammals, domestic animals, and humans working (Escobar 

2004, Pineda et al. 2005). The conditions of reference forests and agroforestry coffee 

systems are completely different, which is why we found a beetle community in forests 

more typical to those found on the Western Cordillera (Villamarín-Cortez 2010, 2013).  

Young adult dung beetles emerge from breeding balls below ground during the dry 

season but do not appear above ground until the rainier months (Carvajal et al. 2011). 
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Further, Dunn and Danoff-Burg (2007) point out that more compacted soils can prevent 

beetles from burying excrement, and the supply of adequate feces varies. Likewise, 

differences in the microclimate related to leaf litter and vegetation cover affects the 

mobility of dung beetles and pushes individuals towards sites with greater food 

availability. 

Total abundances and biomass were similar for conventional crops and agroforestry 

coffee, which could be an artifact of recent disturbance and selective logging, 

compromising the biological communities. Agroforestry systems are still disturbed 

systems, which can negatively affect diversity of the beetle community. Thus, these 

communities can also contain high numbers of species adapted to open areas. 

 

Biomass from cacao treatments, was higher on control forests, mid in agroforestry 

systems and low on conventional crops. Mainly determined because cacao agroforestry 

management sites are comprised by larger species, which usually dwell inside forests. 

Conventional cacao crops, on the other hand, are characterized by high abundance of 

small specimens like Canthon delicatulus, species well adapted to open areas and usually 

found in very low numbers inside forests. Our findings determine that agroforestry 

systems are very useful in preserving big size species (Deltochilum and Dichotomius), 

which use the food efficiently, improving their ecosystems services (Nichols et al. 2007, 

2009, 2009; Carvajal et al. 2011). 

Approximately 90% of the terrestrial surface of the earth is outside of reserves and is 

used or 
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managed by human beings in one way or another (Western & Pearl 1990), which is also 

true in Ecuador’s Andean Choco, where extensive monocrops take place, creating an 

impact on biodiversity and ecological services provided by insects. Our research supports 

and has established that agroforestry management practices could ameliorate loss, restore 

and maintain insect diversity by exploiting the complementarities and synergisms that 

result from the combination of crops and forests. 
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Table 1. List of species by site (Cacao and Coffee) and seasonality. D: Dry season; W: 

Wet season.  

  CaF AECa TCa CoF AECo TCo 

Species D W D W D W D W D W D W 

Anomiopus_sp 39 45           

Ateuchus_sp        11     

Bdelyrus_sp     1        

Canthidium aurifex    1         

Canthidium centrale  1           

Canthidium_bicolor  1            

Canthidium_centrale 2     1       

Canthidium_haroldi 2            

Canthidium_pseudaurifex 2 5 1          

Canthidium_sp10 2 2           

Canthidium_sp9 1            

Canthidium_splendidum 7 2 4 4         

Canthon_delicatulus    2 336 95       

Coprophanaeus_conocephalus    2  1       

Deltochilum_aff_batesi        4 12 34   

Deltochilum_aff_cristinae       1    1  

Deltochilum_gibbosum 11 17           

Deltochilum_loperae 1 3  1         

Deltochilum_luderwalti       1 4  1   

Deltochilum_parile 14  11 6 24 9       

Dichotomius_divergens 27 98 9 42  1  124 1 75 2 37 

Dichotomius_fortepunctatus 693 642 6 46  8       

Eurysternus_caribaeus 1 1           

Eurysternus_marmoreus       1   1   

Eurysternus_plebejus     1 2       

Ontherus_compressicornis 9      4  1  3  

Ontherus_diabolicus        164  140  135 

Ontherus_trituberculatus  19  1         

Onthophagus_acuminatus  128  11  6       

Onthophagus_belorhinus 1            

Onthophagus_lojanus  17  60  2       

Onthophagus_nebeleki 3  9  5 4 15  84 18 160 3 

Onthophagus_nepetensis        66  136  272 
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Onthophagus_rhinolophus   3    2      

Onthophagus_sp7    3 3    3  2  

Onthophagus_sp8     2        

Onthophagus_sp9   5          

Onthophagus_sp10   2   3 1 11 11 30 5 18 

Onthophagus_stockwelli 2 1           

Oxysternon_conspicillatum 1 20          3 

Oxysternon_silenus 1   3  1       

Phanaeus_pyrois 9 13  9     1    

Scatimus_sp        10     

Scybalocanthon_trimaculatus 4 1  1         

Sulcophanaeus_miyashitai 1            

Uroxys_brachialis       19 153     

Uroxys_sp 1 1       2    

Abundance 835 1016 50 192 372 133 44 547 115 435 173 468 

Richness  S´ 24 18 9 15 7 12 8 9 8 8 6 6 
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FIGURE 1. Diversity profiles for cacao treatments Agroforestry Cacao (AECa), Cacao 

Forest (CaF) and Conventional Cacao (Tca). 
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FIGURE 2. Diversity profiles for coffee treatments Agroforestry Coffee (AECo), Coffee 

Forest (CoF) and Conventional Coffee (Tco). 
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FIGURE 3. Diversity according to seasonality for cacao (A: AECa, Agroforestry crops; 

CaF, Forest controls; TCa, Conventional crops) and coffee (B: AECo, Agroforestry 

crops; CoF, Forest control; TCo= Conventional crops) treatments. 
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FIGURE 4: Beta Diversity within crop treatments, A for Cacao and B for Coffee; Black 

Dots: Jaccard beta diversity (bT) between all treatments. White bars: Percentage 

contribution to species replacement or turnover (bRepl) to beta diversity. Black bars: 

Percentage contribution to species-nestedness (bRich) to beta diversity; C and D: Non-

metric Multidimentional Scaling Ordination for crop treatments; AECa/o, Agroforestry; 

Ca/oF, Forest Control; TCa/o conventional. 
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FIGURE 5. Abundance and biomass logmean trends for Cacao treatments, red violin 

plots represent abundance and green violin plots represent biomass distributions. 
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FIGURE 6. Abundance and biomass logmean trends for Coffee treatments, red violin 

plots represent abundance and green violin plots represent biomass distributions. 
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Introduction 

 An organism’s morphology is directly linked to key functional traits that 

determine performance, survival, and fitness. Because so many morphological traits are 

responsible for organismal interactions with the abiotic and biotic environment, it is 

important to understand which traits affect the distribution of species and why, ultimately 

impacting patterns of diversity (Kingsolver & Huey 2008; Bishop et al. 2016). Among 

insects, morphological traits related to external appearance such coloration and pattern 

may be impacted by multiple selection pressures via biotic (e.g. predation) and abiotic 

processes (e.g. thermal regimes). Colors and patterns are used in mimicry, in camouflage 

in signaling mates, but also in and thermoregulation (Chai & Srygley 1990; Thery & 

Gomez 2010). For example, the evolution of mimetic wing patterns in ithomiine 

butterflies (Chazot et al. 2013) are characterized by local adaptation for specific mimicry 

traits due to predator heterogeneity across microhabitats (Gompert et al. 2011). 

Color may also be a major trait the determines species’ responses to climate and 

environmental change (Clusella-Trullas et al. 2008; Zeuss et al. 2014). Because dark 

bodies warm faster than light ones (Kirchhoff's law: Stefan, 1879; Boltzmann 1884), the 

thermal melanism hypothesis (TMH) states that dark coloration in ectotherms becomes 

beneficial when ambient temperatures are low, allowing faster heating rates and higher 

body temperatures than in lighter-colored individuals (Clusella-Trullas et al., 2008; 

Harris et al. 2013; Saastamoinen & Hanski 2008). Body color is therefore a key trait that 

impacts body temperature or rates of heating / cooling in ectotherms (Monasterio et al. 

2016), especially flying insects, such as adult butterflies, that require high thoracic 

muscle temperatures (Dudley 2000) for normal activity, such as searching for food, 
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mating, and ovipositing eggs (Huey & Kingsolver 1989; Mattila 2015). The TMH is 

supported by studies of intra- and interspecific variation in colour lightness along 

latitudinal and elevational gradients (Deutsch 2008; Clusella-Trullas et al. 2007; 

Kingsolver 2007). Darker individuals are expected to occur in cooler habitats because 

they can heat faster and reach higher equilibrium temperatures compared to lighter 

individuals, playing an important adaptive role for thermoregulation, as stated in 

Bergman’s Rule (Pateman et al. 2012; Clusella-Trullas et al. 2008; Wasserthal 1975). 

Another important trait relevant to habitat heterogeneity along elevational gradients is the 

luminance (luminous intensity of light reflected from a given area) of insects, which may 

provide multiple morphological fitness advantages (Watt, 1968; Brakefield, 1987; Wilson 

et al., 2001; Trullas et al., 2007; Hegna et al., 2013). 

Color patterns of Lepidoptera are one of the most dramatic examples of 

morphological diversity in nature (Ramos and Hulshof 2018) and arise from a 

combination of pigmentation and structural coloration by periodic chitin microstructures 

(Krishna et al. 2020). Because of this, moths (including the butterflies) have provided 

useful examples of how natural selection influences phenotypic variation (Endler, 1988), 

representing visually compelling products of selection with known adaptive value 

(Beldade and Brakefield 2002). In particular, wing melanization has been a focal trait for 

studies linking environmental change to Lepidoptera from the evolution of the dark-

colored peppered moth due to increased air pollution (Kettlewell, 1961) to more recent 

studies documenting differential sensitivity to climate change due to melanization 

(Dufour et al., 2018; Roulin, 2014; Xing et al., 2016, 2018). Thus, the colourful patterns 

on butterfly wings provide an ideal opportunity to study the interactions between the 
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evolutionary and developmental processes that shape morphological variation within and 

among species. One approach to studying these processes is to assess whether differences 

in reflectance influence performance and reproductive success within and between 

species of focal Lepidoptera. Several authors (Watt 1968; Ellers & Boggs 2004) have 

argued that low reflectance should be beneficial to animals inhabiting cold regions, 

whereas high reflectance should provide an advantage to inhabitants of warm 

environments by absorbing less solar radiation and precluding lethal temperatures (Gibert 

et al. 1998, Masia et al. 2018). 

The Great Basin and the Sierra Nevada mountains experience high inter-annual 

variability in precipitation and temperature, making them an ideal location to study 

structural and coloration variation in wings of Lepidoptera in response to climate 

variation. We examined patterns of coloration as drivers of distribution and evolutionary 

adaptation for populations of Polites sabuleti (Boisduval, 1852) and Hesperia uncas 

(Edwards, 1863) -Lepidoptera: Hesperiidae- to address basic questions about local 

variation across elevational gradients. Specifically, we quantified patterns of coloration 

change in these two species in order to test the hypothesis that skipper community 

assemblages will be dominated by darker colored specimens in cool climates and lighter 

colored specimens in warm climate, following Rapoport’s (1969) hypothesis or Bogert’s 

rule. We also predicted that low temperatures and higher latitudes will favor melanin 

formation in insects (Vernberg 1962), following the thermal melanism hypothesis. 
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Methods 

Specimen Digitalization 

To document melanization patterns and obtain wig color data for hesperiids in 

western North America (Figure 1), we digitized Heliconius uncas and Polites sabuleti, 

which are species with a broad distribution in Western North America (Figure 1). We 

took pictures of 525 specimens from the McGuire Center for Lepidoptera Biodiversity 

and 153 specimens from the University of Nevada, Reno Museum of Natural History 

(UNRMNH); the specimens chosen were those whose wings are well preserved, do not 

have missing scales or otherwise in poor condition or very old in age. The digitalization 

process follows standardized protocols (iDigBio; www.idigb io.org), which included 

creating digital images of each specimen positioned on a standard gray background. 

Species Distributions 

The geographical location of each specimen was described by its pinned data 

label and served to transcribe and georeferenced data. Based in georeferenced location, 

we grouped populations of Heliconius uncas and Polites sabuleti according to their 

subspecies and distributions among mountain ranges and valleys in Western USA. 

Species distribution was analyzed using information from their labels to determine 

elevation ranges, and localities, which allowed us to specify how these species change in 

coloration throughout elevational gradients or latitudes. 

Data analyses 

Preprocessing of images  

All preprocessing and subsequent image analysis was performed with the 

Statistical Programming Language R version 4.1.3 (R Core Team 2022). In the first 
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instance, the images were imported in batches iteratively using the purrr package (Henry 

& Wickham 2020). To shorten and improve the further processing of the images, they 

were cut to the extent of the right wing of all specimens; in addition, the resolution was 

reduced, and the background of the images was removed, using the magick package 

(Ooms 2021). The final images had a resolution of 184 x 236 pixels and an average 

weight of 40.5 kb, which showed a significant processing improvement (from 8-10 

min/image to 40-60 sec/image). Subsequently, a referential image of each subspecies and 

sex was separated into a batch and in other batches of subspecies and sex the images to 

be aligned by intensity-based registration. 

The images obtained were aligned by intensity-based recording, separating in one 

batch the referential images and in another the target images to be aligned. Within these 

lots, sublots were created for each subspecies and sex, obtaining the same number of 

sublots in the referential 

Obtaining color patterns 

We estimated coloration patterns using methods similar to Belleghem et al. 

(2017), who used image data to quantify and compare variation in the colours and 

patterns of individuals. This requires the alignment of images to establish homology, 

followed by colour-based segmentation of images. From all the aligned image batches, 

we extracted color patterns of each subspecies and were grouped by sex, using the RGB 

Threshold technique of the patternize package (Van Belleghem 2022). Color was used 

with code (RGB) 129, 99, 65 and a threshold of 0.12. The choice of this color was due to 

the fact that it was the most abundant in all taxa analyzed. In addition, due to the 

variability of color in specimens caused by multiple factors (eg. Contrast, light, 
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preservation process, taxonomic identity) the described threshold was used to cover the 

entire range of colors close to the RGB value. Likewise, the extraction algorithm 

provides the option to iteratively recalculate the RGB value by obtaining the average of 

the extracted pixels, improving obtaining color pattern in several taxa. The final result is 

a tiff format file which represents the mask where the RGB values were extracted from 

all preprocessed images (see Figure 2). 

Once the pattern was extracted, each image was converted to a data matrix where 

the rows represented pixels and columns the X and Y coordinates, red, green and blue 

values, sex, taxonomic identity and specimen code. Lost values were filtered and only 

pixels with valid data were retained; the matrices were joined together, and a single data 

matrix was obtained. Finally, this table was related to the field data of the occurrences, 

adding the variables altitude, locality, coordinates, etc. 

Data were summarized in tables and graphs as appropriate using the ggplot2, 

dplyr, tidyr libraries of the tidyverse package (Wickham et al. 2019). For each taxon, a 

Principal Component Analysis (PCA) was performed, yielding composites that were 

linear combination of the variables Red, Green, Blue. Moreover, we used an ANOSIM 

approach to determine whether the altitudinal range influences the coloration patterns; 

and to investigate lightness, we used brightness as the main explanatory variable and to 

compare the variance in each group mean from the overall group, we used a linear model 

(ANOVA). 
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Results 

Species Distribution 

In total we digitized 514 specimens from Polites sabuleti and 164 specimens from 

Hesperia uncas, where we analyzed information related to five subspecies of P. sabuleti 

and four subspecies of H. uncas, which were determined as good indicators of 

distribution as they belong to a wide variety of localities, 161 for P. sabuleti and 64 for 

H. uncas, along an elevational gradient ranging from 0 – 3268 m. 

Our findings concur with Jahner et al. (2015), and Shapiro (1975), where Polites 

sabuleti spans a wide elevational range, from sea level (San Francisco Bay area) to at 

least 3658 m (White Mountain research station) in California. Our findings have 

identified the subspecies P. s. sabuleti is found at an altitudinal range between 0 and 2134 

m, which is a wide distribution compared to other subspecies. At low elevation we found 

P. s. margaretae ranging from 20 – 51 m and found in Baja California Sur in Mexico; at 

mid elevation ranges we found P. s. genoa, ranging from 1420 – 1563 m and P. s. 

Tecumseh from 1900 to 3268 m and P. s. albamontana with the highest elevation range 

from 2606 – 3658 m (Figure 3A).  

Hesperia uncas is also widely spread in western North America and according to 

our findings its distribution in Nevada and California includes the Sierra Nevada 

cordillera and the Great basin, with subspecies found all along an elevation gradient 

ranging from 1273 – 3200 m with H. u. terraclivosa having the widest distribution among 

all subspecies sampled ranging from 1273 – 3118 m; H. u. fulvapalla and reeseorum 

coexist in the same elevation gradient and ecosystems ranging from 1433 – 1795 m in the 
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Great Basin; and H. u. macswaini had the highest distribution ranging from 1606 – 3200 

m (Figure 3B). 

 

Coloration traits (HUE) 

We quantified wing color intensity and melanization levels using a total of 678 

digitized museum specimens. Image analyses of the digitized specimens helped us 

determine associations among wing coloration at different abiotic gradients, as elevation. 

Coloration patterns based on an Anosim dissimilarity, using RGB traits were 

slightly significant between subspecies of Polites sabuleti females and their relationship 

with altitude (R: 0.2147; p = 0.001), showing 21% similarity in coloration along the 

elevation gradient, while males had a similar significant trend with 15% similarity in 

coloration (R: 0.158; p = 0.001). Hesperia uncas male subspecies were not significantly 

different along the gradient (R: 0.0301; p = 0.305) and had only 3% similarity in 

coloration, while females had more similarity in their coloration patterns (R: 0.1262; p = 

0.03). The different principal component (PC) axes in PCA space explained different 

aspects of trait variations based on RGB (Figure 5), where PC1 explained most of the 

variance for all groups (78% and 63% for Polites sabuleti males and females 

respectively, and 91% and 83% for Hesperia uncas males and females) and corresponded 

to variation on RGB colors for all subspecies (Figure 4). 

Lightness (Intensity) 

Lightness patterns were not significantly different along the gradient for most 

Polites sabuleti subspecies, with exception of the lower elevation gradient (0 – 732m), 

dominated by P. s. sabuleti which had a significant difference with the mid (733-1463m) 
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elevation band for males and females dominated by P. s. genoa, which showed a higher 

percent  melanization (x = 0.48 +/- 0.01, p = 0.04 for males; x = 0.5 +/- 0.012, p = 0.001 

for females); all subspecies had a mean percent of melanization of 48%, without 

significant variation along the gradient (Figure 5). For Hesperia uncas male and female 

subspecies, no significant differences in lightness were found along the elevation gradient 

(x = 0.61, p > 0.05), all subspecies along the gradient had a melanization mean of 57%, 

with greater variations on higher elevations for males and lower elevations on females 

(Figure 5). 

 

Discussion 

Butterfly wing coloration is often associated with environmental factors such as 

temperature and elevation. For example, in tropical and subtropical ecosystems, dark 

species dwell at higher elevations (Xing et al. 2016, 2018). Here we found that coloration 

and brightness patterns do vary along elevation gradients for Polites sabuleti and 

Hesperia uncas species and subspecies, but not in a consistent manner. We expected that 

darker individuals would be more common at higher elevation or cooler environments. 

These expectations were based on the thermal melanism hypothesis (TMH) or Bogert’s 

rule (Rapport 1969) and a number of empirical studies (Zeuss et al. 2014; Ramos & 

Hulsof 2018; Kingslover 1985, 2008). One possibility is that plant-derived metabolites 

could contribute to darker coloration patterns along the elevation gradient, and that 

production of melanin is more important as an immune response protecting the host from 

pathogens via the melanization steps of encapsulation (Freitak et al. 2005). 
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Coloration is only one of many organismal traits expected to respond to 

environmental changes (Spaniol et al. 2019). For P. sabuleti and H. uncas, the dominant 

color is brown, which is typically associated with crypsis. Thus, it is possible that 

variable predation pressure is partly responsible for the lack of association between 

coloration and elevation or temperature, especially for contrasting with new backgrounds 

created by disturbances (Ciuti et al. 2012). Skippers in a more productive environments 

may have access to more food, and as a result, may produce stronger color signals 

(Pegram 2013). Color is a striking phenotypic trait with clear adaptive value, and its role 

may change dramatically through life, or across geography depending on local selective 

pressures (Booth 1990; Caro et al. 2016; Cortesi et al. 2016; Salis et al. 2018). Predation 

and sexual selection are two main drivers of wing color in adults (Medina et al. 2020) but 

if these vary within elevations, it is likely that coloration will not be associated with 

elevation. Similarly, variable plant resources for larvae (leaves) or adults (nectar) would 

contribute to this lack of correlation (also see Jahner et al. 2015).  

Although Polites sabuleti displays a diversity of wing coloration and patterning 

across its range (Jahner et al 2015), the subspecies have the same patterns in distribution 

with a high rate in overlap along the elevation gradient. For instance, Polites sabuleti 

sabuleti is distributed from lowlands at 0 m to 3118 m, and even though the subspecies 

has such a wide range, its brightness variability is conserved, and males and females have 

the same coloration throughout the gradient. Such variation in coloration is consistent 

with the other subspecies. Polites sabuleti genoa is the only subspecies that is 

characterized by a tight elevation range, and although is found higher in elevation than P. 

s. sabuleti, both males and females are brighter. Polites sabuleti tecumseh has a higher 
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distribution, above 1900 m, yet it was found to have the lowest brightness among all 

subspecies. These results corroborate conclusions from Jahner et al. (2015), suggesting 

that this population may constitute a distinct genetic cluster, even more than P. s. 

albamontana, which is an alpine skipper with the highest elevation distribution patterns 

of all subspecies but that is not characterized by the darkest colors. 

Hesperia uncas distribution display higher color variation among subspecies and 

populations than Polites sabuleti. Individuals of this species were found above 1200 m 

and most of their subspecies also overlap across the elevational gradient, with the 

difference only on Hesperia uncas terraclivosa and H. u. fulvapalla located in the Great 

Basin of Nevada, while H. u. macswaini found to be an alpine skipper in elevations above 

1600 m. There is remarkable variance in lightness which is higher at lower elevations for 

females but not for males. This type of variation is consistent with the hypothesis that 

these species may be comprised of both conspicuous and cryptic individuals, with 

patterns conferring different communication benefits within the same habitats (Spaniol et 

al. 2020). 

Overall, our results support the view that Polites sabuleti and Hesperia uncas 

males had lower variation in lightness and colour than females. However, color variation 

was not explained by elevation or temperature. These results corroborate conjecture by 

Sahoo et al. (2017) that inconspicuous, cryptic colors such as brown, could be an 

adaptation to the grasslands that these species usually inhabit. Furthermore, our findings 

suggest that Skipper species pool from a regional elevational gradient in the Sierra 

Nevada are under stabilizing selection for lower diversity in their colours as well as in 

their defensive strategies. 
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Figure 1. Example of species distribution of Hesperia uncas and Polites sabuleti in 

Western USA. 
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Polites sabuleti 
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Figure 2. (A) Color pattern mask extracted from a male individual of Hesperia uncas 

fulvapalla.  The white color represents the pixels that contain in the preprocessed images 

the color of interest. (B) Preprocessed image from which the pixels that overlap with the 

white pixels of the mask were extracted. 
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Figure 3. Distribution maps for Polites sabuleti (above) and Hesperia uncas (below), 

showing species, subspecies and sex distribution in western USA. 
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Figure 4. Principal component analysis (PCA) plot showing the multivariate variation 

among species and subspecies by sex based on RGB coloration patterns. Vectors indicate 

the direction and strength of each trait to the overall distribution. 
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Figure 5. Linear model (ANOVA) plots, showing variation in brightness (lightness test), 

for Polites sabuleti males and females (Above) and Hesperia uncas males and females 

(Below). 
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Introduction. 

Over the past fifty years, a huge amount of labor and funding has been deployed 

for the introduction of digital technology in museums. Digital projects initiated by 

individual museums, museum associations, government agencies and international bodies 

have transformed the research value of and access to museum assets (e.g., Seltmann et al. 

2017). 

Digital technologies, supported by devices and software applications, can provide 

in-depth textual and multimedia products for collections and cultural heritage that allow 

experiences for what has been termed, “augmented knowledge”, [CITE]. These new tools 

allow access to contextualized and critical data for specimens and works of art, offering 

users novel access and multiple levels of analysis (Lo Turco & Calvano 2018). 

Digitization of museum specimens is a three-fold process: 1) incorporating modern 

digital tools as a regular component of museum curation; 2) the creation of digital 

versions of specimens or other items, 3) access through internet portals, pages, and that 

may evolve into a full-scale digital equivalent of the museum, and 4) digital curation, 

making sure museums have server space to help maintaining the digital storage 

(Navarrete 2014). 

Digitization of insect collections continues to change the utility of insect 

specimens, especially for diverse orders, such as the Lepidoptera (moths and butterflies), 

many of which have very distinctive wing patterns that can be captured by images 

(Seltmann et al. 2017). Lepidoptera collections are found in virtually all insect museums 

across the Americas, with an estimated total of 17 million specimens, and their popularity 

has made them among most well-known and well-collected of all insects worldwide 
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(Kawahara & Pyle 2012). Digitizing collections of Lepidotera, and other insects, will 

help biologists address evolutionary, ecological, and conservation questions. Because 

moth and butterfly specimens are generally preserved in a stereotypical pose, with the 

wings fully spread and exposed, digitization allows for a wide range of work on the 

morphology lepidopteran wings. For example, quantification of wing size, coloration, and 

patterns, all known to be important in sexual signaling, anti-predator responses, and 

thermoregulation, and all known to vary across environmental gradients over space and 

in response to environmental changes through time (Echevarría & Hulshof 2019). In fact, 

wing melanization in the dark‐colored peppered moth due to increased air pollution is 

celebrated as one of the most dramatic examples linking anthropogenic change to rapid 

phenotypic evolution (Kettlewell, 1961). 

Here we describe the digitization of the Lepidoptera at the University of Nevada 

Reno Museum of Natural History (UNRMNH), which houses research collections from 

conservation studies (e.g., Fleishman and Nally 2002) and from long term studies of 

trophic interactions across the Americas (reviewed by Salcido et al. 2022). Our goal is to 

identify a faster and more appropriate technique to take high quality pictures without 

wasting time; also, Establish a friendly procedure to take pictures using Helicon Remote 

as model for stack photography. 

 

Methods. 

Imaging 

For creating images of specimens at the UNRMNH, we use a Canon Digital SLR 

EOS 80D camera with an EF 100mm f/2.8 L is USM Macro Lens, using gray plates as 
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backgrounds. We use the Kaiser Copy Stand RS 2 with 29" Column and 16 x 20" 

Baseboard, which is important for stabilization and sharpness. The digitalization process 

follows our standardized protocols (iDigBio; www.idigbio.org; Kadja et al. 2017), which 

includes creating digital images of each specimen positioned on a standard gray 

background, which is a 18% gray card film for use as a neutral background to adjust 

white balance in imaging, It is a mid-point between black and white where typically 18% 

of the light reflected back from white is a neutral gray, not blue or red (see https://scan-

all-bugs.org/?page_id=421).  

This camera setup is used in conjunction with Helicon Remote software Version 

4.3.1 M, which is a utility for tethered shooting and camera remote control compatible 

with all recent Nikon and Canon DSLR cameras. The software helps to remotely capture 

and view full-resolution JPEG/RAW images to check their focus and exposure, such 

functionality is perfect for macro photography, and to avoid camera shakes caused by 

pressing the buttons. Within Helicon Remote we control the camera settings: aperture, 

shutter speed, ISO, flash mode, flash compensation, white balance, color temperature, 

image format, exposure compensation, and drive and shooting mode. It also automates 

focus bracketing to set the nearest and the farthest points of the object that you want to 

have in focus, and the program does all the rest, calculating the depth of field in one shot 

at the current settings and how many shots need to be taken. Helicon Remote facilitates 

precise focusing just by clicking or tapping on the Live View to focus the lens. The 

focused area is then highlighted so that you can preview the DoF with the current settings 

and make incremental focusing steps. After images are captured, Helicon Focus is used to 

stack images as it processes images with 16 bit precision preserving all the hues and 
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details, exceeding dynamic range of camera sensors. Color profiles support enables 

accurate color reproduction and correct keeping of color information in the output file.   

 

Digitization  

Specimens typically include labels, accession numbers, and field notes that accompany 

specimens on labels, including the collector’s name, date, locality, scientific name, 

identifying number, and other standard specimen data. Digitization of label information 

includes capturing the text in an image and storing all information in a database that is 

linked to the images. 

 

Printed workflow 

1. Open Helicon Remote on the Desktop 

2. Turn on the camera, making sure camera is on and plugged in (both power and to 

the computer) 

3. Click “Live View” button on top-left corner of the Helicon Remote screen 

4. Arrange the butterfly specimen, with the grey background, in your “live view” 

(Figure 1). The image should include the label, and a ruler 

5. Click the “Auto Focus” to see areas in focus highlighted in blue 

6. On the “Focus Bracketing” section on the right side of the screen, click the single 

arrows (< >) to move the focus closer or further away from the top.  

6.1 Once you have the focus set up to the nearest point (<), click the big button “A” to 

lock that position.  



 

 

120 

6.2 Then press the arrow button in the other direction (>) to move the focus further 

from the top. Once you have the ruler and label in focus as well, click the big 

button “B” to lock that position.  

a. Shots: Varies 

b. Interval: 1 (This is important as if the interval increases some areas can be 

left behind) 

7. Click the “Start Shooting” button on the top of the page to start the photograph 

process 

7.1 The camera will take several pictures that will be stacked together and create one 

image that is totally in focus. 

8. After the pictures are taken, Open “Helicon Focus” on top of the screen.  

9. All the images taken are located on the right side.  

10. Click the square button to highlight all images taken and click run (Method C – 

which uses a pyramid approach to image representation. It gives good results in 

complex cases (intersecting objects, edges, deep stacks) but increases contrast and 

glare.). This will start the stacking process 

11. Once the image stacking process is finished, there should be a single HD image 

that to be saved. 

12. To add text, click on Text/Scale on the top, select text and change the number or 

D/V; do not change the position of the text in the picture, unless it is over the 

butterfly or the label. 

13. Save the image to the LepNet Image folder on a museum desktop. 

a. The image name will be the same as the Catalogue number.  
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b. The first image will be UNREntGen00001_D  

c. UNR – Museum Location 

d. Ent – Entomology collection 

e. Gen – General Collection 

f. 00001 – is the first number of 10000 possible entries 

g. D stands for Dorsal side (Back), V would be ventral or the chest side 

14. After the image is saved with that name, write that new catalogue number 

(UNREntGen00001_D) on of a piece of card stock, cut it out and include that 

number (piece of paper) with the specimen. Put the pin through the piece of paper.  

15. Then open the Excel spreadsheet (Database), place the catalogue number in the 

correct column and put the identification of the specimen in the other columns.  

 

Camera settings for Canon T3i 

Bright Lepidoptera Camera Settings 

 Exposure Mode: M 
 Aperture: 5.0 
 Time: 1/50 
 ISO: 100 
 

Dark Lepidoptera Camera Settings 

 Exposure Mode: M 
 Aperture: 5.6 
 Time: 1/40 
 ISO: 200 
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Results 

The LepNet project started in 2015 and at our institution the process continues, with 

taking approximately nine years. One staff member (Grad Student) managed and worked 

on the project part-time (for approximately 30 person-months). Across the course of the 

project, over 15 part-time staff, undergraduate students and volunteers contributed to the 

LepNet project as well as sorting, transferring and identifying specimens and completing 

other general curatorial tasks. 

In total we completed 6548 high-definition images, which include 3274 ventral 

and 3274 dorsal specimen images for 172 species, 60 genera, 21 subfamilies and 10 

families of Lepidoptera of North America (Figures 2, 3A). From those, the most 

representative family is Lycaenidae with 857 specimens digitized, followed by 

Hesperiidae with 735 specimens, Nymphalidae with 649 specimens and Pieridae with 

603 specimens (Figures 3B, C). Moreover, our samples come from 21 states and 807 

localities, although, the highest representation of specimens are collections from the state 

of Nevada, where 2087 specimens have been digitized, followed by California with 595 

specimens (Figure 3D). This is not representative of the collections, which have a 

disproportionate number of specimens from Central and South America. The URL for the 

SCAN website hosting these images is:https://scan-

bugs.org/portal/collections/misc/collprofiles.php?collid=81&stat=taxonomy#taxonomystats 

In comparison, our protocol has had an improvement of 75% of the time used to 

take stack photos for Lepidoptera. Our old approach took approximately 12 minutes to 

take one high-definition images and nowadays it only takes about 4 minutes. To store all 
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6548 images taken, we have used approximately 80GB of disk use, with a mean of 12MB 

per image. 

 

Discussion 

We have created a workflow for specimens at the UNRMNH that provides a 

framework for efficient digitization protocols. The images and data are available to 

anyone with an internet connection and can be used to address questions about 

Lepidoptera in the Great Basin and other locations (Figure 3). Ultimately, all the 

specimens in the collection, which are linked to over 30 publications (see Salcido et al. 

2022 for a summary of some of these papers), will be available to anyone conducting 

research on Lepidoptera. This resource is as valuable as any suite of publications on 

lepidopteran adults or immatures and will hopefully contribute to global efforts to digitize 

museum collections. 

Capturing species of all curated Lepidoptera specimens from our museum, 

originally seemed an intimidating task, but turned out to be forthright, although time-

consuming, due to the size of the collection and the variety of specimen preparations and 

varying levels of curation, as stated by Mason et al (2020). However, after nine years of 

the LepNet project, we are one of the major representatives of western Lepidoptera 

collections in the United States. 

Broader Impacts 

The expected impacts of our project and protocols, beyond enabling biodiversity 

research will be substantial, as they will help provide a unique foundation for influencing 

education, public awareness, and conservation. Our digitation process will be substantial 
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in future endeavors, improving time, effort and process simplification stated initially by 

the LepNet project (Kadja et al. 2017). 

 

Our protocol will also play an essential role as an educational source for all 

Lepidopterologists who need to check collections from afar without the burden of 

traveling long distances, high-definition pictures will be available for all the scientific 

community and people in general, to test hypotheses and predictions about this particular 

group of species. 
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Figure 1. Example of a digitized specimen from the UNRMNH. On the left there is a 

photograph with the ventral side of the specimen, above the label information. On the 

right there is a dorsal photograph of a specimen with the label, ruler, and unique museum 

number. 

 
  



 

 

127 

 

 

Figure 2. A sample image page from UNRMNH LepNet. We can see all the information 

about the specimen like unique number and all the information associated to it, as well as 

dorsal and ventral high-definition images. 
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Figure 3. Summary of specimen taxa and locations. A refers to the taxonomical 

composition of the collection where the y-axis is the taxon number. B refers to the number 

of specimens per Lepidoptera family. C refers to the number of specimens per Lepidoptera 

Subfamily and D Refers to the number of specimens per locality in the US. 
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Concluding remarks 
 

This dissertation is focused on the importance of scientific collections for 

biodiversity science and ecological evolutionary research and tries to convey the idea that 

specimens can tell us a simple but incredible story about distribution patterns of taxa, as 

well as how animals adapt and change to survive in the wild. The cohesive work 

presented here specifically demonstrates how different land use policies can have 

different effects on biodiversity, but information from scientific collections and 

standardized digitization processes can contribute to improved land management 

approaches to maximize conditions favorable to biodiversity. 

From this work, I conclude that well curated collections can help answer difficult 

questions about the natural history of animals and plants, and address hypotheses relevant 

to the origin and maintenance of biodiversity. The strategic use of natural history 

collections can also help land management agencies make informed decisions on 

environmental policies. Clearly, it is important that repositories of natural history remain 

well funded and curated. 

 
 
 
 


